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a b s t r a c t

Photodynamic therapy (PDT) is a new therapeutic approach for the palliative treatment of malignant bile
duct obstruction. In this study, we designed photosensitizer-embedded self-expanding nonvascular
metal stent (PDT-stent) which allows repeatable photodynamic treatment of cholangiocarcinoma
without systemic injection of photosensitizer. Polymeric photosensitizer (pullulan acetate-conjugated
pheophorbide A; PPA) was incorporated in self-expanding nonvascular metal stent. Residence of PPA
in the stent was estimated in buffer solution and subcutaneous implantation on mouse. Photodynamic
activity of PDT-stent was evaluated through laserexposure on stent-layered tumor cell lines, HCT-116
tumor-xenograft mouse models and endoscopic intervention of PDT-stent on bile duct of mini pigs.
Photo-fluorescence imaging of the PDT-stent demonstrated homogeneous embedding of polymeric
Pheo-A (PPA) on stent membrane. PDT-stent sustained its photodynamic activities at least for 2 month.
And which implies repeatable endoscopic PDT is possible after stent emplacement. The PDT-stent after
light exposure successfully generated cytotoxic singlet oxygen in the surrounding tissues, inducing
apoptotic degradation of tumor cells and regression of xenograft tumors on mouse models. Endoscopic
biliary in-stent photodynamic treatments on minipigs also suggested the potential efficacy of PDT-stent
on cholangiocarcinoma. In vivo and in vitro studies revealed our PDT-stent, allows repeatable endoscopic
biliary PDT, has the potential for the combination therapy (stent plus PDT) of cholangiocarcinoma.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Cholangiocarcinoma is a rare but fatal malignant neoplasm,
which arises from the epithelium of intra- or extra-hepatic bile
ducts [1,2]. Globally, cholangiocarcinoma accounts for 3% of
: þ82 2 2164 4865.
gastrointestinal tumors and approximately 10e15% of all primary
liver tumors [3,4]. The annual incidence of cholangiocarcinoma in
western countries is approximately 1e2 cases per 100,000 in-
dividuals, and this incidence is steadily increasing [5,6]. East Asia
has a much higher incidence (6e8 cases per 1000 individuals), and
Northeast Thailand has the highest incidence at 94.8e97.4 cases
per 1000 men [7]. In this area, cholangiocarcinoma is largely
associated with hepatocellular carcinoma.

Cholangiocarcinoma is a latent tumor; routine diagnosis by
blood test, MRI, CT and endoscopy may not detect early neoplastic
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bile duct changes [2,8]. Thus, the diagnosis of cholangiocarcinoma
so highly counts on symptoms than more than 70% of cases are on
inoperable stage. Optional therapies for the unresectable chol-
angiocarcinoma are very confined [9e11]. The 5-year survival rate
of the resectable cholangiocarcinoma is approximately 20e40%, but
the median survival of unresectable cholangiocarcinoma is only
around 3months [12,13]. In any cases, one of themajor concerns for
cholangiocarcinoma is bile duct occlusion, where the growing
cholangiocarcinoma blocks the bile duct, leading to jaundice,
cholangitis, and hepatic failure. Surgical biliary bypass, an optional
treatment for biliary obstruction, can cause serious postoperative
complications and increase perioperative morbidity and mortality.
In contrast, biliary stent allows rapid and efficient relief of symp-
toms without any life-threatening complications. Palliative biliary
drainage using a biliary stent extends the median survival up to 6
months [14,15]. A self-expanding metal stent (SEMS) is the most
technically advanced biliary stent, and has been shown to be clin-
ically effective for over a number of years [16,17]. The knitted
metallic mesh of SEMS generates axial and radial forces, which
exert resistant strength against tumor infiltration. However, tumor
in-growth through the stent cells eventually leads to re-occlusion
of the bile duct. Re-occlusion occurs in 5e38% of patients, and
the median time of patency ranges from 2.5 to 6.5 months [18,19].
Thirty-one percent of patients underwent more than one re-
intervention, which increases the risk of cholangitis, discourages
patient compliance, and increases hospitalization expenses.
Designing more functional stents, which can prevent tumor infil-
tration and eventually challenge therapy, is compelling, and a
number of researchers have designed more advanced types of
stents. Among them, designing drug-eluting stents (DES), a prom-
ising breakthrough for re-stenosis, has been attempted several
times [20]. Almost a decade ago, cardiovascular stents with low-
dose paclitaxel, sirolimus, and everolimus were developed to pre-
vent infiltration of smooth muscle cells. The clinical success of
vascular DES encouraged the expansion of drug-eluting technology
and the invention of other medical devices [21,22].

