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Abstract

Background: Photodynamic therapy (PDT) has advanced through
the utilization of photosensitizers and specific-wavelength light (>
600 nm). However, the widespread adoption of PDT is still impeded
by high equipment costs and stringent laser safety requirements. Por-
phyrins, crucial in PDT, have another absorbance peak of blue light (A
=380 - 500 nm). This peak corresponds to the wavelength of narrow-
band imaging (NBI) (A =390 - 445 nm), an image-enhancement tech-
nology integrated into endoscopes by Olympus Medical Systems. The
study aimed to investigate the potential of widely adopted NBI as a
PDT light source for superficial cancers via endoscopes.

Methods: Esophageal and biliary cancers were selected for inves-
tigation. Human esophageal cancer cell lines (KYSE30, KYSE70,
KYSE170) and cholangiocarcinoma cell lines (HuCCT-1, KKU-213)
were subjected to verteporfin-mediated PDT under NBI light (A =390
- 445 nm). Assessments included spectrometry, crystal violet staining,
and fluorescein imaging of singlet oxygen generation and apoptosis.

Results: Verteporfin exhibited a peak (A = 436 nm) consistent with
the NBI spectrum, suggesting compatibility with NBI light. NBI light
significantly inhibited the growth of esophageal and biliary cancer
cells. The half-maximum effective concentration (ECs)) values (5 J/
cm?) for KYSE30, KYSE70, KYSE170, HuCCT-1, and KKU-213
were calculated as 2.78 + 0.37uM, 1.76 = 1.20 uM, 0.77 £ 0.16 uM,
0.65 = 0.18 uM, and 0.32 £ 0.04 uM, respectively. Verteporfin ac-
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cumulation in mitochondria, coupled with singlet oxygen generation
and observed apoptotic changes, suggests effective PDT under NBI
light.

Conclusions: NBI is a promising PDT light source for superficial
cancers via endoscopes.
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Narrow-band imaging; Photodynamic therapy; Porphyrins; Verteporfin

Introduction

Over the past century, starting from the 1900s, photodynamic
therapy (PDT) has experienced continuous advancements [1].
The procedure involves the administration of a photosensitizer
(PS), allowing its accumulation in tissues, followed by expo-
sure to light at a specific wavelength (typically > 600 nm).
PDT selectively destroys target tissues by interacting with a
PS, specific-wavelength light, and molecular oxygen [2]. This
activation produces reactive oxygen species (ROS), includ-
ing singlet oxygen ('0,) and radicals. This concept is feasible
for cancer treatment. In the 1960s, Lipson et al showed that
hematoporphyrin derivative (HPD) localized to tumors [3];
and in 1975, Kelly et al demonstrated that light activation of
HPD eliminated bladder carcinoma in mice [4]. These findings
opened the new era of PDT. In 1976, the first human PDT trial
with HPD was conducted in bladder cancer by Kelly et al [5].
At present, PDT for early-stage lung cancer, superficial esoph-
ageal cancer, superficial early gastric cancer, cervical cancer,
and dysplasia are covered by insurance in Japan. Distinct from
chemotherapy, PDT possesses a unique methodology, suggest-
ing its potential to evolve as a promising medical approach in
the future. Although compact and less expensive diode lasers
are replacing large and expensive laser systems, the number of
facilities where they can be used remains limited. Currently,
there are only about 30 facilities in Japan, with the majority
being university hospitals. The reasons for this limitation may
attributed to the additional cost (approximately $57,000) and
cost-effectiveness associated with the installation of special-
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ized equipment, the requirement that only individuals who
have completed a training program are allowed to use the laser,
and the need for safety controls during laser operation, among
other barriers to entry.

Therefore, light-emitting diode (LED)-based PDT is cur-
rently in development. Our research group has developed an
endoscope system for efficient excitation light delivery in pho-
todynamic diagnosis (PDD) or PDT with a simple button in-
terface including LED [6-11]. The creation of a safer method
applicable in diverse settings is warranted. In this context, our
focus has shifted to more convenient light sources.

