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Background: Cholangiocarcinoma is a malignant tumor arising from the epithelium of the
bile ducts. In this study, we prepared sorafenib-loaded biliary stents for potential application as
drug-delivery systems for localized treatment of extrahepatic cholangiocarcinoma.

Methods: A sorafenib-coated metal stent was prepared using an electrospray system with the
aid of poly(e-caprolactone) (PCL), and then its anticancer activity was investigated using human
cholangiocellular carcinoma (HuCC)-T1 cells in vitro and a mouse tumor xenograft model
in vivo. Anticancer activity of sorafenib against HuCC-T1 cells was evaluated by the proliferation
test, matrix metalloproteinase (MMP) activity, cancer cell invasion, and angiogenesis assay
in vitro and in vivo.

Results: The drug-release study showed that the increased drug content on the PCL film induced
a faster drug-release rate. The growth of cancer cells on the sorafenib-loaded PCL film surfaces
decreased in a dose-dependent manner. MMP-2 expression of HuCC-T1 cells gradually decreased
according to sorafenib concentration. Furthermore, cancer cell invasion and tube formation of
human umbilical vein endothelial cells significantly decreased at sorafenib concentrations higher
than 10 mM. In the mouse tumor xenograft model with HuCC-T1 cells, sorafenib-eluting PCL
films significantly inhibited the growth of tumor mass and induced apoptosis of tumor cells.
Various molecular signals, such as B-cell lymphoma (Bcl)-2, Bcl-2-associated death promoter,
Bcl-x, caspase-3, cleaved caspase-3, Fas, signal transducer and activator of transcription 5,
extracellular signal-regulated kinases, MMP-9 and pan-janus kinase/stress-activated protein
kinase 1, indicated that apoptosis, inhibition of growth and invasion was cleared on sorafenib-
eluting PCL films.

Conclusion: These sorafenib-loaded PCL films are effective in inhibiting angiogenesis, prolif-
eration and invasion of cancer cells. We suggest that sorafenib-loaded PCL film is a promising
candidate for the local treatment of cholangiocarcinoma.

Keywords: sorafenib, polycaprolactone, biliary stent, human cholangiocarcinoma cells,
angiogenesis

Introduction

Cholangiocarcinoma is a malignant tumor arising from the epithelium of the bile
ducts, to which bile is drained from the liver to be emptied into the small intestine.'
Cholangiocarcinoma characterized by early vascular invasion and metastasis is ana-
tomically subdivided into intrahepatic and extrahepatic types.?* The medical treat-
ment options for cholangiocarcinoma are radiation, chemotherapy, stent placement,
and surgical resection. In current clinical trials for chemotherapy, gemcitabine is
known to have efficacy for the treatment of advanced gallbladder cancer or cholang-
iocarcinoma.* Furthermore, clinical gains in chemotherapeutic approaches were also
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reported with combinations of anticancer drugs.*® Among
them, clinical trials with a combination of gemcitabine plus
cisplatin were reported to have significant survival advan-
tage compared to gemcitabine alone.”® However, systemic
chemotherapy and radiation therapy for cholangiocarcinoma
is not sufficiently effective. In current clinical treatment for
cholangiocarcinoma, stent displacement is believed to be a
unique candidate for the enhancement of patient survivabil-
ity.!® Metal stents enable bile drainage when tumors block
the bile duct. After placement of metal stents, occlusion of
the stent can occur by in-stent proliferation of cells, resulting
in deposition of biliary sludge and progression of disease.
Those processes cause a risk of sepsis and recurrent biliary
obstruction.’ The current stent allows only mechanical
palliation of the obstructed gastrointestinal tract without
providing antitumor effects.!' Furthermore, bile duct cancer
is characterized by relatively small size with local rather
than systemic metastasis. Therefore, local treatment with
devices such as drug-eluting stents (DESs) is a promising
therapeutic candidate.

Sorafenib is known to inhibit tumor cell proliferation and
vascularization through activation of the receptor for tyrosine
kinase, which in turn signals the Ras/Raf/ mitogen-activated
protein kinase kinase (MEK)/extracellular-signal-regulated
kinase (ERK) cascade pathway.'? Sorafenib is an effec-
tive chemotherapeutic agent against various tumor types,
including cholangiocarcinoma,'® and is known to inhibit
proliferation, angiogenesis, and invasion of tumor cells;"* "
positive case studies have been reported against cholangio-
carcinoma.3"!¢ Furthermore, anticancer activity of sorafenib
against cholangiocarcinoma cells was also reported in
in vitro cell culture and in in vivo tumor xenograft models.!”3
Based on these studies, local treatment of sorafenib can be
considered an attractive option for advanced chemotherapy
of cholangiocarcinoma.

In this study, we prepared a sorafenib-coated DES with
the aid of biodegradable poly(e-caprolactone) (PCL) to
test its anticancer activity against cholangiocarcinoma
cells. We determined the optimal conditions of sorafenib-
coated DESs using appropriate organic solvents, drug/
polymer ratios, and drug-release media. Furthermore,
the anticancer activity of sorafenib itself and sorafenib-
coated DESs against human cholangiocellular carcinoma
(HuCC)-T1 cells was investigated in vitro/in vivo using
growth inhibition, matrix metalloproteinase expression,
Matrigel assay for cancer cell invasiveness, and
angiogenesis assays.

