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ABSTRACT

Duodenal mucosal resurfacing (DMR) by thermal ablation of the duodenal mucosa is a minimally invasive endoscopic procedure for
controlling metabolic syndrome (MS). However, thermal energy can cause adverse effects due to deep mucosal injury, necessitating an
additional mucosal lifting process, which complicate the procedures. Therefore, we aimed to develop a similar procedure using non-thermal
photodynamic therapy (PDT) for DMR using a highly functional metal stent covered with photosensitizers (PSs) to minimize the potential
risks of thermal ablation injury. We developed a novel PS stent enabling the controlled release of radical oxygen species with specific struc-
tures to prevent stent migration and duodenal stricture after ablation and performed an animal study (n=8) to demonstrate the feasibility
and safety of PDT for DMR. The stents were placed for 7 days to prevent duodenal strictures after PDT. To confirm PDT efficacy, we stained
for gastric inhibitory polypeptide (GIP) and glucose transporter isoform 1. The PS stents were deployed, and PDT was applied without evi-
dence of duodenal stricture, pancreatitis, or hemorrhage in any of the pigs. Microscopic evaluation indicated apoptosis of the mucosal cells in
the irradiated duodenum on days 7 and 14, which recovered after day 28. Immunohistochemistry revealed suppressed GIP expression in the
mucosal wall of the irradiated duodenum. Endoscopic PDT for DMR using PS stents could be applied safely in a porcine model and may
result in decreased GIP secretion, which is a crucial mechanism in MS treatment. Further clinical studies are required to explore its safety
and efficacy in patients with MS.
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INTRODUCTION

Metabolic syndrome (MS) is a complex disorder defined by a
cluster of interconnected factors that increase the risk of coronary
heart disease, other forms of cardiovascular atherosclerotic disease,
and type 2 diabetes mellitus (T2DM).! The prevalence of MS is
increasing owing to lifestyle changes that lead to obesity. For example,
>20% of the participants in the Third National Health and Nutrition
Examination Survey had MS.” Furthermore, the number of patients
with T2DM worldwide is expected to increase by 51%, from 578 x 10°
in 2019 to 700 x 10° in 2045, particularly in Africa and East Asia.’

According to the National Cholesterol Education Program Adult
Treatment Panel IIT guidelines, MS treatment involves improving the
underlying metabolic abnormalities, which can be achieved through
lifestyle modifications and medications." However, bariatric surgery
has been used to control blood sugar levels and obesity by suppressing
the secretion of incretin hormones or allowing food to bypass the duo-
denum.” Concordantly, this surgery has demonstrated stronger effects
on blood sugar metabolism in numerous clinical studies.”® Carlsson
et al. have reported that T2DM incidence was 28.4 cases and 6.8 cases
per 1000 person-years in the control and bariatric surgery groups,
respectively.” Schauer et al. have demonstrated that patients undergo-
ing this surgery showed better weight loss and blood sugar control
results. Moreover, the Homeostatic Model Assessment of Insulin
Resistance evaluation showed a significant improvement in bariatric
surgery patients than in those receiving medical therapy.” However,
only 1% of the eligible patients with severe obesity requiring surgery
undergo this surgery because of various patient factors, including psy-
chological aversion to surgery and inability to tolerate general anesthe-
sia.” Furthermore, bariatric surgery is invasive and causes irreversible
anatomical changes accompanied by adverse events, such as chronic
dumping syndrome, dilation of the esophagus, obstruction of the
stomach, and malnutrition. Thus, endoscopic procedures are emerging
as an effective and minimally invasive approach to manage obesity and
diabetes, narrowing the gap between pharmacological therapy com-
bined with lifestyle modifications and invasive bariatric surgery.”’

Researchers have attempted to develop endoscopic bariatric and
metabolic therapies (EBMTs), which are classified into gastric and
small bowel categories. Notably, the duodenum has attracted attention
as a potential target of EBMT.'” Thermal ablation of the duodenal
mucosa is reportedly a minimally invasive endoscopic procedure that
controls hyperglycemia. Duodenal mucosal resurfacing (DMR) was
designed to treat insulin resistance-associated metabolic diseases,
including T2DM and nonalcoholic fatty liver disease/nonalcoholic
steatohepatitis, by targeting the duodenal mucosa.'' The first-in-
human safety trial demonstrated that DMR is safe and can improve
glycemic control proportionally to the length of the ablated duodenal
mucosal segment.'” ' The subsequent multicenter, open-label
REVITA-1 trial in 46 patients with poorly controlled T2DM reported
a significant reduction in the baseline glycated hemoglobin (HbAlc)
levels 24 weeks after hydrothermal DMR."” The REVITA-2 trial, a pro-
spective, double-blind, sham-controlled study, demonstrated the safety
and efficacy of hydrothermal DMR in patients with T2DM.'® The
DMR procedure was well tolerated, safe, and elicited clinically and sta-
tistically significant improvements in the HbAlc levels and liver fat
content compared with the sham procedure. However, severe adverse
events were noted, such as hematochezia and bowel perforation.16 The
risks of severe side effects of deep mucosal injury are inevitable upon
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using thermal energy. Therefore, thermal energy use necessitates an
additional mucosal lifting process, which complicates the procedure.
Furthermore, DMR methods using lasers, pulsed electric fields, radio
frequency, steam, and cryoablation have been developed for other sites,
such as the Barrett’s esophagus; however, they are in pre-clinical trial
stages and require procedural development for clinical application to
humans."”