Generally, red light with a wavelength of 600 - 800 nm is
used in PDT. On the other hand, porphyrins absorb strongly
in the 380 - 500 nm range (Soret band) and weakly in the 500
- 750 nm region (Q band) [12]. This indicates that blue light
with a wavelength of around 400 nm is advantageous for pho-
toexciting porphyrins. However, blue light, with high absorp-
tion by hemoglobin and melanin, penetrates the skin only up
to 1 mm [13]. Subsequently, we recognized that this limitation
could be overcome by leveraging an endoscope for the direct
irradiation of superficial cancers within the body. Addition-
ally, we noticed that specialized lighting for image-enhanced
endoscopy (IEE) has recently been integrated into endoscope
systems.

IEE is a modality that enhances lesion visibility by inten-
sifying microstructure, blood vessels, and color, resulting in
easier detection of gastrointestinal lesions. Among IEE, three
technologies are now available for visualizing microvascular
imaging using narrow band via endoscopes, narrow-band im-
aging (NBI) (Olympus Medical Systems, Tokyo, Japan), blue
laser imaging (BLI) (Fujifilm Co., Tokyo, Japan), and i-scan
OE (PENTAX Medical, Tokyo, Japan) [14]. NBI utilizes the
light of two distinct wavelengths: blue: A = 390 - 445 nm,
and green: A =530 - 550 nm [ 15, 16]. BLI, on the other hand,
employs a narrow-band wavelength at 410 nm [17]. The i-
scan OE optical filters enhance overall transmittance by con-
necting peaks in the hemoglobin absorption spectrum (A =
415 nm, 540 nm, and 570 nm) to form a continuous wave-
length spectrum [18]. Each of the three companies employs
proprietary narrow-wavelength imaging technologies. Given
that Olympus dominates 70% of the global market for endo-
scope systems, utilizing widely adopted endoscope systems
using NBI was deemed feasible [19]. Deeper penetration is
anticipated by directing the radiation directly to the cancer
through the endoscope rather than through the skin. Thus, in
this study, we aimed to clarify the potential of NBI as a light
source for PDT.

Materials and Methods

Cell lines and cultures

Esophageal and biliary cancer were selected as the primary
superficial cancers in our investigation. The human esopha-
geal cancer cell lines KYSE30, KYSE70, and KYSE170 cells
were obtained from the JCRB cell bank (Osaka, Japan). The
KYSE30 cells were cultured in Dulbecco’s modified Eagle
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medium (D-MEM) supplemented with 2% fetal bovine serum
(FBS). The KYSE70 cells were cultured in D-MEM supple-
mented with 5% FBS. The KYSE170 cells were cultured in the
RPMI-1640/nutrient mixture F-12 medium supplemented with
2% FBS. The human cholangiocarcinoma cell lines HuCCT-1
and KKU-213 cells were obtained from the JCRB cell bank.
The HuCCT-1 cells were cultured in RPMI-1640 medium sup-
plemented with 10% FBS. The KKU-213 cells were cultured
in the D-MEM supplemented with 10% FBS.

All cell culture media were supplemented with 2 mM L-
glutamine solution without antibiotics. The cells were cultured
in a humidified incubator with 5% CO, at 37 °C.

Reagents

Verteporfin (VP, SML0534) was purchased from Merck KGaA
(Darmstadt, Germany). For cell staining, crystal violet (031-
04852) was purchased from Fujifilm Wako Pure Chemical
Co., Ltd. (Osaka, Japan). For microscopy, MitoBright Green
(MTO06) and Hoechst-33342 solution (346-07951) were pur-
chased from Dojindo Laboratories, Co., Ltd. (Kumamoto, Ja-
pan). Singlet Oxygen Sensor Green (S36002) was purchased
from Thermo Fisher Scientific, Inc. (Tokyo, Japan).

Spectrometry

UV-Vis spectrophotometer (Shimadzu UV-3100PC, Shimadzu
Co., Kyoto, Japan) was employed for spectrometry. A linear
transmission method was used, taken at a 0-degree injection
angle within the 300 - 800 nm wavelength range, utilizing a
halogen lamp as the light source and a photomultiplier as the
detector. The slit width was set at 5 nm, and the optical path
length was 10 mm. Dimethyl sulfoxide (DMSO) served as the
reference substance.