Materials and methods

Materials

PCL (number average molecular weight 70,000-90,000)
was purchased from Sigma-Aldrich (St Louis, MO, USA).
Sorafenib was purchased from LC Laboratories (Woburn, MA,
USA). All solvents, ie, dichloromethane, tetrahydrofuran, and
chloroform, purchased from Honeywell (Morristown, NJ,
USA) were of extra-pure grade, while other solvents used
were of high-performance liquid chromatography grade.

Stent-coating method
A sorafenib-coated stent was prepared with bio-spray-coating
equipment (EBS ES-Biocoater; Nano NC, Seoul, South Korea).
The electrospray consisted of a high-voltage power supply,
syringe pump, X-Y robotic system, and Drum-roll collector.
One hundred milligrams of PCL was dissolved in 10 mL of
dichloromethane. To this solution, sorafenib dissolved in dim-
ethyl sulfoxide (DMSO; 200 mg/mL) was added, and a final
concentration of sorafenib was adjusted to 2%—10% (w/w)
versus PCL. Ten milliliters of this solution (100 mg PCL and
10 mg sorafenib) was introduced into a syringe and then sprayed
onto a rolling collector (diameter 1 cm, length 10 cm, rolling
speed 800 rpm, voltage 10 kV) at a speed of 100 mL/minute.
Next, the sorafenib-coated stent was dried for 3 hours and then
carefully isolated from the collector and weighed.

The morphology of the polymer surface was examined
using a field-emission scanning electron microscope (S-4800;
Hitachi, Tokyo, Japan) at 25 kV.

In vitro release studies

The sorafenib-coated stent prepared by the method described
above was placed in 15 mL conical tubes with 10 mL of Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% fetal bovine serum (FBS). This tube was placed in
an orbital shaker at 100 rpm at 37°C. At specific time intervals,
the whole media was taken to measure the released drug and
was replaced with fresh media every day. Drug concentration
was determined by high-performance liquid chromatography
analysis. Furthermore, sorafenib-released media was used to
test whether sorafenib maintained its biological activity during
the stent-coating process and drug-release experiment. At 1,
5,10, 15, 20, and 30 days of the drug-release experiment, the
collected media were used to test anticancer activity.

Polymer-degradation tests
The unloaded PCL film or sorafenib-loaded PCL film
(10% [w/w] sorafenib) was immersed in 100 mL of
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phosphate-buffered saline (PBS; 0.01 M, pH 7.4), artificial
bile solution (15 mM sodium phosphate buffer, pH 7.4,
62 mM NaCl, 2.5% glucose, 6.6 mM sodium taurocholate,
0.6 mM phosphatidylcholine), and 0.01 N NaOH (pH 12).
The degradation test was carried out at 100 rpm at 37°C. The
media was changed every week for 3 months. At predeter-
mined time intervals, the films were rinsed with distilled water
and dried to analyze weight loss of the polymer surface:

Weight loss of PCL film
W, =W, — W)W x100%

where IV, is the initial weight of the film and W, is the weight
of the film after the degradation time interval.

Cell culture

HuCC-T1 cells were purchased from the Health Science
Research Resources Bank (Osaka, Japan). To measure growth
inhibition of cancer cells, 3 x 10° cells were seeded in 96-well
plates and incubated overnight in an incubator with 5% CO, at
37°C. Following incubation, sorafenib or sorafenib-released
media (sorafenib-released media from polymer described
above) were added to this plate. Control was 0.1% v/v
DMSO. The cells were incubated for an additional 32 hours.
Subsequently, 25 UL of MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide; 3 mg/mL) was added to
each well. After 4 hours, 100 UL of sodium dodecyl sulfate
(SDS)-hydrochloric acid (HCI) solution (SDS 10% w/v,
0.01 M HCI) was added to each well, and after 12 hours
absorbance was measured at 570 nm (Infinite M200 Pro
microplate reader; Tecan, Ménnedorf, Switzerland). Viable
cells were expressed as a percentage of control. Results
were calculated as the means * standard deviation of three
different experiments.

Gelatin zymography

Gelatin zymography was performed as described previously.
A total of 5 x 10° HuCC-T1 cells seeded in six-well culture
plates were cultured with serum-free media. The cells were
treated with sorafenib or sorafenib-released media and then
incubated for an additional 32 hours. The conditioned media
were then collected and centrifuged to remove cell debris.
Concentrated proteins (50 mg) were mixed with nonreducing
sample buffer (0.5 M Tris-HCI pH 6.8, 4% SDS, 20% glycerol,
0.1% bromophenol blue) at a 1:1 ratio and electrophoresed
on 8% SDS-polyacrylamide gels (SDS-PAGE) containing
2 mg/mL gelatin (Bio Basic, Markham, ON, Canada) under
nonreducing conditions. After electrophoresis, the gel was

washed three times for 30 minutes at room temperature
in a 2.5% (v/v) Triton X-100 solution to remove SDS and
then incubated in zymogram development solution (50 mM
Tris-HCI pH 7.5, 5 mM CaCl,, 200 mM NaCl) for 24 hours
at 37°C. The gel was stained with Coomassie Brillant Blue
R-250(0.2% Coomassie Brillant Blue R-250, 20% methanol
and 10% acetic acid in H,0), then destained (20% methanol
and 10% acetic acid in H,0).

