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Background: Photodynamic therapy (PDT) exploits the reaction between photosensitizer and irradiated
light to generate potentially therapeutic reactive oxygen species such as singlet oxygen in cancer cells.
We have reported several sugar-conjugated chlorins that express stronger antitumor effects in PDT than
talaporfin sodium (TS), a second-generation photosensitizer clinically used in Japan. In this study, we
developed a novel glucose-conjugated chlorin e6 (G-chlorin e6) and evaluated its antitumor effects.
Methods: G-chlorin e6 was synthesized with a core photosensitizer chlorin e6 conjugated to glucose. We
measured the half maximal inhibitory concentration (IC50) to compare the PDT effects of G-chlorin e6
and TS, and flow cytometry was performed to examine the accumulation of G-chlorin e6 in cancer cells.
We also compared the accumulation of G-chlorin e6 between normal immortalized esophageal epithelial
cells and esophageal cancer cells. Antitumor effects of G-chlorin e6 PDT were finally analyzed in allograft
tumor mouse models.
Results: PDT in vitro using G-chlorin e6 elicited 9, 000e34,000 times stronger antitumor effects than TS,
and there was 70e190 times more G-chlorin e6 accumulated than TS by flow cytometry. G-chlorin e6
accumulated more selectively in esophageal cancer cells than in esophageal immortalized epithelial cells,
and in an allograft model, PDT with G-chlorin e6 showed very strong antitumor effects and a 40%
complete response (CR) rate.
Conclusions: G-chlorin e6 showed excellent tumor selectivity, and PDT using G-chlorin e6 revealed the
strongest anti-tumor effects among all sugar-conjugated chlorins that we have studied. G-chlorin e6 is
considered to be the best photosensitizer for next-generation PDT.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) is a kind of non-invasive treatment
for cancers that uses a photosensitizer (PS) and irradiation of an
appropriate wavelength to generate cytotoxic reactive oxygen
species (ROS), predominantly singlet oxygen, inside the cancer
tissues [1e6]. PDT is associated with some adverse events such as
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skin photosensitivity; however, compared with surgery, chemo-
therapy, and radiation therapy, severe complications rates due to
PDT are extremely low [7,8].

In Japan, two PDT systems are approved for health insurance:
the first-generation PDT comprising a photosensitizer, porfimer
sodium, and excimer dye laser; and, the second-generation PDT
comprising a photosensitizer, talaporfin sodium (TS), and a diode
laser. Unfortunately, the first-generation porfimer sodium PDT has
several problems such as a high occurrence of skin phototoxicity, a
long sunshade period requirement of approximately 6 weeks, and
the need for an expensive and large laser system for excitation. The
second-generation photosensitizer, TS is rapidly cleared from the
fects for gastrointestinal cancers using photodynamic therapy with a
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skin and requires shorter periods of sunshade (within 2 weeks)
[9,10]. Furthermore, the effect depth is expected to be deeper into
the muscularis propria with the TS PDT because the excitation
wavelength of a diode laser at 664 nm is longer than that for an
excimer dye laser at 630 nm, while the complete response (CR) rate
of TS PDT for esophageal cancer invaded into the submucosal layer
(T1b) is 100%, but 57.1% for esophageal cancer invaded into the
muscularis propria [11]. Based on these limitations, we sought to
develop a third-generation PDT. We previously reported a glucose-
conjugated chlorin compound (G-chlorin) as a more effective
photosensitizer than the conventional ones used thus far, based on
a phenomenon called the Warburg effects whereby cancer cells in
general consume more glucose than normal cells [12e15]. Subse-
quently, we developed a mannose-conjugated chlorin (M-chlorin),
which proved more efficient than G-chlorin in generating anti-
tumor cytotoxicity and in suppressing tumor-associated macro-
phages [14].

We also synthesized oligosaccharide-conjugated chlorin (O-
chlorin) with improved water solubility and suitable as a bi-
functional photosensitizer for both PDT and PDD [16,17].