PDT protocol

We used the 35-mm dish for culture and crystal violet staining
because the NBI irradiation light for VP-PDT is uneven irradi-
ation. The cells were treated with VP in a serum-free medium
for 15 min in the dark and then irradiated with NBI light (GIF-
HQ290 and EVIS X1 CV-1500; Olympus, Co., Tokyo, Japan)
at 2.5 J/cm? for 70 s (35.7 mW/cm?) or 5 J/cm? for 140 s (35.7
mW/cm?). We irradiated the treated cells with NBI light under
certain conditions: dark, irradiation distance 18 mm, iris mode
average, brightness adjustment +8 (GIF-HQ290 and EVIS X1
CV-1500; Olympus, Co., Tokyo, Japan).

Crystal violet staining

The cells were seeded onto 35-mm dishes. Twenty-four hours
after PDT, the cells were fixed with 4% paraformaldehyde for
5 min at 20 - 25 °C, stained with 0.05% crystal violet (CV) for
30 min at 20 - 25 °C, washed with phosphate-buffered saline
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(PBS), and dried. Subsequently, methanol was added to dis-
solve the dye, and the absorbance was measured at 540 nm us-
ing a microplate reader (Vientonano; DS Pharma Biochemical
Co., Ltd., Osaka, Japan) to evaluate the viability of the cancer
cell lines after PDT and the half-maximum effective concen-
tration (ECy;) value of VP was calculated.

MTS assay

Cell viability was also assessed using the MTS (3-(4, 5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium) assay. The procedure was conduct-
ed as follows: 1 mL of culture medium was combined with 200
uL of CellTiter 96® AQueous One Solution Cell Proliferation
Assay (G3580; Promega, Madison, WI). After 1 h of incuba-
tion, absorbance was measured at 490 nm using a microplate
reader (Viento nano; DS Pharma Biochemical, Osaka, Japan).
Cell viability relative to control cells was then calculated.

Microscopic imaging

The cells were visualized using a fluorescence microscope
(BZ-X710; Keyence Co., Osaka, Japan). To visualize the VP,
a filter cube (OP-87767; Keyence Co., Osaka, Japan) was
used with relevant excitation (405BP20) and fluorescence
(RPE630LP) filters. To visualize the MitoBright Green and
singlet oxygen, the BZ-X filters GFP (OP-87763; Keyence
Co., Osaka, Japan) were used. To visualize the Hoechst stain-
ing, the BZ-X filters DAPI (OP-87762; Keyence Co., Osaka,
Japan) were used. The software BZ-analyzer (Ver.1.3.1.1.,
Keyence Co., Osaka, Japan) was used to merge, reduce noise,
and enhance signal intensity.

Fluorescent staining of intracellular organelles

We observed that VP had a porphyrin structure and emitted red
light when the excitation irradiation was 405 nm. Cells were
exposed to 0.1 pM MitoBright Green (10 min, 20 - 25 °C).
After washing with PBS twice, cells were incubated with 0.1
uM VP for 15 min at 37 °C in the dark. This stain accumulates
in the mitochondria of live cells based on the mitochondrial
membrane potential. After washing with PBS, cells were im-
aged under a fluorescence microscope (BZ-X710, Keyence
Co., Osaka, Japan).

Singlet oxygen staining

The cells were incubated with 2 uM VP for 15 min at 37 °C
in the dark, washed twice with PBS, and exposed to 50 uM
Singlet Oxygen Sensor Green. This reagent emits a green fluo-
rescence signal in the presence of S1 oxygen. NBI light irra-
diation was performed at 5 J/cm?, and after 1 h, the cells were
visualized using a fluorescent microscope (BZ-X710, Keyence
Co., Osaka, Japan).
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Detection of apoptosis

Hoechst staining was performed to detect apoptosis. Cells
were incubated with 2 uM VP for 15 min at 37 °C in the dark.
Subsequently, the cells were irradiated with NBI light at 5
J/em?. After NBI light irradiation, the cells were incubated
for 12 h at 37 °C, washed, and incubated with 1 pg/mL Hoe-
chst-33342 solution for 15 min at 20 - 25 °C, avoiding sun-
light and room lights. The cells were then visualized using
a fluorescence microscope (BZ-X710, Keyence Co., Osaka,
Japan).