Flow cytometry analysis

Fluorescein isothiocyanate-annexin V and propidium iodide
(PI) were used to identify apoptosis and necrosis of HuCC-
T1 cells. Cells were treated with various concentrations of
sorafenib or sorafenib-released media for 24 hours. Following
treatment, the cells were collected and washed with PBS.
The collected pellets were resuspended with binding buffer
(10 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid
pH 7.4, 150 mM NaCl, 5 mM KCI, I mM MgCl,, 1.8 mM
CaCl,) containing fluorescein isothiocyanate-annexin V
(1 wg/mL) and further incubated for 30 minutes. Ten minutes
prior to the termination of incubation, PI (10 pug/mL) was
added to stain necrotic cells under dark conditions. The cells
were immediately analyzed using a FACScan flow cytometer
(BD Biosciences, San Jose, CA, USA).

Matrigel invasion assay

Invasion assays were performed using a transwell chamber."
A polyethylene terephthalate (PETE) membrane (pore size
8 um; BD Biosciences) was coated with Matrigel (BD
Biosciences) diluted in serum-free RPMI 1640 medium
(RPMI:Matrigel =4:1) at 4°C. A total of 2 x 10* HuCC-T1 cells
in 100 uL of serum-free media were seeded in the upper
compartment of transwells and allowed to invade the PETE
membrane in the lower chamber for 2 days. The lower chamber
was filled with RPMI medium supplemented with 10% FBS
with various concentrations of sorafenib and sorafenib-released
media. After that, noninvaded cells on the upper surface of the
membrane were removed, and the invaded cells on the lower
surface of the membrane were stained with the Hemacolor rapid
staining kit (Merck KGaA, Darmstadt, Germany). The invaded
cells were observed with an optical microscope (Micros, St Veit/
Glan, Austria). The number of cells in four randomly selected
microscopic fields per membrane was counted.

Angiogenesis assay
An angiogenesis assay was performed as reported by
Okabe et al.*> When HuCC-T1 cells filled the dishes to 70%—
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80% confluence, the medium was replaced with serum-free
RPMI 1640. The cells were then treated with various concen-
trations of sorafenib or sorafenib-released media for 32 hours.
After that, the media were centrifuged at 1000 rpm for 5 min-
utes, and the collected supernatant was used as conditioned
media. The protein content of the conditioned media was
determined by a BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA), and aliquots were stored at —80°C
until use. Human umbilical vein endothelial cells (HUVECsS;
1 x 10* cells/well) were suspended in a mixture of conditioned
media/EGM-2 medium (100 uL/100 puL) with 0.5% FBS and
seeded on 50 UL of Matrigel in 96-well plates. These plates
were incubated for 12 hours, and then the morphology of the
cells in each well was examined. The total capillary tube length
and branching points were examined in three random view-
fields per well, and average values were calculated.

Wound-healing assay

A wound-healing assay of HuCC-T1 cells was performed
using a wound-healing assay kit containing Ibidi (Planegg,
Germany) culture inserts. Aliquots containing 5 x 10° cells
in RPMI 1640 media were seeded on six-well plates, and the
cells were exposed to sorafenib or sorafenib-released media at
37°Cand 5% CO, for 24 hours. The cells were washed twice
with PBS and harvested. Next, 5 x 10* cells in serum-free
media were seeded into culture inserts following incubation
for 24 hours. The zone of wound healing and migrated cells
was observed using light microscopy.

Effect of sorafenib-coated stent
on the growth of HUCC-T]I cells

The films cast in glass plates with a diameter of 3 cm were
sterilized under ultraviolet radiation. A total of 5 x 10°

Cumulative release (%)

0

10 20 30 40 50 60 70
Position [°2 theta] (copper (Cu))

—e— 2% sorafenib film
—o— 5% sorafenib film
—v— 7% sorafenib film
—a— 10% sorafenib film

10 20 30 40
Time (days)

Figure | (A) Morphological observation of sorafenib-loaded stent: field-emission scanning electron microscopy images of unloaded stent (a) and sorafenib-loaded stent (b).
Poly(e-caprolactone) as a coating polymer was dissolved in dichloromethane. After that, sorafenib in a small amount of dimethyl sulfoxide was added to this solution and
spray-dried onto a bare metal stent. (B) X-ray diffraction spectra of sorafenib powder (a), sorafinib film (b), and unloaded film (c). (C) The effect of drug contents on the

sorafenib release from the stent.
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HuCC-T1 cells were seeded on the films and cultured for
32 hours. The nuclei of cancer cells were stained with eosin
using the Hemacolor rapid staining kit according to the
manufacturer’s protocol.