During our developmental research into a sugar-conjugated
photosensitizer for the third-generation PDT, we finally synthe-
sized glucose-conjugated chlorin e6 (G-chlorin e6), and this
molecule expressed the strongest antitumor effects among sugar-
conjugated PS we have synthesized. This study aims to assess the
strong antitumor effects of G-chlorin e6 with rapid excretion from
the body.
2. Materials and methods

2.1. Photosensitizers

31 - (3 - (1-thio-b-D-glucopyranosyl) propoxy) Chlorin e6 tri-
methyl ester (G-chlorin e6) Methyl (7S,8S) -18-ethyl-5- (2-
methoxy-2-oxoethyl) -7- (3-methoxy-3-oxopropyl) -2,8,12,17-
tetramethyl-13- (1- (3- (((2S,3R,4S,5S,6R) -3,4,5-trihydroxy-6-
(hydroxymethyl) tetrahydro-2H-pyran-2-yl) thio) propoxy) ethyl)
-7H,8H-porphyrin-3-carboxylate (G-chlorin e6) was newly syn-
thesized and provided by the laboratory of Osaka Prefecture Uni-
versity (Japan). TS (mono-l-aspartyl chlorin6, Laserphyrin®) was
purchased from Meiji Seika (Tokyo, Japan). Fig. 1 shows the
chemical structures of G-chlorin e6 (A) and TS (B).
Fig. 1. Chemical structures of G-chlorin e6 and TS. A: Methyl (7S,8S) -18-ethyl-5- (2-
(((2S,3R,4S,5S,6R) -3,4,5-trihydroxy-6- (hydroxymethyl) tetrahydro-2H-pyran-2-yl) thio) pro
B: talaporfin sodium (mono-l-aspartyl chlorin6), Laserphyrin®.
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2.2. Cell culture

The human immortalized normal esophageal epithelial cell line
Het-1A (No.3527836; ATCC) was cultured in BEGM Bullet kit me-
dium (LONZA Japan) and the human esophageal cancer cell lines
OE21 (No.11D028; ECACC) and KYSE30 were cultured in RPMI1640
medium (Wako Pure Chemical Industries) and a 1:1 mix of RPMI
1640 and Ham's F12 medium (Wako Pure Chemical Industries),
respectively, supplemented with 2mM glutamine, 2% fetal bovine
serum (FBS), 100 U/mL penicillin, 100mg/mL streptomycin, and
0.25mg/mL amphotericin B. The human gastric cancer cell lines
MKN45 (No. 0254; Japanese Cancer Research Bank) was cultured in
RPMI1640 supplemented with 10% FBS, 100 U/mL penicillin,
100mg/mL streptomycin, and 0.25mg/mL amphotericin B. The
murine colorectal cancer cell line CT26 (No.CRL-2638, ATCC) was
cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS,
100 U/mL penicillin, 100mg/mL streptomycin, and 0.25mg/mL
amphotericin B. Cells were cultured under an atmosphere of 5% CO2
at 37 �C.
2.3. Animals and tumor models

Female mice (BALB/c CrSlc) aged 8e10 weeks and weighing
approximately 20 g were purchased from Japan SLC. The mice were
acclimatized for at least 2 weeks in the animal facility before
initiating any interventions. Allograft tumor models were estab-
lished by subcutaneously implanting 1� 106 cells of CT26 in
100mL of culture media under the right flank of mice. Nagoya City
University Center for Experimental Animal Science approved the
procedures and experiments, and mice were cared for according to
the guidelines of the Nagoya City University for Animal
Experiments.
2.4. Flow cytometric analysis to assess accumulation of
photosensitizers in cancer cells