Recently, drug-eluting technology using high-dose paclitaxel, 5-
FU, and other drugs, was applied to gastrointestinal stents for the
treatment of malignant hyperplasia [23,24]. The first clinical trial
was performed at Guy's Hospital in London. Paclitaxel-eluting
nonvascular DES was used in 21 patients with unresectable
adenomatous esophageal cancer [25,26]. However, no clinical
effectiveness was observed. More recently, the efficacy of
gemcitabine-eluting membrane-covered SEMS was evaluated in a
caninemodel of unresectable adenomatous esophageal cancer [27].

Intra-luminal photodynamic therapy (PDT) is another possible
treatment for cholangiocarcinoma. Endoscopic laser probe enables
direct photodynamic treatment of cholangiocarcinoma after
intravenous photosensitizer injection. Recent clinical data showed
that PDT increased survival rates in cholangiocarcinoma patients.
Furthermore, combination therapy of PDT and SEMS synergistically
improved survival rates [28e31]. Witzigmann et al. evaluated
combination PDT and stent therapy in 184 patients with hilar
cholangiocarcinoma. They reported that the survival time of the
PDT plus stent group was twice that of the stent alone group [28].
Another clinical trial comparing biliary stent alone and stent plus
PDT for perihilar cholangiocarcinomawas terminated early because
the survival benefit of combination therapywas significantly higher
when compared to the stent alone group [31].

In this study, we designed a photosensitizer-embedded mem-
brane-covered SEMS (PDT-stent). Based on our design, PDT-stent
may generate cytotoxic singlet oxygen under endoscopic light
activation, precipitate the regression of surrounding malignant
tissue, extend stent patency, and eventually increase survival rate.
Pheophorbide A (Pheo-A), a plant-derived photosensitizer, was
selected, chemically conjugatedwith pullulan acetate (polymerized
pheophorbide A; PPA), and embedded in stent-covering poly-
urethane membranes (PPA-stent). Free Pheo-A (FPA) was also
embedded in a similar manner and was used as the control stent
(FPA-stent).

In vitro photodynamic activities (i.e., singlet oxygen generation,
cytotoxic activity, and sustained retention of PPA in the covering
membrane) of PDT-stents were evaluated. In vivo tumor regression
after PDT-stent therapy was tested on tumor-xenograft mouse
models. Furthermore, endoscopic PDT was performed on the
normal bile duct of mini pigs after the emplacement of PPA-stent.

2. Materials and methods

2.1. Synthesis of polymeric photosensitizer

In this study, pullulan, polymeric carrier of photosensitizer, was acetylated and
then conjugated with photosensitizer using a method previously reported by our
group (see online Supplementary method and Scheme 1) [32,33].

2.2. PDT-stent fabrication

Polymeric or free form of photosensitizer was respectively embedded into the
stent membrane using a dip coating method (see online Supplementary Fig. S5)
[24,27]. PPA or FPA was dissolved in THF solution and mixed again with a poly-
urethane solution. Pheo-A (4 mg) and polyurethane (5 g) were dissolved in 100 mL
of THF dipping solution. SEMS was dipped in the dipping solution for 1 min, slowly
drawn out, and air-dried for 1 day at room temperature. Both PPAmembrane layered
stents (PPA-stent) and FPA membrane layered stents (FPA-stent) were fabricated in
the above manner. The Pheo-A concentration in each stent was 40 mg/cm2 of the
membrane.

After stent fabrication, stent membranes were observed and analyzed by per-
forming field emission scanning electron microscopy (FE-SEM) (Hitachi S-4800,
Tokyo, Japan). Stent membranes were sliced into small pieces, mounted, sputter-
coated with gold using an ion coater, and then observed at an accelerating voltage
of 20 kV.