In vivo animal tumor xenograft study
HuCC-T1 cells (1 x 107 cells) in a total volume of 100 uL
were subcutaneously injected into the back of male nude
mice (5 weeks old and 20-25 g in weight, Orient, Seongnam,
South Korea). When the tumor diameter reached about 6 mm,
a sorafenib-eluting PCL film was surgically implanted under
the tumor. Treatment dose was adjusted to 200 pig of sorafenib
(10 mg/kg). A total of 30 mice were divided into three groups,
as follows: (1) nonimplanted, (2) empty PCL film-implanted,
and (3) sorafenib-loaded film-implanted. Body weight and
tumor volume were measured twice weekly, starting on the
first day of treatment. Two perpendicular diameters of the
tumor were measured, and tumor volume was calculated
using the formula V' = (a X [b]*)/2, with a dUDT being the
largest and b being the smallest diameter.

Animal study was carried out according to the guidelines
of the Animal Treatment and Research Council of Pusan
National University.

Histological analysis

Tumors were removed 30 days after film implantation, fixed
in 4% formamide, paraffin-embedded, and sliced for hema-
toxylin and eosin staining or for terminal deoxynucleotidyl
transferase dUDT nick-end-labeling (TUNEL) assay.

Immunohistochemistry

Immunohistochemical staining of paraffin sections of the
tumors was done with matrix metalloproteinase (MMP)-9
antibody at a dilution of 1:100, with caspase-3 antibody at
a dilution of 1:200, with cleaved caspase-3 antibody (cell-
signaling technology) at a dilution of 1:1600, and with B-cell
lymphoma (Bcl)-2, Bel-2-associated death promoter, Bel-x,
signal transducer and activator of transcription (STAT)-5,
pan-janus kinase/stress-activated protein kinase 1, ERK1, and
Fas/CD95/APO-1 (BD Biosciences) at a dilution of 1:100.
Staining was done using an Envision kit (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
protocol.

Results
Characteristics of sorafenib-
incorporated PCL films

Sorafenib-loaded and unloaded PCL film-covered stents
were prepared by the electrospray method shown in Figure 1.

Table | Characterization of sorafenib-coated stent

Polymer/drug Coating Coating Sorafenib
(mg/mg) efficiency thickness concentration
(mm) per unit area
(mglcm?)
100/0 61.39+7.16 2333+ 1.37
100/2 61.49+8.12 2433+ 3.0l 4528 +8.25
100/5 61.55+10.53 24.67 + 1.37 113.19 +20.63
100/7 65.30 +6.75 25.17 £ 1.94 158.47 +28.88
100/10 63.91 +8.85 25.17 £2.71 236.11 £29.05

The surface morphology of the sorafenib-coated polymer
stents was observed using scanning electron microscopy.
Figure 1A shows that unloaded and sorafenib-loaded PCL
films have a smooth surface, indicating that drug may be
evenly dispersed in the PCL polymer matrix. The yield
of the polymer film was approximately 60% of the initial
polymer content, and increased drug content did not signifi-
cantly affect coating efficiency, as shown in Table 1. The
higher sorafenib content did not significantly increase the
thickness of the polymer film, but drug concentration per
1 cm? was dose-dependently increased. Table 2 shows the
surface analysis of sorafenib-loaded polymer using X-ray
photoelectron spectroscopy. Since PCL polymers have car-
bon, oxygen, and hydrogen atoms, the unloaded film (UF)
revealed the existence of carbon and oxygen atoms. However,
the sorafenib-loaded film (SF) showed fluoride, nitrogen, and
sodium atoms since sorafenib has carbon, oxygen, hydrogen,
fluoride, nitrogen, and sodium atoms (Table 2).

The drug-release behavior from SF was recorded, as
shown in Figure 1B. Sorafenib was continuously released
from the polymer film and films with lower drug content
showed faster drug release than those with higher drug
content. Figure 2 shows the degradation behavior of
polymer films with and without sorafenib in vitro. The
weight loss of the PCL was accelerated at 0.01 N NaOH

Table 2 Surface analysis of sorafenib-incorporated PCL film
using X-ray photoelectron spectroscopy

XPS atomic %

Atom UF SF

C 79.72 7541
F ND 0.42
N ND 0.48
Na ND 1.06
(@] 19.31 20.37
S ND 0.51
Si 0.97 1.74

Abbreviations: PCL, poly(e-caprolactone); UF, unloaded PCL film; SF, sorafenib-
loaded PCL film; XPS, X-ray photoelectron spectroscopy; ND, no detection.
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Figure 2 (A) Degradation properties of sorafenib-loaded film. The weight loss of unloaded (UF) or sorafenib-loaded poly(e-caprolactone) film (SF) was measured in the
various media: phosphate-buffered saline (PBS) (a); artificial bile (b); 0.0 N NaOH (c). (B) Morphological observation of degradation of poly(e-caprolactone) film in various

media. (a) UF; (b) 2% (w/w) SF; (c) 5% (w/w) SF; (d) 7% (w/w) SF; (e) 10% (w/w) SF.