Statistical analysis

The Dunn test was employed for multiple comparisons, and
statistical analyses were conducted using StatFlex software
(Windows ver. 6.0; Artech, Osaka, Japan). Statistical signif-
icance was defined at P < 0.05, and data were presented as
mean + standard deviation (SD).

Ethical compliance

This study was conducted in compliance with all the applica-
ble institutional ethical guidelines for care and welfare. The
Institutional Review Board approval was not applicable.

Results

The Soret peak of VP is consistent with the NBI spectrum

Initially, we analyzed the VP spectrum, observing a prominent
absorption peak with a substantial absorption coefficient at
436 nm, known as the Soret peak. Additionally, there were
smaller peaks at 579, 629, and 691 nm, forming the Q band
(Fig. 1). This indicates that blue light used for NBI with a
wavelength of around 436 nm is advantageous for photoex-
citation of VP.

NBI light inhibits the growth of both esophageal cancer
cells and biliary cancer cells

NBI light was applied to esophageal cancer cells (KYSE-30,
KYSE-70, and KYSE-170) and biliary cancer cells (HuCCT-1
and KKU-213). Subsequently, cell growth was assessed via
CV staining. KYSE30 and KYSE70 demonstrated significant
cell growth inhibition at concentrations of 0.8 uM (KYSE30:
-18.7%, P < 0.01; KYSE70: -33.6%, P < 0.01) and 3.2 uM
(KYSE30: -47.7%, P < 0.01; KYSE70: -63.4%, P < 0.01)
of VP, respectively, under NBI light irradiation at 5 J/cm?
(Fig. 2a, b). Using MTS assay, KYSE30 also demonstrated
a similar result at a concentration of 3.2 uM (-49.7%, P <
0.05) of VP under NBI light (5 J/cm?) (Supplementary Ma-
terial 1, www.gastrores.org). Similarly, KYSE170 exhibited
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Figure 1. Spectrometry of verteporfin. The spectrum shows a prominent absorption peak at 436 nm, which is known as the Soret
peak. Additionally, there are smaller peaks at 579, 629, and 691 nm, which are known as the Q band.

significant suppression at concentrations of 0.4 uM (-32.2%,
P <0.05) and 1.6 uM (-59.9%, P < 0.05) of VP under 5 J/cm?
irradiation of NBI light (Fig. 2¢c). The ECy, values (5 J/cm?)
for KYSE30, KYSE70, and KYSE170 were 2.78 £ 0.37, 1.76
+ 1.20, and 0.77 + 0.16 uM, respectively. HuCCT-1 exhib-
ited notable cell growth inhibition at a concentration of 1 uM
(-65.8%, P < 0.01) of VP under NBI light irradiation at 5 J/
cm? (Fig. 3a). Similarly, KKU-213 demonstrated significant
growth inhibition at a concentration of 0.4 uM (-67.8%, P <
0.05) under NBI light irradiation at 5 J/cm? (Fig. 3b). The
EC,, of VP, subsequent to irradiation with 5 J/cm? of NBI
light, was calculated as 0.65 + 0.18 uM for HuCCT-1 and 0.32
+0.04 uM for KKU-213.

VP accumulation in mitochondria generated singlet oxy-
gen, inducing apoptosis

We further investigated the mechanism of the PDT effect in-
duced by NBI light. VP exhibited accumulation consistent
with mitochondria (Fig. 4a). Concurrently, singlet oxygen
was generated through NBI light irradiation, consistent with
mitochondrial localization (Fig. 4b). Moreover, Hoechst stain-
ing demonstrated apoptotic changes in cell nuclei (Fig. 5a-d).
These results suggest that NBI light irradiation effectively
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serves as a PDT light source.

Discussion

In this study, we have demonstrated that the widely adopt-
ed NBI light has the potential to serve as a light source for
PDT in the context of superficial cancer via endoscopes. This
represents the first report assessing NBI light as a PDT light
source.