Endoscopic DMR should exhibit a narrow range of toxicity to
minimize its effects on other cells in the duodenum. Therefore, non-
thermal ablation is considered a more appropriate method for DMR.
Photodynamic therapy (PDT) requires a special photosensitizer (PS)
and light to induce apoptosis. The application of a specific light wave-
length to a photosensitizing agent generates reactive oxygen species
(ROS) that can cause damage to cell DNA. Notably, PDT effectively
leads to cell apoptosis in diseased tissues without the use of thermal
energy. Moreover, PDT has been used for cancer treatment in various
organs and skin diseases.'“ >’ Concordantly, endoscopic PDT is a safe
and feasible method for implementing non-thermal DMR.

The incretin hormones, such as gastric inhibitory polypeptide
(GIP) and glucagon-like peptide-1 (GLP-1), are responsible for appe-
tite, food intake, and postprandial insulin secretion. Glucose trans-
porter 1 (GLUT1) is responsible for constitutive glucose uptake. In
many organs, GLUT1 is concentrated in the endothelial cells of blood-
tissue barriers. Thus, GLUT1 shuttles glucose between the blood and
organs. It can lower blood sugar and prevent fat accumulation.
However, GIP secreted by the duodenal K-cells has a different effect
on patients. In fact, GIP normally has an insulinotropic effect, but in
obese patients with high plasma GIP levels, it promotes glucagon
secretion (related to high blood glucose) and fat accumulation in the
blood vessels and adipocytes.”"** Roux-en-Y gastric bypass (RYGB),
an effective T2DM treatment method for patients with obesity,”*
induces apical and basolateral membrane GLUT1 expression in the
small intestinal enterocytes, resulting in increased serum glucose excre-
tion in the gut lumen.”” The duodenum and a part of the jejunum are
bypassed by the RYGB procedure, resulting in a lack of exposure of the
K-cells to nutrients and, consequently, reduced secretion of GIP. We
have already confirmed these results in the high fat diet-diet induced
obesity (HFD-DIO) rat model using PDT.”

In this study, we aimed to develop a minimally invasive endo-
scopic procedure that enables non-thermal photodynamic therapy-
duodenal mucosal resurfacing (PDT-DMR), the feasibility and safety
of which were first evaluated in a porcine model, using a highly func-
tional metal stent covered with a PS for treating MS.

RESULTS

Assessment of the photosensitizer retained
in the PDT stent

To evaluate the dissolution of mPEG-Ce6 by light irradiation, a
silicone film containing the same proportion of mPEG-Ce6 was irradi-
ated twice with laser, and the remaining photosensitizers were mea-
sured. A silicone film containing mPEG-Ce6 retained 97%-98% of its
properties even after light irradiation. Therefore, the proportion of
mPEG-Ce6 that dissolved from the silicone film was very small,
approximately 2%-3%, and it was confirmed that very little mPEG-
Ce6 was separated from the silicone film regardless of light irradiation
(supplementary material Fig. 1).
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Safety and feasibility in the Yorkshire pig model

We assigned eight pigs to assess the safety and feasibility of
PDT-DMR according to the survival time. In all pigs, PDT-DMR was
performed safely without major adverse events, such as perforation,
duodenal stricture, or bleeding. However, one case in the 7-day sur-
vival group showed distal stent migration. We failed to remove the
migrated stent using biopsy forceps and sacrificed the pig. Autopsy
indicated several abrasions caused by stent migration into the duode-
num. Moreover, we observed a 3-cm A2-grade gastric ulcer in the
stomach; however, it did not appear to be related to the stent.

Blood tests were performed to evaluate other adverse events, such
as infection, bleeding, and secondary pancreatitis or cholangitis, on
postoperative days 0, 1, 7, 14, 28, and 56. The results of all blood tests
performed during the procedure were within reference ranges. No
signs of systemic infection, pancreatitis, cholangitis, or hepatitis were
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observed (supplementary material Table 1). We performed follow-up
radiography, endoscopy, and fluoroscopy to remove the stent and eval-
uate bowel perforation, obstruction, and stricture 7 days after PDT-
DMR, which were not observed in any of the pigs.