2.3. Estimation of effective time duration for repeatable PDT after stenting

Based on our design, endoscopic PDT is repeatable as long as the photosensitizer
perseveres in the stent. In this study, we estimated in vivo and in vitro retention of
photosensitizer (free Phoe-A and polymerized Phoe-A) in stent. For the in vitro assay,
metal stents were fragmented into 4 square meshes, dip-coated with photosensi-
tizer, and air-dried. PPA- and FPA-stents were then immersed into PBS buffer under
shaking conditions at 37 �C. The release and residual amount of Pheo-A was esti-
mated using a fluorescence spectrophotometer (RF-5301PC; Shimadzu, Japan). Stent
fragments, immersed in buffer, were periodically taken out, and photo-fluorescence
intensity was observed on an fluorescence image Station 4000 MM (Kodak, New
Haven, CT) with a special C mount lens and a long wave emission filter
(600e700 nm; Omega Optical, USA) [34].

In vivo estimationwas performed after subcutaneous implantation of stent. PPA-
and FPA- stent membranes, contained 40 mg/cm2 of Pheo-A, were subcutaneously
implanted under the skin of BALB/c nude mice. Time-dependent fluorescence in-
tensity were measured for 2 months using an Image Station 4000 MM (Kodak, New
Haven, CT). All the animal studies were approved by the Institutional Animal Care
and Use Committee.

2.4. Cell lines

HeLa, NIH3T3, and HCT-8 cells were purchased from the Korea Cell Line Bank
(Seoul, Korea) and maintained in a humidified 5% CO2 incubator at 37 �C in RPMI
1640 medium supplemented with 10% heat-activated bovine serum, 100 IU mL�1

penicillin and 100 mg mL�1 of streptomycin.

2.5. Photodynamic activities of PDT-stents on cancer cell lines

FPA- and PPA-stents under the in vitro retention study (see above) were peri-
odically recovered from buffer solution and introduced to cell lines for photody-
namic treatment. Briefly, HeLa, NIH3T3, and HCT-116 cells were seeded onto 12-well
culture plates at 1 � 105 cells/well. After an overnight incubation, FPA- and PPA-
stents were placed on top of cells and activated by an exposure to visible light
(670 nm, 1.2 J/cm2 of energy strength) using a copper vapor laser (Institute of
Electronics, Beijing, China). After the light exposure, the cells were stained with 0.4%
trypan blue solution for 3 min at room temperature for observation. Live/dead cell
staining was performed using a commercial kit (Molecular Probes, Inc., Eugene, OR),
and the stained cells were observed under a fluorescence microscope (Carl Zeiss
Microscope System, Jena, Germany).



Scheme 1. Overall scheme and conceptual image of PDT-stent. A) Chemical synthesis of polymeric photosensitizer (Pullulan acetate-conjugated Pheophorbide A; PPA). B) Con-
ventional bare metal stent and PPA-coated PDT-stent. C) Generation of cytotoxic singlet oxygen (1O2) under endoscopic laser activation.
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2.6. Photodynamic activities of PDT-stents on HCT-116 tumor xenograft mouse
model

HCT-116 tumors (human colorectal carcinoma) were subcutaneously estab-
lished on the flank of mice. When the tumor reached an average diameter of
approximately 6 mm, FPA- or PPA-stent membranes (40 mg/cm2 Pheo-A) were
surgically implanted under the tumor. Twenty mice were divided into 5 groups as
follows: 1) PU membrane; 2) FPA-stent membrane with PDT-laser; 3) FPA-stent
membrane without PDT-laser; 4) PPA-stent membrane with PDT-laser and 5) PPA-
stent membrane without PDT-laser. After implantation, the mice with PDT groups
were directly exposed to a copper vapor laser (670 nm, 100 J/cm2, see online
Supplementary Fig. S7). Tumor size was measured every 2 days using Vernier cali-
pers (Mitutoyo Co., Japan). Volume was calculated using the formula
V¼ [a� (b� b)]/2, with a the largest and b the smallest diameter of tumor [35]. Two
weeks after the laser treatment, the tumor tissues were introduced to hematoxylin
and eosin (H&E) staining and terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) staining after fixation in 4% paraformaldehyde.
Fig. 1. Photo-fluorescence of PPA-coated self-expandable metal stent: DIC and photo-flu
2.7. Endoscopic PDT after emplacement of PDT-stents on mini pigs' bile duct

Conventional stents (Taewoong medical co. Seoul, Korea) or PPA-stents were
introduced to the bile duct of mini pigs (Sus scrofa, 25e30 kg) under anesthesia (see
online Supplementary Figs S8 and S9). Different energy levels of PDT (40, 70, and
150 J/cm2) were performed using an endoscopic laser. Two days after irradiation,
bile ducts were recovered for histology.