(Figure 2A(c)) rather than PBS (Figure 2A(a)) or artificial
bile (Figure 2A(b)). In particular, the weight loss of SF was
accelerated compared to UF, indicating that many pores can
be generated on SF during drug release, and these pores
may act as water channels to accelerate the degradation rate.
These results indicated that drug-release kinetics may be
principally controlled by polymer degradation rather than
diffusion of drug molecules. Furthermore, the molecular

weight of the PCL film was also recorded, as shown in
Table 3. The molecular weight of PCL film rapidly decreased
at 0.01 N NaOH and on SF. These results were also in accor-
dance with the weight-loss results in Figure 2A. Figure 2B
shows morphological changes of the polymer film. UF
shows little change in surface morphology until 3 months
in any incubation media. However, higher sorafenib content
induced more serious changes in film-surface morphology.
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Table 3 Changes in molecular weight of PCL films

Sample Conditioned media Time (months) M, x 10" M, x 10 M M
UF PBS 0 19.21 14.83 1.30
| 19.29 14.65 1.32
2 19.13 14.28 1.34
3 14.32 724 1.98
10% SF | 13.41 9.67 1.39
2 12.85 9.26 1.39
3 8.94 5.30 1.69
UF Artifical bile | 18.92 13.97 1.35
2 13.83 10.74 1.29
3 12.06 9.27 1.30
10% SF | 10.90 8.29 1.31
2 7.47 5.52 1.35
3 6.32 4.46 1.42
UF 0.0l N NaOH | 18.57 13.73 1.35
2 17.86 13.60 1.31
3 12.67 6.30 2.0l
10% SF | 14.45 10.47 1.38
2 9.76 6.55 1.49
3 5.93 3.80 1.56

Abbreviations: PCL, poly(e-caprolactone); M , weight average molecular weight; M, number average molecular weight; UF, unloaded PCL film; SF, sorafenib-loaded

PCL film; PBS, phosphate-buffered saline.

More specifically, larger pores were generated at 10% (w/w)
SF in 0.01 N NaOH media compared to others. These results
support the results of Figure 2A and Table 3.

Anticancer activity of sorafenib against
HuCC-T1 cells in vitro

The anticancer activity of sorafenib was assessed by prolifer-
ation, invasion, and angiogenesis of HuCC-T1 cholangiocar-
cinoma cells in vitro, as shown in Figures 3—6. The viability
of cancer cells was dose-dependently decreased, and half-
maximal inhibitory concentration (IC, ) was 14.846 ug/mL
(Figure 3A). The proliferation of cancer cells was completely
inhibited at sorafenib doses greater than 25 pg/mL.

We tested the in vitro anticancer potential of SF on the
assumption that the DES equipped with SF is installed in the
bile duct and is in contact with the cancer site. First of all,
we tested the effect of sorafenib contents of the polymer film
on the proliferation of HuCC-T1 cholangiocarcinoma cells,
as shown in Figure 3B—D. Cancer cells were seeded onto the
polymer film and then allowed to proliferate. After 32 hours,
they became full on UF surfaces, while the density of cancer
cells was dose-dependently decreased on SF. In particular,
the proliferation of cancer cells was completely inhibited at
10% (w/w) SE, indicating that proliferation of cancer cells
was favorably inhibited by the release of sorafenib on the
polymer film.

Figure 3C shows the effect of the absolute amount of
released drug from the polymer film on the viability of HuCC-
T1 cholangiocarcinoma cells. As shown in Figure 3C(a),

the absolute amount of drug release continuously decreased
according to the time course, and the drug remained in the
polymer film was practically starved after 80 days of drug
release. To evaluate the anticancer activity of the released
drug, cell viability was recorded, as shown in Figure 3C(b).
These experiments will enable us to assess the duration of
the anticancer capacity of DESs equipped with SF in vivo.
As shown in Figure 3C(b), the anticancer activity of the DES
was properly maintained during drug release even though
cell viability increased gradually. Furthermore, the DES
loading 10% sorafenib showed higher anticancer activity
than the others, indicating that growth inhibition of cancer
cells responded to the release amount of sorafenib. Further-
more, apoptosis of cancer cells was studied using sorafenib
and showed sorafenib was released from SF. Sorafenib at
50 mg/mL induced approximately 50% apoptosis and necro-
sis. The released sorafenib also properly induced apoptosis
and necrosis, although the extent of these decreased accord-
ing to the time course (Figure 2D). Media from UF did not
significantly affect the apoptosis and necrosis of cancer
cells.