We confirmed the changes in apoptotic intestinal epithelial cells
after PDT-DMR using hematoxylin and eosin (H&E) and TUNEL
staining. The epithelial cell layer was lost for approximately 14 days,
gradually recovered, and appeared normal on day 28. Apoptotic cells
were stained brown by TUNEL staining on days 7 and 14 and recov-
ered after 28 days. The reversibility of PDT-DMR further ensured the
safety of the procedure (Fig. 1).

The mean procedure time from endoscope insertion to PDT-
DMR completion on the entire 15-cm length of the duodenum was
66.25 = 11.87 min. The procedure time was reduced to 21 min upon
repetition (supplementary material Table 2).
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FIG. 1. Representative histology of PDT-DMR according to the duration of survival in the Yorkshire pig model (scale bar 300 um/8.0x). (a)—(e) Representative H&E-stained
images to confirm the damage or healing of the epithelium after PDT ablation depending on the time. The layer of epithelial cells is lost for approximately 14 days, gradually
recovers afterward, and appears similar to normal tissues at 28 days. (f}—(j) Representative TUNEL images of PDT-operated pigs depending on the time. Brown-stained cells
represent apoptotic cells via PDT-DMR. The mucosa was stained with TUNEL on days 7 and 14 and recovered after day 28. (k)-(n) Representative gross findings during the
sacrifice. We observed no adverse events, such as perforation, duodenal stricture, and bleeding. Representative histology images were stained with H&E and TUNEL and cap-
tured with a 4x objective. (0) TUNEL quantification after a single PDT-DMR was performed according to the specified duration. PDT-DMR, photodynamic therapy-duodenal
mucosal resurfacing; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Metabolic effects of PDT-DMR in the Yorkshire pig
model

To determine the metabolic effects of PDT-DMR, we examined
changes in the expression of incretin hormones and glucose receptors
after the procedure. GIP expression was observed in the mucosal layer
of the untreated bulb site regardless of the elapsed time. Conversely,
GIP expression was only observed in the epithelial cells of the mucosal
layer until day 14 at the PDT-DMR site, similar to that in the untreated
bulb site. However, it disappeared from the epithelial cells and was
only observed in the gland cells of the lamina propria on day 28. On
day 56, GIP expression recovered in these gland cells. Thus, apoptosis
of GIP-expressing cells was induced, which is the expected therapeutic
effect of PDT-DMR (supplementary material Fig. 2). The results of the
GIP expression quantification are shown in Fig. 2. GIP expression
decreased significantly at the PDT-DMR site until 28 days and recov-
ered on day 56 (Fig. 2).

GLUT1, which is typically expressed in the distal ileum and rarely
observed in the duodenum, was expressed at the PDT-DMR site
14 days after the procedure. This may be attributed to the glucose
metabolism activation during the recovery of the duodenal epithelium
after PDT-DMR. Subsequently, expression peaked on day 28. GLUT1
expression decreased but remained low for 56 days, during the almost
complete recovery of the duodenal epithelium. In the untreated bulb
site, GLUT1 expression was observed on day 28, decreased afterward,
and remained unchanged on day 56 (supplementary material Fig. 2).
The results of the quantification of GLUT1 expression are shown in
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Fig. 3. GLUT1 expression increased at the PDT-DMR site and bulb on
day 28, and it remained high until 56 days.

DISCUSSION

The use of thermal energy in DMR poses the risk of adverse
events, such as duodenal stricture and perforation. Therefore, we
developed a minimally invasive endoscopic procedure that enables
non-thermal PDT for DMR. PDT-DMR was performed successfully
and did not cause injury to the local tissues or systemic sequelae in a
large-animal porcine model, confirming its safety and feasibility.
Furthermore, we observed a decrease in duodenal GIP secretion and
GLUT1 expression after PDT-DMR, consistent with the therapeutic
effects expected for the treatment of patients with MS.

The PDT-DMR procedure is similar to that of the existing duode-
nal stenting method. Thus, the technical difficulty in its implementa-
tion is minimal, and its learning curve is expected to be short for
general therapeutic endoscopists. PDT can be applied to treat a long
duodenal area simultaneously using the novel PS stent. Conversely, the
length of the hydrothermal DMR is insufficient to simultaneously
cover the 15-cm duodenum; therefore, completing DMR is considered
complex and challenging. The average procedure time for PDT-DMR
was 66min 57s in the eight cases. The procedure time could be
reduced upon repetition, and our novel PDT-DMR method is more
straightforward and less complex than other DMR methods.
Considering that repeated procedures are required to maintain the
therapeutic effects on MS, the simplicity of PDT-DMR is a crucial
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FIG. 2. PDT-DMR lowers GIP expression in the Yorkshire pig model. (A) GIP quantification after a single PDT-DMR was performed according to the specified duration. (B) (a)—
(d) Representative GIP IHC-stained images of the bulb site. (e)-(h) Representative GIP IHC-stained images of the PDT-DMR site. GIP, gastric inhibitory polypeptide; IHC,

immunohistochemistry.
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FIG. 3. GLUT1 expression is observed after PDT-DMR in the Yorkshire pig model. (A) GLUT1 quantification after a single PDT-DMR was performed according to the specified
duration. (B) (a)—-(d) Representative GLUT1-IHC-stained images of the bulb site. (e)-(h) Representative GLUT1-IHC-stained images of the PDT-DMR site. GLUTT, glucose

transporter 1.