3. Results

3.1. Photo-fluorescence images of PDT-stent

In this study, photodynamic activity of stents based on photo-
fluorescence imaging using an Image Station 4000 MM (Kodak,
NewHaven, CT) was analyzed. The excited photosensitizer in triplet
orescence images of bare metal stent (A) and PDT-stent (B) under photo-excitation.
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state illuminates photo-fluorescence. Therefore photodynamic ac-
tivity of Pheo-A can be assumed based on the photo-fluorescence
intensity. PPA-stents showed homogenous and strong photo-
fluorescence (Fig. 1B and Fig. S6) across the stent. No photo-
fluorescence was observed with conventional SEMS (Fig. 1A).

3.2. Effective time duration for repeatable stent-PDT after stenting

Based on our design, PDT-stent is capable of repeatable photo-
dynamic treatments during the patency. We supposed polymeric
photosensitizer (PPA), rather than free photosensitizer (FPA), could
beneficially retain in the stent longer time after stent emplacement
onbileduct.Andwhicheventuallyallows repeatableendoscopicPDT.

In vitro retention of PPA and FPA in the stent was estimated in
shaking buffer at 37 �C (Fig. 2A). Approximately 80% of PPA was
retained in the stent and maintained strong photo-fluorescence at
the end of the immersion study (Fig. 2C). In contrast, FPA-stents
showed a rapid loss of free Pheo-A, and more than 60% of Pheo-A
was dissolved out during the 2-months' of immersion. Identical
results were observed in photo-fluorescence imaging (Fig. 2B).

Surface morphology of stent membranes during the immersion
study was observed by FE-SEM and shown in Fig. 2D and E. SEM
analysis verified that stent membranes, containing PPA, had
smooth and uniform surfaces and consistently maintained surface
smoothness until the end of immersion study. Free Pheo-A initially
formed a multi-dented membrane, and surface irregularity
increased during the immersion in buffer. Bile duct stents are easily
occluded with sludge consisting of proteins, bilirubin, bacteria, and
food debris. Plastic biliary stents have relatively short patency due
to biliary sludge accumulation. The major cause of biliary sludge
accumulation is surface irregularities and hydrophobicity of the
stent surface [36,37]. SEMS, relatively has longer patency, is also
affected by membrane characteristics. Teflon has been preferen-
tially used for stent membrane because of its excellent mechanical
Fig. 2. Time-duration photodynamic activity of PDT-stent under the elution buffer. A) PDT-st
fluorescence images of FPA-stent and PPA-stent under in vitro buffer elution. C) Quantificatio
FE-SEM observation of FPA-stent membrane, before (left panel) and after (right panel) the re
(left panel) and after (right panel) the retention study in buffer solution. FE-SEM magnifica
strength against corrosive bile acids. However, biliary sludge easily
congregates on the woven structure of Teflon and precipitates re-
stenosis. As shown in Fig. 2E, PPA, formed and maintained
smooth stent membrane, possible prevents sludge accumulation
and helps elongating the patency.

In vivo retention of FPA and PPA in stent was observed under the
skin of Balb/c nude mice and shown in Fig. 3A and B. FPA-stent
rapidly lost more than 60% of the initial fluorescence intensity
during 4 days of implantation. Polymerized Pheo-A (PPA), however,
maintained initial fluorescence for at least 7 days, after which
fluorescence was gradually lost. In vivo environments precipitated
the loss of Pheo-A, especially with FPA-stents. Those in vitro and
in vivo data strongly suggests our PPA-stent, contains polymerized
Pheo-A, allows in-stent PDT in repeatable manner at least for 2
months, and which must be a great therapeutic benefit of our stent
design as proved in previous clinical studied (stent plus PDT).