MKN45 cells and HT29 cells were seeded into 6-cm culture
dishes at 2� 105 cells/well and incubated at 37 �C for 48 h. After
removing the medium, fresh media supplemented with 5 mM
photosensitizer were poured into the dishes and cultured for 4 h to
assess the accumulation of photosensitizer into cancer cells. Cells
were then washed with phosphate-buffered saline (PBS) three
methoxy-2-oxoethyl) -7- (3-methoxy-3-oxopropyl) -2,8,12,17-tetramethyl-13- (1- (3-
poxy) ethyl) -7H,8H-porphyrin-3-carboxylate (G-chlorin e6).
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times and removed from the culture dish with TrypLE-Express
(Invitrogen) for analysis using a FACSCant II (BD Biosciences) at
excitation and emission wavelengths of 405 nm and 680 nm,
respectively. At least 10,000 events were collected for each sample.

2.5. Accumulation of photosensitizes into cancer cells and normal
cells

To evaluate the accumulation of photosensitizer in vitro, the
fluorescence intensity of the photosensitizer was measured for
each cell line. The normal esophageal epithelium cells (Het-1A) and
esophageal cancer cells (OE21) were seeded in opaque 96-well
culture plates at 5� 103 cells/100 mL/well and were incubated for
24 h. After removing the medium, the cells were incubated for 4 h
with medium supplemented with TS or G-chlorin e6 at 1 mmol/L,
and then the cells were washed three times with PBS. The fluo-
rescence of each reagent was measured by a fluorescence micro-
plate reader (Gemini EM, Molecular Devices). Intensity of
fluorescence was expressed as a relative fluorescence unit back-
ground subtracted. The obtained data were analyzed with SoftMAX
pro software (Molecular Devices). Thewavelength of excitation and
emission used for analysis was 405 nm and 650 nm, respectively.
The data were collected from eight independent experiments.

2.6. In vitro PDT

The human esophageal, gastric, and colon cancer cells (OE21,
KYSE30, MKN45, HT29) were incubated with the photosensitizer
(0.01e64,000 nM) in culture medium for 24 h, and then the cancer
cells were washed once, coveredwith PBS, and then irradiated with
LED light (Optocode corporation) emitting a 660-nmwavelength at
the energy of 16 J/cm2 (intensity: 36mW/cm2).

2.7. Cell viability assay

Cell viability was assessed using WST-8 cell proliferation assay
(Dojindo). The cancer cells were seeded at 5� 103 cells/100 mL/
well in 96-well culture plates and incubated for 24 h. Cells were
incubated with TS or G-chlorin e6 for 24 h at 37 �C, and then irra-
diated with LED light (Optocode corporation) emitting a 660-nm
wavelength at the energy of 16 J/cm2 (intensity: 36mW/cm2) and
incubated with the culture medium for a further 24 h. After that,
the cells were incubated with cell counting kit-8 for 2 h and
absorbance was measured at 450 nm using a microplate reader
(SPECTRA MAX340, Molecular Devices). Cell viability was
expressed as a percentage of untreated control cells. The half
maximal (50%) inhibitory concentration (IC50) for each photosen-
sitizer was calculated.

2.8. In vivo PDT

The total of 50 mice were divided into 3 groups (10 mice in each
group) as follows: group A, control (no PS), group B (TS: 1.56 mmol/
Table 1
Comparison of 50% inhibition concentration (IC50) by PDT between TS and G-chlorin e6.

Esophageal cancer

OE21 KYSE30

TS 17400 4290
G-chlorin e6 0. 33 0. 34

Esophageal, gastric, and colon cancer cells (OE21, KYSE30, MKN45, HT29) were incubated
with 16 J/cm2 of 660-nm LED light, and incubated for 24 h. Cell viability was evaluated usi
of eight independent experiments.
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kg, after 30min irradiation), group C (G-chlorin e6: 1.56 mmol/kg,
after 30min irradiation). When the subcutaneously implanted tu-
mors grew up to approximately 100mm3, each PS concentration
was administered via the tail vein. After 30min of PS administra-
tion, the tumors were irradiated with a 664-nm red LASER (OK
Fiber Technology) at a dose 100 J/cm2 (intensity: 150mW/cm2).
Tumor growth was monitored every four days by measuring the
tumor volume with Vernier calipers and the tumor volume was
calculated by the formula, length�width� depth/2. The results
were analyzed using the Welch's t-test for comparison of two
groups to assess differences.
3. Results