factor for practitioners to accept it as an effective treatment method.
In the case of Barrett’s esophagus, the PDT method using 5-
aminolaevulinic acid (ALA) can be considered as treatment. ALA-
PDT can be performed by simply swallowing ALA instead of using a
stent.”** Several studies showed that ALA-PDT is feasible in the
esophagus and duodenum.” However, there is a lack of study on the
safety and feasibility of using ALA-PDT in metabolic diseases. Thus,
further clinical studies of ALA-PDT for DMR are needed. On the other
hand, PDT-DMR using a duodenal stent has the advantages of effec-
tively targeting the duodenum and preventing duodenal stricture after
the procedure compared to ALA-PDT.

Notably, as a non-thermal ablation method that induces ROS to
trigger apoptosis in superficial mucosal epithelia, PDT-DMR can help
prevent unwanted injury to the deep layer. The PS itself cannot pene-
trate mucosal cells but instead relies on diffusion of singlet oxygen
from the stent surface into the cells. As the activated ROS have a short
half-life (<0.04 us) and diffusion distance (<0.02 um), we designed
the duodenal stent to be extremely adjacent to the mucosal wall.
Additionally, several studies have already confirmed the apoptosis
effect of PDT-DMR in vitro.”"*” By placing a film containing methy-
lene blue (MB) or mPEG-Ce6 directly on the cells and irradiating
them with a laser, these studies experimentally confirmed that cell apo-
ptosis actually occurred. We observed no fatal adverse effects, such as
perforation and stricture without mucosal lifting. To protect against
distal migration, we designed a funnel-shaped anti-migration structure
and a second middle wire part as a buffer structure against peristalsis.

However, stent migration occurred in one of the eight pigs. Therefore,
a complementary study is required to explore strategies for preventing
distal migration. The histological analysis shows that PDT-DMR is a
reversible and safe procedure that can overcome the disadvantages of
surgery and simultaneously achieve similar treatment effects.
Hormones secreted from the duodenum alter metabolism and
are closely related to the induction of obesity and insulin resistance.
Insulin resistance is a key risk factor for MS and plays a critical role in
the pathological progression and decompensation of multiple organ
systems in T2DM. Several hormones are involved in glycemic control,
and incretin hormones are associated with diabetes and obesity.
Incretins are a group of metabolic hormones that decrease blood glu-
cose levels, consisting of GIP secreted by duodenal K-cells and
glucagon-like peptide-1 secreted by the L-cells of the lower intestine.
GIP promotes insulin secretion in healthy individuals. Conversely, in
patients with obesity and T2DM, prolonged exposure of GIP receptor-
expressing tissues to GIP can produce severe downregulation, leading
to desensitization of GIP receptors and impaired GIP sensitivity of the
tissue.”””* Moreover, its infusion impairs postprandial plasma lipids
and increases postprandial glycemia and glucagon concentration in
patients with T2DM.”” Consequently, increased GIP expression can
aggravate MS in patients with obesity.”*”” Several studies have con-
firmed GIP suppression following endoscopic DMR for MS treatment;
however, adverse events are inevitable because of thermal
energy.'”"*** Therefore, we focused on PDT-DMR to avoid affecting
the deep mucosal layers. Na et al. have confirmed the potential for

APL Bioeng. 8, 036103 (2024); doi: 10.1063/5.0206328
© Author(s) 2024

8,036103-5


pubs.aip.org/aip/apb

APL Bioengineering ARTICLE

treating obesity with T2DM by inhibiting GIP release from the K-cells
using endoscopic PDT in an in vivo model."’

THC staining was performed to verify the effects of incretin hor-
mone regulation in a Yorkshire pig model. The PDT-DMR method
suppressed GIP expression and activated GLUT1 expression in the
small intestine. GLUT1 was not detected in the small intestines of non-
diabetic animals."' GLUT1 is expressed in the apical and basolateral
membranes of the small intestine after RYGB, resulting in increased
serum glucose excretion in the gut lumen.”” Therefore, GLUT1 expres-
sion may help reduce hyperglycemia. However, further mechanistic
and clinical studies of GLUT1 expression using PDT-DMR are crucial.
Nonetheless, our findings suggest that PDT-DMR can reduce fat accu-
mulation, glucagon levels, and body weight by suppressing GIP secre-
tion and GLUT 1 expression in the mucosa of the duodenum.