3.3. In vitro photodynamic activities of PPA- and FPA-stents

PPA- and FPA-stents during the immersion study were period-
ically sampled, introduced to cancer cell lines, and activated with a
copper vapor laser (670 nm,1.2 J/cm2). The laser-exposed cells were
stained with 0.4% trypan blue solution and a Live/Dead Viability/
Cytotoxicity Assay Kit (Molecular Probes Inc., Eugene, OR). Trypan
blue staining showed HeLa, NIH3T3, and HCT-8 cell lines were,
especially in contacting region, stained blue, and its' blue intensity
was maintained for 28 days when treated with PPA-stent (Fig. 4A).
The cellular death rate of HCT-8, NIH3T3, and HeLa cells, treated
with FPA-stents after 4 weeks of immersion, decreased to 50%
(Fig. 4B). The Live/Dead Viability/Cytotoxicity assay showed results
comparable with that of methylene blue staining (Fig. 4C). The
above results, together with the in vitro immersion study, proved
that PPA more stably resided and maintained photodynamic ac-
tivity in polyurethane membranes.
ent fragments were immersed in buffer and periodically taken for the studies. B) Photo-
n of fluorescence intensity of PPA- (white circle) and FPA-coated stents (black circle). D)
tention study in buffer solution. E) FE-SEM observation of PPA-stent membrane, before
tion was 30�, 100�, 300�, 1000�, and 5000�, respectively. ***; p < 0.001.



Fig. 3. Time-duration photodynamic activity of PDT-stent after subcutaneous implantation on mouse. A) Photo-fluorescence images of subcutaneously implanted PPA- and FPA-
stent membranes. B) Photo-fluorescence intensity of subcutaneously implanted PPA- and FPA-stent membranes. ***; p < 0.001.
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3.4. In vivo photodynamic activities of PPA- and FPA-stent on
subcutaneous tumor

Tumor growth inhibition of PDT-stents was estimated using a
subcutaneous tumor-xenograft mouse model bearing HCT-116 cells
(human colon cancer cells). Fig. 5AeC show that PPA-stent with
laser exposure significantly inhibited tumor growth in comparison
with other treatments (p < 0.001, compared to PPA w/o light)
without weight loss. H&E staining of tumor tissues were corre-
spondent with tumor regression study (Fig. 5D). The control group
and laser-untreated groups maintained intact tissue structure, PPA-
stent group with laser exposure induced severe deformation of
cellular structures. Slight alterations of cellular structure were
observed in FPA-stent group with laser exposure. TUNEL and PCNA
staining were correspondent with H&E staining. TUNEL staining
revealed that tumor cells treated with the PPA-stent plus laser
underwent massive apoptosis. PCNA staining also proved that
proliferation of tumor cells was inhibited when treated with PPA
plus laser.

3.5. Endoscopic photodynamic activities of PPA-stent on normal
bile duct of micro pig

PDT-stents was implanted on normal bile duct of mini pigs (S.
scrofa, 25e30 kg) and irritated with endoscopic light probe. Two
days after irradiation, bile duct was recovered for histology (Fig. 6).
Bile duct treated with control stents (membrane-covered SEMS)
showed denuded mucosa with marked inflammation and hemor-
rhage (Fig. 6A). This inflammation, which was suggestive of me-
chanical injury, is commonly observed after placement of a
conventional membrane-covered stent [38]. PPA-stent without
laser exposure also showed similar mucosal changes as the control
group (Fig. 6B).

Tissues after endoscopic PDT are shown in Fig. 6CeF. The degree
of mucosal destruction escalated with the increased energy level of
laser. Slight injury of the mucosal layer was observed in the 40 J/
cm2 group. The 70 J/cm2 group showed severe inflammation and
loss of themuscle layer, while the 150 J/cm2 group showed a similar
level of injury as observed in the 70 J/cm2 group. There was no
evidence of trans-mural perforation.

4. Discussion

Cholangiocarcinoma prognosis, especially in unresectable cases,
is very poor. Mean survival of patients with unresectable chol-
angiocarcinoma is generally no more than 12 months. Biliary stent
is recommended when the expected patient survival is less than 4
months or if the stent cost is 50% less than the procedural cost of
endoscopic retrograde cholangiopancreatography (ERCP) [39]. The
reported patency of a conventional metal stent is less than 6
months [40].