The effect of released sorafenib

on the invasion, angiogenesis, and
migration of cancer cells in vitro

The effect of SF on the invasion, angiogenesis, and migration
of HuCC-T1 cells was assessed in vitro. To investigate the
invasiveness of cancer cells, MMP-2 and Matrigel invasion
assays were performed, as shown in Figure 4. MMP-2 secre-
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Figure 3 (A) Effect of unloaded film (UF) or sorafenib-loaded film (SF) on the growth of HUCC-T| cholangiocarcinoma cells. Cells (2 x 10° cells/well in 96-well plate)
were treated with DMSO (0.1% v/v, control) or indicated amounts of sorafenib for 32 hours. Cell growth was measured by MTT cell-proliferation assay. Values from three
different experiments were expressed as means * standard deviation (n = 3). (B) Comparison of HUCC-T1 cell proliferation on the sorafenib-loaded polymer film. 5 x 10°
HuCC-T1 cells in RPMI 1640 media (FBS 10%) were seeded onto the PCL film; after 32 hours, H&E stained, 100x. (C) (a) The absolute amount of sorafenib released into the
release media; (b) the effect of the released sorafenib from the sorafenib-loaded film on the viability of HUCC-T| cholangiocarcinoma cells. (D) The effect of intact sorafenib
(a) and sorafenib released from the sorafenib-loaded stent (b) on the apoptosis of HUCC-T1 cells.

tion from cancer cells was dose-dependently decreased by
treatment with sorafenib (Figure 4A), and the invasiveness
of cancer cells also dose-dependently decreased (Figure 4B).
The invasiveness of cancer cells was completely inhibited
at doses higher than 25 mg/mL of sorafenib. Interestingly,
the invasion of cancer cells was inhibited by treatment of
the released sorafenib from SF for the 30 days of the drug-

release experiment (Figure 4B(d)), while UF did not signifi-
cantly affect the invasiveness of cancer cells for the 30 days
(Figure 4B(c)). These results indicate that the anti-invasive
capacity of sorafenib can be maintained during its release
from the polymer film. Figure 5 shows the effect of sorafenib
and released sorafenib on the angiogenesis of cancer cells.
To assess angiogenesis of cancer cells, conditioned media
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Figure 4 (A) Effect of intact sorafenib or sorafenib released from the sorafenib-loaded film on the MMP-2/9 activity of HUCC-T| cells. The cells were exposed to various
concentrations of sorafenib for 32 hours, and then the conditioned media were used for gelatin zymography. (B) Effect of intact sorafenib (a and b), media taken from unloaded
PCL film (c) and sorafenib released from the sorafenib-loaded film (d) on the invasion of HUCC-T1 cells. All groups H&E stained, 100x. Invasiveness of HUCC-T| cells was
assessed with Matrigel invasion assay. (b) The number of cells in four randomly selected microscopic fields per membrane was counted. 2 x 10* HUCC-T1 cells in the RPMI
1640 media (without FBS) were seeded onto the upper chamber, and the lower chamber was filled with RPMI 1640 media (with FBS 10%).

were prepared by treatment of cancer cells with sorafenib or
released sorafenib from the polymer film, and these media
were added to HUVECS in culture. The extent of angiogenesis
of cancer cells was assessed by tube formation of HUVECs
in the presence of conditioned media. HUVECs formed a
network of capillary-like structures over 12 hours in the pres-
ence of conditioned media (Figure SA, control). The length
of tubes and the number of tube connections of HUVECs
were decreased dose-dependently, and tube formation
practically disappeared at more than 10 mg/mL sorafenib.
Interestingly, the antiangiogenesis potential of sorafenib was
maintained for 30 days, as shown in Figure 5B while UF did
not significantly affect the formation of tubes by HUVECs.
Figure 6 shows the effect of sorafenib and released sorafenib
on the migration of cancer cells assessed by wound-healing

(ug/mL)

120 ~

100 -

Invasion cells (% of control)
(2}
o
L

Control 5
Sorafenib concentration (uglmL)

assay. As shown in Figure 6A, the migration of cancer cells
was inhibited by sorafenib treatment in a dose-dependent
manner. Furthermore, the released sorafenib also inhibited
the migration of cancer cells, and its antimigration activity
was maintained for 30 days of drug release. These results
indicate that intrinsic anticancer activity of sorafenib was
maintained for the 30 days of the drug-release experiment.

Antitumor activity of sorafenib stent

in in vivo animal model

The anticancer activity of the SF in vivo was studied using
an animal tumor xenograft model by subcutaneous injection
of HuCC-T1 cells into the back of mice. When the size of
the solid tumor reached 6 mm, SF and UF were implanted
under the solid tumor mass, as shown in Figure 7. Tumor
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Figure 5 Effect of intact sorafenib (A) or sorafenib released from sorafenib-loaded film (B) on the angiogenesis of HUCC-T| cholangiocarcinoma cells in vitro.
Notes: Conditioned media were from cancer cell culture with treatment of sorafenib. Conditioned media were added to a HUVECs culture plate. The length of tubes and
the number of tube connections were evaluated by comparison with 0 LM of sorafenib concentration. All images were observed with microscopy (100x).

volume increased gradually (Figure 7C, control), and body
weight slightly increased (Figure 7D, control). When SF was
implanted under the solid tumor, the growth of tumor volume
was properly inhibited, and the body weight of the mouse did
not significantly change. Interestingly, UF also affected the
growth of tumor mass. This finding may be due to dissected
blood vessels during the implantation procedure, which

might have caused reduced supply of blood or nutrients.
Tumor mass treated with SF was smaller than that of UF,
indicating that SF has antitumor activity against the animal
tumor xenograft model. Since sorafenib has lower intrinsic
cytotoxicity compared to common anticancer agents, such
as doxorubicin and cisplatin, suppression of tumor growth
may be due to inhibition of molecular signals, such as
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Figure 6 Effect of intact sorafenib (A) or sorafenib released from sorafenib-loaded stent (B) on the migration potential of HuCC-T| cholangiocarcinoma cells in vitro.