The expression of GIP, which was initially reduced by PDT,
increased in the gland cells of the lamina propria as the mucosa recov-
ered, confirming the restoration of K-cells in the gland cells. The time
required for the GIP receptor to be upregulated again and for the insu-
linotropic effect of GIP to be fully restored remains unclear. In the case
of GLUT], the expression level peaked on day 28 at the bulb and PDT
site, decreasing by day 56. However, some expression was still observed
on day 56. GLUT1 expression was also induced in the bulb without
PDT, suggesting potential effectiveness in lowering blood sugar by
increasing serum glucose excretion in the gut lumen. Therefore, repeat
procedures may be necessary, but we can expect that the proportion of
K-cells and L-cells may change during mucosal regeneration, as indi-
cated by our mouse study. Notably, hydrothermal DMR studies also
showed mucosal regeneration by 6 weeks after the procedure; however,
in human models, the therapeutic effects were maintained through
6 months of follow-up.'"""* Unlike bariatric surgery, which irreversibly
changes the anatomical structure, this procedure carries the advantage
of being repeatable without changing the anatomical structure. The
results observed in the Otsuka Long-Evans Tokushima (OLETF) male
rat HFD-DIO model were also validated in the porcine model.”®
Although it was not feasible to create a diabetes model in the
Yorkshire pig, we theoretically demonstrated the effectiveness of PDT-
DMR in treating metabolic diseases in obese patients.

The strength of this novel study is that it demonstrated the feasi-
bility and safety of the non-thermal ablation method for DMR in a
large-animal porcine model. Despite some PDT-related studies in
small animal models, such as rats, further research is required to con-
firm feasibility in large-animal models with organ structures similar to
those of humans. However, this study had some limitations. First, the
number of pigs was insufficient to derive the final results. Second,
Yorkshire pigs are unsuitable for demonstrating the effects of PDT-
DMR on obesity, owing to their rapid growth rate. Third, we could not
confirm the therapeutic effects of diabetes in the Yorkshire pigs
because it was impossible to create a diabetic pig model. Fourth, we
did not examine the selectivity of PDT. Unlike cancer treatment, which
targets diseased cells specifically, the goal of PDT-DMR is to induce
apoptosis in an unspecified number of normally distributed K-cells.
Thus, unlike PDT for cancer treatment, the therapeutic effect can be
achieved by causing damage to as many cells as possible in the corre-
sponding segment through the stent. Finally, experiments with species
most similar to the human body are critical for determining feasibility
before human application, even if the differences in anatomy cannot
be overcome. Therefore, researchers should consider various aspects to
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ensure safety before applying PDT-DMR to humans. To overcome
these limitations, further studies employing alternative animal models,
such as minipigs and dogs, should be conducted.

CONCLUSIONS

PDT-DMR is a safe and effective EBMT method applicable to the
human body. Furthermore, the procedure is similar to the duodenal
stenting method; therefore, the expected time required to reach the
learning curve is short. We observed reduced GIP expression and
increased GLUT-1 expression, demonstrating the therapeutic effects of
PDT-DMR. Therefore, this PDT-DMR procedure can serve as a bridge
between lifestyle modifications, drug treatment, and surgical treatment
in the existing spectrum of metabolic disease treatments.

METHODS
Developmental study

Stent development

We developed a novel tool—specifically, a highly functional
metal stent covered with PS for PDT-DMR—tailored to work on the
unique anatomy of the human duodenum. The stent comprised three
parts [Fig. 4(a)]: (i) a funnel-shaped anti-migration structure designed
to prevent distal migration and enable safe removal when required;
(i) a 10-cm middle wire, which was left blank with only four wires to
prevent blockage of the ampulla of Vater while preventing secondary
cholangitis or pancreatitis; and (iii) a PS membrane as the primary
body part with a 15-cm silicon cover, which came into contact with
the duodenum from the second to third portions where the mucosal
ablation treatment occurred. A lasso was attached to the proximal
end of the stent body to enable safe removal without damaging the
mucous membrane using biopsy forceps [supplementary material
Fig. 3(a)]. Tungsten plated markers were placed at the proximal, mid-
dle, and distal parts of the stent to identify the location of the stent
when capturing radiographs. The PS membrane comprised three
layers: an outer stent, a silicon cover containing a PS, and an inner
stent. The irradiation device was developed to position the light
source at the center of the curved duodenal lumen such that it could
access the silicon cover, including the PS stent, evenly and with equal
energy [supplementary material Fig. 3(a)]. The irradiation stent was
designed to be deployed and recaptured freely inside the PS stent and
can accommodate a laser diffuser that acts as a light source [supple-
mentary material Fig. 3(b)].