In this study, we proposed a new therapeutic modality for
cholangiocarcinoma, PDT-stent, which allows repeatable and
interventional photodynamic therapy directly to the tumoral bile
duct without systemic injection of photosensitizer. After emplace-
ment of PDT-stent, laser-emitting endoscopic probe, guided in the
luminal side of the stent, emits laser (670 nm). The laser-activated
PDT-stent delivers energy to oxygen in tumoral tissue, forms
cytotoxic singlet oxygen, and induces apoptosis of malignant cells
(Scheme 1C). And which process can be performed in repeatable
ways at least the photosensitizer retains in the stent membranes.

The photosensitizer was polymerized in this study to increase
retention in the stent membrane. Pullulan was selected as the
polymeric carrier of photosensitizer. Pullulan is biodegradable and
water-soluble polysaccharide produced by the black yeast Aur-
eobasidium pullulans and has beenwidely selected for a drug carrier
by itself or after chemical modification (Scheme 1A) [41,42]. In this
study, pullulan acetate, the hydrophobic form of pullulan, was
chemically conjugated with Pheo-A (PPA, Scheme 1A) and
embedded in stent-covering membrane. PPA contains 1.71 acetyl
groups and 2.5 Pheo-A molecules per maltotriose unit (see online
Supplementary Fig. S1). In vitro and in vivo study proved poly-
merized photosensitizer lengthened the retention stability in the
stent-covering membrane in comparison with free Pheo-A (Figs. 2
and 3). Based on the retention study, we inferred that multiple
PDT is possible at least for 2 months. In this manner, the PDT-stent
described in this study could increase stent patency as well as pa-
tient survival.

Pheo-A, the breakdown product of chlorophyll, absorbs energy
under violet-blue (350e450 nm) and orange-red (550e700 nm)
laser exposure and transfers energy to molecular oxygen (O2)
which in turns transforms to triplet state (3O2) and then to the
highly reactive singlet state (1O2*; *represents electronically
excited state) [43,44]. This cytotoxic singlet oxygen readily reacts
with electron-rich cellular molecules such as DNA, amino acids, and
unsaturated lipids, and induces apoptosis of malignant cells.

Hackbarth et al. studied the photodynamic properties of Pheo-A
dendrimer (Pheo-DAB) [45]. Pheo-DAB is formed by conjugation of
Pheo-A with diaminobutane poly-propylene-immine dendrimer
(DAB). Approximately 12e13 molecules of Pheo-Awere conjugated
per single dendrimer. Originally, Pheo-A generates a singlet oxygen
quantum yield of approximately 0.52, which is much higher than
the 0.2 yield of a commercialized photosensitizer (Photofrin II).
However, Pheo-DAB failed to show any improvements in singlet



Fig. 4. In vitro photodynamic activities of PPA- and FPA-stent against tumor cell lines. FPA- and PPA- stents were periodically recovered during the retention study (0, 7, 14 and 28
days of immersion in buffer, experimental Section 2.5), layered on the cell lines and laser-activated (10 mW/cm2 laser for 5 min). A) Trypan blue staining of HCT-8 cells covered with
PPA-stent (left panel) and FPA-stent (right panel) after light irradiation. B) Photodynamic treatment induced-cell death of HeLa, NIH3T3, and HCT-8 cells. C) Live and dead cell
staining of HCT-116 cells after photodynamic treatment. Live cells: green fluorescence (calcein AM); dead cells: red fluorescence (EthD-1). Scale bar ¼ 200 mm ***; p < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oxygen quantum yield (0.52 vs. 0.3 for Pheo-A and Pheo-DAB). The
fluorescence lifetime was also shorter than expected (5.7 ± 0.2 vs.
4.9 ± 0.3 ns for Pheo-A and Pheo-DAB), but initially-formed singlet
oxygen triggered break-out of Pheo-A from dendrimers and full
recovery of photodynamic activity [45]. Unlike Pheo-DAB, PPA,
formulated from covalent coupling between Pheo-A and PA,
showed only slight changes in UV absorption spectra. Absorption
band widths were slightly increased, and the Q-band also showed a
diminutive bathochromic shift (Supplementary Fig. S3A). lmax at
670 nmwas decreased after polymer conjugation by 14% (0.7e0.5)
at 0.2 mol of Pheo-A in DMSO. lmax of emission fluorescence (ex;
612 nm, em; 670 nm) of PPA in DMSO was decreased by 25%
(Supplementary Fig. S3B). Based on the UV and fluorescence
spectroscopy, PPA may not be affected by any quenching mecha-
nism, i.e., f€orster resonance energy transfer or static quenching.
Pullulan is a linear polymer and the degree of substitution with
Pheo-Awas 0.02%, indicating that PPA possessed enough molecular
space to minimize quenching.