Note: All groups H&E stained, 100x.
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Figure 7 (A-D) Antitumor activity of sorafenib-loaded poly(e-caprolactone) (PCL) film.
Notes: (A) Sorafenib-loaded film was implanted under the tumor mass; (B) tumor mass from mice 43 days after tumor implantation; (C) changes in tumor weight;

(D) changes in body weight.

apoptosis-related protein, mitosis-related protein, and MMP.
As shown in Figure 8, apoptosis signals such as terminal
deoxynucleotidyl transferase deoxyuridine-triphosphate
nick-end labeling staining, Bcl-2-associated death promoter,
caspase-3, and cleaved caspase-3 were clearly induced by
treatment of SF. Figure 9A shows the effect of SF on the
expression of MMP-9. As shown in Figure 9a, the expression
of MMP-9 evidently decreased after treatment with SF. Fur-
thermore, the expression of Bel-2 and Bcel-x was decreased.
The expression of mitosis-related proteins such as pan-janus
kinase/stress-activated protein kinase 1 also decreased
(Figure 9C). STATS and ERK signaling is associated with

proliferation of cancer cells. The expression of STATS and
ERK significantly decreased with SF (Figures 9C and 10).
Since protein expression with treatment of UF was similar to
control, UF did not affect the molecular aspect of the tumor.
Furthermore, these results indicated that SF has strong anti-
tumor activity in the in vivo mouse tumor xenograft model.

Discussion

The incidence and the mortality rate of cholangiocarcinoma,
a malignant tumor arising from the epithelium of the bile
ducts, are increasing worldwide.?' " Since early diagnosis of
cholangiocarcinoma is difficult, many patients are diagnosed
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Figure 8 (A and B) Immunohistochemical analysis.
Notes: (A) H&E staining; (B) tunnel staining, Bad, caspase-3, and cleaved
caspase-3 staining.

Control

in an advanced state. Surgical extirpation is regarded as the
ideal choice for long-term survival of patients. Furthermore,
the recurrence rate is quite high even with complete surgi-
cal resection. Surgical resection of the tumor from these
patients is often not feasible, due to the anatomical loca-
tion of the cancer and the presence of extra- or intrahepatic
metastases.”? Furthermore, conventional therapy, such as
radiation therapy and chemotherapy, is not feasible. Since
early invasion or metastasis of cholangiocarcinoma is a
distinguished feature from other types of cancer,?'?* local
treatment using DESs is regarded as a promising candidate
for improving palliation and survival of patients with unre-
sectable cholangiocarcinoma.”** Mezawa et al*® reported
that carboplatin-coated tubes showed an antitumor effect
against subcutaneous tumors inoculated in nude mice, and
they observed a 60% efficacy rate in patients with unresect-
able cholangiocarcinoma.

Sorafenib, a small-molecular inhibitor of several tyrosine
protein kinases,'? is known to inhibit tumor progression
and angiogenesis. Sugiyama et al'’ reported that sorafenib
is effective in inhibiting the phosphorylation of MEK and

Control Unloaded film Sorafenib-loaded film

A.--

Figure 9 (A—C) Immunohistochemical analysis.
Notes: (A) MMP-9; (B) Bcl-x and Bcl-2; (C) ERK and pan-JNK/SAPK I.

mitogen-activated protein kinase, as well as the interleukin-
6-induced phosphorylation of STAT3. They showed that oral
administration of sorafenib was effective in inhibiting tumor
growth and decreasing microvessel density in an animal
xenograft tumor model of cholangiocarcinoma. Even though
sorafenib was shown to have low activity against advanced
biliary tract carcinoma in phase II clinical trials, it is regarded
as having therapeutic benefit for patients.?® Other clinical
trials have also emphasized the therapeutic benefit against
metastatic gallbladder carcinoma and cholangiocarcinoma.?’
We previously reported that sorafenib was tolerable for most
patients in clinical practice and in therapeutic progression
during sorafenib therapy.?® Other kinds of anticancer drugs
such as gemcitabine and cisplatin were also tried clinically
for the treatment of biliary tract cancer.”® However, Xinopo-
ulos et al reported that gemcitabine therapy combined with
a metallic stent for patients with advanced pancreatic cancer
failed to improve survivability and quality of life.?” Even
though the safety of a gemcitabine-eluting stent against the
biliary tract in a porcine model was reported, the clinical
efficacy of gemcitabine plus stenting is still questionable.*
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Figure 10 Immunohistochemical analysis. (A) Fas; (B) STATS.