Photosensitizer development

Recently, MB has been developed for the treatment of metabolic
diseases and cancer therapy, with its therapeutic effects validated in a
pig model.”” MB is an inexpensive, nontoxic dye that is widely used in
medical treatment as it shows strong absorption of broadband red light
(550-700nm) and strong photodynamic efficiency.”” With the ulti-
mate goal of application to the human body, PS available in Korea was
first selected and verified. In this process, MB was also considered as
an option. However, Chlorin e6 (Ce6) and its derivative forms exhibit
superior photo-responsiveness due to higher triplet energy (Ce6: 269
vs MB: 109.2k]J/mol) and singlet oxygen yield (Ce6: 0.7 vs MB: 0.50)
compared to MB. Consequently, Ce6 is anticipated to be more advan-
tageous in inducing cell death, cell stimulation, and reducing ghrelin
secretion.”” "’ We specifically selected Ce6 as it is characterized by a
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FIG. 4. Schematic diagram of the photodynamic therapy-based duodenal mucosal resurfacing. (a) Photosensitizer stent structure. (b) Guidewire insertion. (c) Deployment of photosensitizer
stent. (d) Completion of photosensitizer stent deployment. (e) Deployment of iradiation stent. (f) Laser diffuser insertion and 1st section of PDT. (g) 2nd section of PDT. (h) 3rd secion of PDT.

high quantum yield, producing more ROS per photon than first- Free Ce6 for anticancer treatment exhibits a strong hydrophobic
generation photosensitizers. This increased effectiveness against cell feature, hindering rapid elimination from the human body.
damage is accompanied by a shorter half-life in the body, leading to Conversely, polymer-bound Ce6, with a tenfold larger molecular
rapid elimination and reduced risk of long-term side effects."’ weight than free Ce6, ensures consistent coating, minimal absorption
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into the body, enhanced retention on the device membrane, and
repeatable PDT during the indwell time."”*® We evaluated retained
mPEG-Ce6 in the PDT stent based on the presence or absence of light
irradiation. The process involved dispensing 0.1 ml of PEG-5K Ce6 sil-
icone solution onto glass, drying at 150°C for 3 h, obtaining a film,
immersing it in 0.1 M phosphate buffer solution (containing 0.1% sur-
factant), irradiating with laser, and storing in a constant temperature
water bath at 37 °C and 50 rpm to induce dissolution. Four experimen-
tal groups were designed, including (i) laser irradiation (5J/cm?) on
day 0 of the experiment, (ii) laser irradiation (33 Jlem?) on day 0 of
the experiment, (iii) laser irradiation (5 J/em?) on days 0 and 1 of the
experiment, and (iv) laser irradiation (33 J/cm®) on days 0 and 1 of the
experiment. After laser irradiation, all groups were dissolved for
10days, and Ce6 in the supernatant was quantified daily based on
absorbance using a UV-Vis spectrophotometer.

Our methodology was informed by the study of Kim et al., who dem-
onstrated the cytotoxicity and phototoxicity of mPEG-Ce6 using mouse
connective tissue cells and human stomach cells.”" The singlet oxygen gen-
eration efficacy of mPEG-Ce6 was measured using SOSG and DMA.
SOSG (10 uM) or DMA (20 x 10~> mM) was diluted in de-ionized water,
and mPEG-Ce6 was dissolved in this solution at a concentration of 10 ug
per 2ml of Ce6. It was quantified with UV spectra. A fragment of the pho-
tosensitizer stent was placed in an SOSG or DMA solution to measure the
ROS generation of the Ce6-embedded photosensitizer stent. Ce6 was irradi-
ated with a 670 nm red light (Fiber Coupled Laser Modules, LaserLab®,
Seoul, Korea) (total 10 I/cmz; 20 mW/cm?, 20 s, 25 measurements). The
fluorescence intensity of SOSG was detected using fluorescence spectros-
copy (RF-5301, Shimadzu, Kyoto, Japan) (Ex/Em = 504 nm/525 nm), and
the fluorescence intensity of DMA was determined using radio frequency
spectrum analysis (Ex/Em = 375 nm/436 nm).”'

To synthesize mPEG-Ce6, we initially proceed with the synthesis
of Ce6-NHS. Ce6 (0.3 g), 1,3-dicyclohexylcarbodiimide (DCC, 0.12g),
and N-hydroxy succinimide (NHS, 0.70 g) were dissolved in 10 ml of
anhydrous methylene chloride (MC) and stirred at room temperature
(RT) for 4h. Simultaneously, mPEG-amine (5KDa, 1.68g) was
completely dissolved in 40 ml of anhydrous MC. After the Ce6-NHS
synthesis, the unreacted Ce6 aggregates were filtered with a 0.45-um
PTEE syringe filter. The filtered Ce6-NHS was dropped into the mPEG-
amine solution and stirred at RT for 24 h. The mixture was precipitated
in excessive ice-cold ether, centrifuged at 3500 rpm for 6min, then
completely dried in a vacuum oven. The unreacted Ce6 and mPEG-
amine were purified via Sephadex LH-20 organic solvent size-exclusion
chromatography, using methanol as eluent. The mPEG-Ce6 fraction
was evaporated to remove the solvent and lyophilized for 3 days. The
final product was confirmed through 1H-nuclear magnetic resonance
spectroscopy and Fourier transform infrared spectroscopy.”’