Fig. 5. In vivo photodynamic activities of PPA- and FPA- stent membranes. A) Representative whole body images of HCT-116 tumor-bearing mice, 13 days after the photodynamic
treatment of PPA- and FPA- stent membranes with or without laser activation. B) Tumor growth of HCT-116 tumor-bearing mice treated with; C: control, B: FPA membrane
without light, ;: FPA membrane with light, △: PPA membrane without light, -: PPA membrane with light. Tumor volumes were measured for 13 days post-treatment. (C) Body
weight was measured for 13 days post-treatment. All data (n ¼ 4) represent means ± SEM. ***; p < 0.001. D) Immunohistochemical analysis of HCT-116 xenografts in tumors treated
with PPA- or FPA- stent membranes. Tumors were analyzed by H&E (magnification; 400�, scale bar ¼ 20 mm), PCNA, and TUNEL staining (magnification; 200�, scale bar ¼ 50 mm).
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Our data confirmed that PPA-stent is photodynamically active
against subcutaneous tumors. In the case of advanced or unre-
sectable gastrointestinal tumors, palliative stent treatment to
ameliorate biliary drainage is essential. As suggested in our
experiment, stent treatment, combined with the polymeric
photodynamic modality, has the potential to facilitate drainage
and prevent subsequent stent occlusion. Furthermore, PDT in-
duces tumor regression, not only by generation of cytotoxic
singlet oxygen, but also by subsequent induction of NF-kB, pro-
inflammatory cytokines (IL-1b, IL-6, IL-8, IL-10, and others) and
infiltration of immune cells [46e48]. These serial reactions boost
the therapeutic efficacy of PDT [47]. Supplementary Fig. S10
shows the PDT-stent-induced expression of pro-inflammatory
cytokines. Immunohistochemical analysis in HCT-116 xeno-
grafts of tumors treated with PPA-stent showed increased
expression of IL-2, IL-6, IL-10, TNF-a, and G-CSF. Gollnick et al.
have demonstrated that a secondary PDT with a split-dose
regimen (initial low-dose and secondary high-dose at a 10 day
time interval) increased the activity of tumor-specific T cells and
antitumor immunity. However split-dose regimen is not always
practical because of systemic injection of photosensitizer criti-
cally confine patient's outdoor activities at least for one week
after the injection. In this regard, repeatable endoscopic PDT,
based on our PDT-stent design, has the therapeutic advantages
[49].

Endoscopic intervention study in a mini pig strongly proved the
feasibility of our PDT-stent for future clinical studies. PPA-stent
after laser treatment showed mucosal inflammation and
apoptotic cell death of the sub-mucosal layer. Our experiments
suggested the maximum photodynamic activity of the PPA-stent
was achieved at 70e150 J/cm2 of photo-activation. Though this
experiment was conducted with normal bile duct, the data are
relevant in assuring that PDT-stents exerts photodynamic activity
and therapeutic effectiveness in cholangiocarcinoma. The optimal
laser strength and the time schedule for the multiple PDTs can be
more precisely determined in further clinical trials.

5. Conclusions

Our study suggests an additional option for the treatment of
cholangiocarcinoma. Covered SEMS with polymeric photosensi-
tizer functions in palliative treatment for biliary drainage and also
has potential as a repeatable and efficient PDT therapy. Repeatable
endoscopic PDT via the PDT-stent provides a potentially clinically



Fig. 6. Photodynamic activity and safety of PPA-stent after bile duct intervention on mini pigs. A) Light microscopy imaging of common bile duct from a swine model after
conventional membrane-covered SEMS stenting, showing denuded mucosa with marked inflammation and hemorrhage due to mechanical injury from stent (H&E; 40�). B)
Common bile duct pathological findings after the intervention of PDT-stent. CeF) Histological observation (200� magnification) of recovered bile duct with different endoscopic
laser activation energy, C) non-activated control, D) 40 J/cm2, E) 70 J/cm2 and F) 150 J/cm2.
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relevant approach to treat cholangiocarcinoma as well as other
gastrointestinal malignancies.
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