Selection of a controlled drug-delivery technology
suitable for each drug depends on many factors, including
physicochemical properties of the drug, duration of release,
and release profile.’! Localized delivery of a drug directly to
the target site results in the prevention of restenosis, without
the side effects associated with systemic delivery of the same
drug at higher concentrations.?! The aim of localized drug
delivery using a DES is to inhibit the growth and migration
of cholangiocarcinoma cells, as well as prevention of
inflammatory responses.*> The DES approach for the local
treatment of tumors has several advantages, ie, biologically
active agents can be directly delivered to the target site,
resulting in therapeutically effective drug concentrations in the
local tissue, with minimal systemic release of the drug, and thus
negligible risk of systemic toxicity.>® To confirm the anticancer
activity of SF, HuCC-T1 cells were seeded onto the films, as
shown in Figure 3B. The PCL film itself did not significantly
affect the proliferation and migration of cancer cells, ie, cancer

cells were closely packed on the film surfaces after 32 hours of
culture. However, the density of cancer cells decreased dose-
dependently on SF, indicating that growth of HuCC-T1 cells
was properly inhibited on SE, while UF (Figure 3B) did not
affect the growth of cancer cells. Because degradation of the
polymer film was very slow (Figure 1C and D, only 5% weight
loss for 3 months), SF coated onto a metal stent may inhibit
stent ingrowth and clogging of tumor cells. Furthermore, our
results showed that sorafenib itself effectively inhibited the
growth of cancer cells in vitro, with an IC_, of 14.846 mg/mL
(Figure 3A). Our IC, value was slightly higher than the
results of other reports,'? and this difference may be due to the
difference in experimental conditions. Even though sorafenib
concentration higher than 10 mg/mL was effective in inhibiting
the proliferation of cancer cells (Figure 3A), apoptosis of
cancer cells clearly increased at concentrations higher than
25 mg/mL (Figure 3D). Huether et al'® also reported that
sorafenib alone or in combination with other anticancer drugs
potently suppressed the growth of human cholangiocarcinoma
cells. Because body weight was not significantly affected by
treatment with SF, SF may have negligible inherent toxicity,
indicating that suppression of tumor growth may be due to the
apoptosis of tumor cells and suppression of molecular signals.
Figures 8—10 demonstrate the suppression of various molecular
signals in the tumor mass.

Since MMP is an important enzyme for the degradation
of basement membranes during tumor invasion, expression
of MMP is regarded as an indicator of poor prognosis.**=’
Our results showed that sorafenib was effective in decreasing
MMP-9 expression in HuCC-T1 cells in vitro and in vivo.

Figure |1 The sorafenib-loaded stent being taken out from the endoscopic equipment.

A Sorafenib stent was
taken out from
endoscopic
equipment

B Bending of sorafenib
stent

C Compression of
sorafenib stent
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Furthermore, the Matrigel assay demonstrated the anti-
invasive effect of sorafenib in cholangiocarcinoma cells
(Figure 4). This finding was also demonstrated by the
invasion test of cancer cells, ie, invasion of HuCC-T1 cells
was inhibited by treatment with sorafenib, and the released
sorafenib from the PCL film also effectively inhibited
invasion of cancer cells even at 30 days. In particular,
invasion of cancer cells or tube formation of HUVECs
significantly decreased when sorafenib concentrations were
greater than 10 mg/mL. We also found that sorafenib is
effective in inhibiting tube formation of HUVECsS in a dose-
dependent manner (Figure 5). Our results demonstrated that
the released sorafenib from the PCL films as well as intact
sorafenib maintained antiangiogenesis activities against
tube formation of HUVECsS, even after 30 days of the drug-
release experiment, while UF did not have any effect on
the results. Furthermore, the migration of tumor cells was
effectively inhibited by the released sorafenib as well as intact
sorafenib, as shown in Figure 6. Since the metastatic invasion
and angiogenesis potential of cholangiocarcinoma cells are
regarded as causes of poor prognosis after chemotherapy or
radiotherapy, inhibition of these factors in vitro may enhance
the therapeutic potential of sorafenib-eluting stents.
Practically, SF significantly inhibited the growth of the tumor
in the mouse tumor xenograft model, as shown in Figure 7.
As shown in Figures 8-10, the signals show apoptosis or
suppression of proliferation of tumor cells by SF, while UF
was not significantly different to control. MMP-9 was also
significantly suppressed by treatment with SE.

Furthermore, a defect or crack on the polymer film
surface is known to affect the potential of DESs. Therefore,
we tested the SF-coated metal stent with endoscopic equip-
ment by the insertion and exfiltration method of DESs, as
shown in Figure 11. The polymer films did not show distinct
defects or cracks on the surface of the polymer film with
repeated insertion and exfiltration.

Our results show that SF as a DES material is a promising
candidate for the treatment of cholangiocarcinoma.

Conclusion

We described the preparation of SF and its anticancer activity
against HuCC-T1 cells. Sorafenib inhibited the proliferation
of cancer cells in a dose-dependent manner, and its IC_ was
approximately 10 uM. Furthermore, sorafenib was effective
in suppressing MMP-2 expression and invasion of tumor
cells, as well as tube formation of HUVECs. We demonstrated
that SF has equivalent anticancer activity against in vitro cell
culture and in vivo animal tumor xenograft model compared

to sorafenib itself. We suggest that SF and its DES is a promis-
ing candidate for the treatment of cholangiocarcinoma.
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