It has been reported that blue light has various effects on
the organism. These effects include both cytoprotective and
cytotoxic effects [20]. The cytotoxic effects are related to en-
dogenous photoreceptors. The main photoreceptors are opsins,
flavins, porphyrins, and nitrosated proteins [21]. Enzymes that
contain porphyrin are present in various cells, such as hemo-
globin, cytochrome p-450 enzymes, and the complexes of the
electron transport chain [21, 22]. The excitation of intracellu-
lar photoreceptors primarily results in the generation of singlet
oxygen, which has the potential to interact with nearby mol-
ecules, giving rise to additional ROS such as peroxides, super-
oxide, and hydroxyl radicals. It is reported that irradiation with
blue light by excitation of porphyrins leads to ROS formation
and demonstrates the toxic effect on microorganisms [21, 23-
26]. Our result indicated singlet oxygen was generated by NBI
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Figure 2. Cell viability assay for esophageal cancer cells. Cell viability was evaluated after staining with crystal violet. (a) KYSE30
and (b) KYSE70 significantly inhibited cell growth at 0.8 uM (KYSE30: -18.7%, P < 0.01; KYSE70: -33.6%, P < 0.01) and 3.2
pM (KYSE30: -47.7%, P < 0.01; KYSE70: -63.4%, P < 0.01) concentrations of VP under NBI light (5 J/cm?). (c) KYSE170 also
demonstrated significant suppression at 0.4 uyM (-32.2%, P < 0.05) and 1.6 uM (-59.9%, P < 0.05) concentrations of VP under

NBI light (5 J/lcm?). *P < 0.05. **P < 0.01. NBI: narrow-band imaging; VP: verteporfin.
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Figure 3. Cell viability assay for biliary cancer cells. Cell viability was evaluated after staining with crystal violet. (a) HuCCT-1
showed marked growth inhibition at 1 uM VP (-65.8%, P < 0.01) under NBI light (5 J/cm?2). (b) KKU-213 similarly exhibited signifi-
cant growth inhibition at 0.4 pM (-67.8%, P < 0.05) under NBI light (5 J/cm?2). *P < 0.05. **P < 0.01. NBI: narrow-band imaging;

VP: verteporfin.

light irradiation. Therefore, NBI light, in combination with VP,
is considered to inhibit cancer cell proliferation by ROS pro-
duction.

Studies suggest that irradiation with blue light inhibits tu-
mor growth in various cancer cell lines through diverse mecha-
nisms [27-34]. In the context of photoreceptors, Ohara et al
reported that blue light (A = 470 nm, irradiance 5.7 mW/cm?)
inhibited the growth of B16 melanoma cells [27]. Furthermore,
they also demonstrated that adding riboflavin to the B16 mela-
noma cells exposed to blue light induced cell damage [35].
Riboflavin, known as vitamin B2, reportedly generates ROS
by blue light [36]. In a recent study, Chen et al showed the sup-
pressive effect of blue light (A = 418 nm and 457 nm) on the
growth of melanoma [37]. The wavelength 457 nm was more
effective in inhibiting the growth and migration of B16F10
melanoma cells. Interestingly, Sparsa et al demonstrated clini-
cal efficacy of blue light (A = 450 nm, 20 J/cm? 5 days a week
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for 2 weeks) without any exogenous PS on an 81-year-old man
with malignant melanoma [28]. Zarska et al also evaluated
the photodynamic effect of a, f, vy, 6-tetrakis (1-methylpyri-
dinium-4-yl) porphyrin p-toluenesulfonate (TMPyP) and zinc-
4-sulfonatophenyl porphyrin (ZnTPPS4) on the HeLa (cervi-
cal cancer) and G361 (human skin malignant melanoma) cell
lines with blue light (A = 414 nm) irradiation [32]. Yegorov
et al recently reported the toxicity of blue light with porphy-
rins (cationic porphyrin P4 (TMPyP4) and its amphiphilic
derivative porphyrin P1 containing carboxyl groups, as well
as their zinc-containing analogues ZnP4 and ZnP1) in normal
(human mesenchymal stromal cells KO-16, an immortalized
human embryonic fibroblast line (977-hTERT)) and cancer
cells (A549 and SK-N-SH) [34]. They demonstrated that in
the presence of blue light for 30 min of irradiation, there was a
significant decrease in the viability of all cell lines (concentra-
tions 50 nM). The duration of irradiation is far longer than our
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Figure 4. Fluorescein images. (a) Consistency of mitochondria and verteporfin (VP) accumulation. Each image demonstrates
nuclear staining, mitochondrial staining (MitoBright Green 0.1 uM for 10 min), VP (0.1 uM for 15 min), and a merged image of
mitochondrial staining and VP accumulation. The accumulation of VP consistent with mitochondria is indicated by dotted lines.
Original magnification x 100, scale bar = 10 um. (b) Singlet oxygen induced by NBI-PDT. Each image demonstrates singlet
oxygen (Single Oxygen Sensor 50 uM for 60 min), VP, and a merged image of singlet oxygen and VP for both the NBI-PDT and
control groups. Singlet oxygen was induced only by NBI-PDT. The accumulation of VP is consistent with singlet oxygen. NBI was
irradiated at 5 J/cm? (original magnification x 40, scale bar = 50 ym). NBI: narrow-band imaging; PDT: photodynamic therapy.