To prepare the Ce6-embedded photosensitizer stent, a 20 ml
mPEG-Ce6 silicone coating solution composed of silicone, xylene, and
volatile solvent was used. The dip coating technique was employed for
the fabrication of the Ce6-embedded photosensitizer stent. The photo-
sensitizer membrane part was dipped in the Ce6-silicone solution for
20 s and slowly withdrawn. It was immediately dried in an oven at
150°C for 2 h and then air-dried for 30 min at RT (20-25°C).*!

Procedural development

PDT-DMR was designed to trigger endocrine cell apoptosis of
the duodenal mucosal wall while minimizing the risk of adverse events,

pubs.aip.org/aip/apb

such as injury of the deep layer of the duodenal wall and intestinal
stricture. Through developmental studies using porcine models, we
confirmed the appropriate concentration of PS and the optimal laser
energy to induce apoptosis of the mucosal walls. During procedural
development, duodenal wall perforation occurred at an energy of
240]/cm. Safety was confirmed by setting the laser output to 1.5 W
and irradiating energy to a 5cm length of PDT stent for 700s. Thus,
the energy of the laser was fixed at 210 J/cm. The Ce6 laser wavelength
was set to 662nm using an endoscopic illumination laser system
(LAKHTA-MILON, Russia)."” The PDT-DMR procedure was estab-
lished through developmental protocols [Figs. 4(b)-4(h)]. First, the PS
stent was tracked over a 0.035-in. guidewire and placed in the proximal
duodenum distal to the papilla. Second, the irradiation device was
advanced into the PS stent. Third, an irradiation device was deployed.
Fourth, a 5-cm laser diffuser providing the light energy necessary for
ROS generation was placed in a transparent tube inside the irradiation
device. Fifth, irradiation was performed at the most distal end of the
third PS membrane, and the diffuser was sequentially pulled out to the
next proximal part upon completion, circumferentially ablating 15-cm
of duodenal tissues over three times during a single endoscopic session.
Last, after laser diffuser removal, we recaptured the irradiation device.
PS stents were placed for 7 days to prevent duodenal stricture forma-
tion after PDT-DMR (supplementary material video 1).

Feasibility and safety study

The feasibility and safety of the PDT-DMR procedures were
assessed in Yorkshire pigs, which are similar to humans regarding
luminal diameter, mucosal thickness of the intestines, and endoscopic
access to the duodenum. Yorkshire swine with a body weight ranging
from 24.6 to 39.4kg (n = 8; mean weight, 32.8 kg) were fasted for 24 h
before the procedure. The animals received care according to the
guidelines of the Laboratory Animal Care Committee of the Yonsei
University Health System (approval number: 2020-0255). PDT-DMR
was performed under general anesthesia, induced by an initial intra-
muscular injection of ketamine hydrochloride (22 mg/kg) and atropine
(0.005 mg/kg). Sodium pentobarbital (10 mg/kg) was administered via
the marginal ear vein. The pigs were placed in a supine position, intu-
bated with a soft-cuff 6.0-Fr endotracheal tube, and received isoflurane
(2.0%) and oxygen via a ventilator. We monitored a tidal volume of
10 ml/kg and a respiratory rate of 16 breaths per minute. Anesthesia
was restored by discontinuing isoflurane and maintaining the pigs on
a ventilator with oxygen until adequate spontaneous ventilation was
restored.

We assigned two Yorkshire pigs to each of the 7-, 14-, 28-, and
56-day survival groups, based on the survival duration after a single
PDT-DMR procedure. In all pigs, the stent was maintained until day 7
after PDT-DMR to prevent duodenal stricture, and they were sacri-
ficed on postoperative days 7, 14, 28, and 56. Untreated tissues of the
duodenal bulb and PDT-DMR-treated tissues of the second to third
duodenum were obtained after sacrifice and stained with H&E and ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
to analyze the PDT-DMR-mediated changes in the mucosal and sub-
mucosal layers.

Blood samples were obtained from the ear veins immediately
before and 24 h after the procedure and at postoperative days 7, 14, 28,
and 56 to evaluate hemoglobin, leukocytes, platelets, albumin, aspar-
tate aminotransferase, alanine aminotransferase, C-reactive protein,
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blood urea nitrogen, and creatinine levels. Postprocedural perforation
and stent migration were assessed radiographically. The body weights
and temperatures were measured weekly.