3.1. PDT with G-chlorin e6 showed excellent antitumor effects for
esophageal, gastric, and colon cancer cells

First, we evaluated the effectiveness of PDT with G-chlorin e6
compared toTS in vitro in several gastrointestinal cancer cells, using
the WST assay to determine the IC50 at 24 h after irradiation. As
shown in Table 1, G-chlorin e6 PDT induced 9000 to 34,000 times
more cell death than TS. The results of in vitro PDT studies reported
by us using G-chlorin, M-chlorin, and O-chlorin also showed 30 to
50 times more cell death than those using TS [14,15,17]. Thus, the
in vitro antitumor effects of PDT with G-chlorin e6 exhibited in this
study is considered exceptional.
3.2. G-chlorin e6 showed much higher accumulation into cancer
cells than TS

Then we examined the accumulation of TS and G-chlorin e6
in vitro using MKN45 and HT29 cells and flow cytometry analysis.
Both cancer cell lines accumulated 70e190 times higher amounts of
G-chorin e6 than TS (Fig. 2).
3.3. The accumulation of G-chorin e6 was higher in cancer cells
compared with the immortalized normal epithelial cells

We also compared the cellular uptake of TS and G-chlorin e6
between Het-1A (immortalized normal epithelial cells) and OE21
(esophageal cancer cells) using a fluorescence microplate reader. As
shown in Fig. 3, the accumulation of G-chlorin e6 was almost 20
times higher in the OE21 cancer cells than in the Het-1A normal
cells. On the other hand, the accumulation of TS was much lower
than that of G-chlorin e6 in both cells, and comparable between
cells in amount. This result indicated that G-chlorin e6 tends to
selectively accumulate in cancer cells and the accumulation is
much higher than that of TS, possibly due to the higher glucose
conjugation by G-chlorin e6 based on the Warburg's effect theory
[18].
Gastric cancer Colon cancer

MKN45 HT29

11400 18550
0. 98 1.35

with various concentrations of photosensitizer in culture medium for 24 h, irradiated
ngWST-8 assay and expressed as 50% inhibitory concentration (nM). Data are means
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Fig. 2. The accumulation of TS and G-chlorin e6 in cancer cells. We incubated MKN45 and HT29 cells with TS, G-chlorin e6, or no reagent as a control, and then evaluated the
reagent accumulation using flow cytometry at 405-nm excitation wavelength and 680-nm emission wavelength. G-chlorin e6 and TS both contain chlorin as a photosensitizer, the
wavelengths of 405 nm and 680 nm were nearly peak excitation and emission of the chlorin. The abscissa of the graph indicates cell populations and the ordinate represents the
intensity of emission. Red figures show mean area. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.4. G-chlorin e6 PDT suppressed tumor growth strongly and safely
in vivo