study, and it suggests that longer irradiation may be toxic to
normal cells.

According to the reports, wavelengths of between 414 -
470 nm were used for irradiation on cancer cells. The Soret
peak of VP was 436 nm; therefore, if using VP as an exog-
enous PS, NBI is feasible for the light source.

Endoscopic submucosal dissection (ESD) is commonly
employed in managing superficial esophageal cancer, typical-
ly when the invasion is limited to the mucosal or submucosal
layer. In Japan, conventional PDT has been approved as an
alternative to ESD for early-stage esophageal cancer localized
within the intraepithelial and mucosal layers, as well as for
recurrent esophageal cancer following radiotherapy or chemo-
radiotherapy. This suggests that NBI-PDT can serve the same
population as conventional PDT. Additionally, it may also pro-
vide palliative irradiation for cases of malignant obstruction
[38]. On the other hand, in unresectable cholangiocarcinoma,
PDT is the only evidence-based endoscopic local therapy other
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than stenting that enhances the quality of life in bile duct can-
cer patients [39]. For the biliary tract, the CHF TYPE B260, an
ultrafine-diameter Olympus electron scope, can be used with
NBI.

The widespread adoption of a light source is crucial for
extending the benefits of PDT to a large patient population. As
demonstrated in this study, the prevalence of light sources of
NBI, already integrated into numerous instruments, signifies
the accessibility of endoscopic blue light with anticancer prop-
erties. We anticipate the integration of PDT mode into NBI in
the future.

This study has a few limitations. Firstly, we did not assess
the depth effect of NBI since we only used a two-dimensional
(2D) culture. Nevertheless, we have concluded that, for the
current study’s aim of determining whether NBI can be used
for PDT, 2D cultures are adequate. Additionally, we did not
conduct an in vivo evaluation. This is because the subcutane-
ous transplantation model in mice, commonly used for evalu-
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Figure 5. Hoechst staining assessing apoptosis. (a) Control. (b) NBI-PDT. (c) Control. (d) NBI-PDT. Hoechst staining revealed
apoptotic changes in cell nuclei under NBI light (5 J/cm?2). Original magnification x 100 with a scale bar of 10 um for (a) and (b),
and original magnification x 20 with a scale bar of 50 ym for (c) and (d). NBI: narrow-band imaging; PDT: photodynamic therapy.

ation, is hindered by the influence of the epidermal layer on
NBI irradiation sites, limiting accurate assessment of tumor
suppression. Future studies should consider assessing NBI
effects in models allowing direct evaluation of irradiation ef-
fects, such as the peritoneal seeding model. Furthermore, it re-
mains to be demonstrated whether NBI affects non-tumorous
regions, particularly surrounding areas, in daily practice. For
future application in humans, we consider that utilizing a por-
cine model is the optimal approach to assess the effects on
normal tissues. Specifically, after intravenous administration
of the same dose of VP in the porcine model as in humans, NBI
is applied to the esophageal mucosa and bile duct epithelium
using an endoscope, and normal tissue damage is assessed
through pathological analysis. Despite these limitations, the
study successfully achieved its objective by showcasing the
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promising potential of the widely available NBI light source
for PDT applications.

In conclusion, our study could demonstrate that the NBI
light source has the potential to serve as a light source for PDT
in the context of superficial cancer via endoscopes.

Supplementary Material

Suppl 1. Cell viability assessment with MTS assay.
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