Metabolic effects of PDT-DMR

The duodenum tissues were analyzed by immunohistochemistry
(THC) to evaluate metabolic change after PDT-DMR. To compare the
GIP and GLUTI expression levels after PDT-DMR, we performed
IHC staining on untreated tissues of the duodenal bulb and PDT-
DMR-treated tissues of the second and third parts of the duodenum.
For IHC, formalin fixed and paraffin embedded duodenum tissue (5-
um thick sections) were stained. Sections were incubated in 0.3%
H,0,-MeOH for 20min and pre-incubated in 2.5% normal horse
serum to reduce nonspecific staining. Tissue sections were incubated
overnight in a humid chamber at 4 °C with the following antibodies:
rabbit polyclonal to GIP (1:1000, Lsbio, Washington, USA; LS-B6690)
and rabbit polyclonal to GLUT-1 (1:100, Abcam, Cambridge, UK;
ab14683) diluted in PBS (supplementary material Table 3). After sev-
eral rinses with PBS, slides were stained with DAB (Vector labs) and
examined under a light microscope equipped with an Olympus digital
camera.

The THC was divided into a grid and some parts were magnified.
To quantify GIP and GLUT1 expression, the expressed GIP and
GLUT1 were counted and the percentage ratio was expressed
graphically.

Statistical analysis

The primary end point was the technical feasibility and safety of
PDT-DMR using a PS stent, and the secondary end point was the met-
abolic effects. We reported summary data as means and standard esti-
mated measures using IBM SPSS Statistics (version 26.0; SPSS,
Chicago, IL, USA). For quantification of the immunohistochemical
results, cells stained with specific reagents were counted in a portion of
the magnified section and expressed as a percentage. We visualized the
quantification data via a bar graph using GraphPad Prism (version
10.2.2,; Prism, Boston, USA).

SUPPLEMENTARY MATERIAL

See the supplementary material for details:
Supplementary Figure 1:

¢ Figure (.pdf)

¢ Residual amount of mPEG-Ce6 in silicone film after laser
irradiation.

* Red arrow: Laser irradiation point, 1x: Laser irradiation at 0 day,
2x: Laser irradiation at 0 day and 1 day

Supplementary Figure 2:

e Figure (.pdf)
¢ Representative GIP, GLUT1 IHC staining

PDT-DMRPDT-DMR lowers GIP expression in the Yorkshire
pig model. GIP THC staining (antibody: Lsbio, LS-C204195) after a
single PDT-DMR was performed according to the specified duration.
(a)-(d) Representative GIP IHC-stained images on the bulb site. GIP
expression is observed in the mucosal layer regardless of the day. (e)-
(h) Representative GIP IHC-stained images on the PDT-DMR site. (g)

pubs.aip.org/aip/apb

GIP expression disappeared in the epithelial cells of the mucosal layer
on day 28. (h) GIP expression recovered in the gland cells of the lam-
ina propria on day 56. GIP, gastric inhibitory polypeptide; IHC, immu-
nohistochemistry. GLUT1 expression is observed after PDT-
DMRPDT-DMR in the Yorkshire pig model. GLUT1-IHC staining
(antibody: Abcam, ab14683) after a single PDT-DMRPDT-DMR was
performed according to the specified duration. (i)-(1) Representative
GLUT1-IHC stained images of the bulb site. (j) GLUT1 expression is
observed from 14 days after PDT-DMRPDT-DMR. (k) GLUT1
expression peaks on day 28. (I) GLUT1 expression persists on day 56.
(m)-(p) Representative GLUT1-IHC stained images of the PDT-
DMRPDT-DMR site. (n) GLUT1 expression is observed from 14 days
after PDT-DMRPDT-DMR. (0) GLUT1 expression peaks on day 28.
(p) GLUT1 expression persists on day 56. GLUTI, glucose
transporter 1.
Supplementary Figure 3:

* Figure (.pdf)

¢ The structure of novel tools.

* (a). The PS stent consists of three parts. (b). The irradiation stent
is designed to be deployed and recaptured freely and can accom-
modate a laser diffuser, which acts as a light source. PS,
photosensitizer.

Supplementary video 1:

* Video (.MP4)

* PDT-DMRPDT-DMR video

* This supplementary video material is uploaded on Zenodo
(Ref. 49).

Supplementary Table 1:

* Table (.pdf)
* Blood chemistry and post-procedure blood cell counts
* The results of blood test are organized over time.

Supplementary Table 2:

* Table (.pdf)

* Photodynamic therapy-duodenal mucosal resurfacing procedure
time

* We measured the procedure time by recording the endoscopy
start and end times. The procedure time was reduced by 21 min
upon repetition.

Supplementary Table 3:

e Table (.pdf)

e List of reagents used in IHC staining

* The reagents we used for immunohistochemistry staining are
summarized.
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