Finally, we evaluated the antitumor effects of G-chlorin e6 PDT
in vivo in allograft tumor mouse models. Approximately 10 days
after the tumor inoculation, G-chlorin e6 or TS was administered
via the mice via tail vein at a dose of 1.56 mmol/kg. After 30min,
tumors were irradiated with a 664-nm LASER at 100 J/cm2. As
shown in Fig. 4, the PDT using G-chlorin e6 significantly suppressed
tumor growth compared with the control without adverse events
(P< 0. 05). Complete tumor disappearance was confirmed in four
out of 10 mice (CR rate of 40%). On the other hand, in the TS PDT
group, all mice were dead in a few days after the LASER irradiation
(Fig. 4). This might be due to the difference in excretion times be-
tween TS and G-chlorin e6. Thirty minutes after administration of
PS is considered to be enough time for the excretion of G-chlorin e6
Fig. 3. The uptake of TS and G-chlorin e6 into normal and cancer cells. Het-1A and
OE21 cells were loaded with TS, G-chlorin e6, or no photosensitizer for 7 h, and then
assessed for reagent accumulation using a fluorescence microplate reader. Data are
means ± SE of eight independent experiments.
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from the body of mice, but not for the excretion of TS, which might
remain in the circulation and peripheral normal tissues such as
skin, mesenchyme, and muscle at 30min, at which time the high
level of ROS could induce the death of all mice in the TS group.

4. Discussion

PDT is considered a non-invasive treatment for cancers that acts
by inducing cancer cell necrosis and/or apoptosis via the type I and
type II photochemical reactions. The type I reaction involves elec-
tron or hydrogen-atom transfer between the PS and substrate
molecules to produce radical ions and free radicals. These radicals
interact with oxygen to produce oxygenated products. The type II
reaction is the interaction between photochemically excited triplet
PS and ground-state triplet oxygen (3O2), involving energy transfer
Fig. 4. Antitumor effects of PDT in a mouse allograft model. Mice were irradiated at
100 J/cm2 using a diode laser at 664 nm at 30min after injection of the photosensitizer.
PDT was performed on day 0 and tumor volumes were monitored for 12 days in total.
Data are shown as means± SE (n¼ 10 for control, TS, and G-chlorin e6). A chart of TS-
PDT was not shown because all mice were dead. Welch's t-test was used to analyze the
differences between groups.
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to produce chemically highly active singlet oxygen (1O2) that
potentially reacts with many molecules, including lipids, proteins,
and nucleic acids, leading to cancer cell death [1,3]. Therefore,
singlet oxygen (1O2) is considered the principal cytotoxic species in
PDT, and these cytotoxic mechanisms are the reason why PDT is
effective for almost all kinds of cancers.

The second-generation TS molecule has many advantages over
the first-generation porfimer sodium regarding antitumor effects
and excretion from the body [19e21]. In addition, the light
shielding duration of porfimer sodium (30 days) was shortened to
14 days with TS; however, the antitumor effects and tumor selec-
tivity of TS-PDT are still not sufficient [11].

To increase the antitumor effects and shorten the light shielding
duration, we developed a third-generation PS for PDT. Generally,
cancer cells uptake higher level of glucose than normal cells in a
phenomenon known as Warburg's effect [18], which is also utilized
in positron emission tomography (PET-CT). Based on this effect, we
synthesized more than 30 kinds of sugar-conjugated chlorins
[13e17,22e26] resulting finally in G-chlorin e6, which showed the
strongest antitumor effects in PDT ever reported for synthesized
sugar-conjugated chlorins. Furthermore, G-chlorin e6 is discharged
very fast from the body. We also confirmed extremely promising
antitumor effects of 40% CR in vivo (Fig. 4) under conditions that
killed all mice in the comparable TS PDT group.

We have also already synthesized 14C-labeled G-chlorin e6 and
examined its pharmacokinetics in rat to reveal a plasma half-life of
42.65 h, which is shorted than that of TS (data not shown). In rat,
14C-labeled G-chlorin e6 was mainly discharged in bile and faster
than TS (data not shown). Single time toxicity test of G-chlorin e6 in
mouse also showed the lowest published lethal dose (LDLo) of
250mg/kg.

From these findings, we consider that G-chlorin e6 is the ideal
sugar for conjugating to chlorin, evidenced by the remarkable
antitumor PDT effects, rapid excretion, and low toxicity demon-
strated herein. G-chlorin e6 is considered to be the best candidate
PS thus far for third-generation PDT and we plan to continue with
our investigatory studies with the ultimate aim of clinical trials.
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