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Introduction

Prostate cancer is the most common non-skin cancer in 
humans and the third leading cancer-related cause of 
death among men in developed countries 1). Currently, 
treatment options for eradicating advanced prostate can-

cer are limited to hormone therapy and chemotherapy, 
and treatment resistance constitutes a major clinical chal-
lenge 2). Therefore, there is an urgent need to develop a 
relatively safe and effective clinical treatments that are 
distinct from conventional methods. An alternative, clini-
cally approved, and minimally invasive treatment is pho-
todynamic therapy (PDT), which involves activation of a 
photosensitizer by a specific wavelength of light in the 
presence of oxygen 3). Light activation of the photosensi-
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tizer leads to production of reactive oxygen species 
(ROS), causing cytotoxic effects in the target tissue 3). The 
anticancer effects of PDT are the result of low-to-moder-
ate selective accumulation of photosensitizer within the 
cancer cells, direct cytotoxic effects of ROS produced by 
light-activated photosensitizer, damage to the tumor vas-
culature leading to oxygen and nutrient deprivation, and 
activation of the immune response against cancer 4, 5).
 PDT with talaporfin sodium (Laserphyrin®, Meiji Sei-
ka Pharma, Japan), a second-generation photosensitizer, 
has been clinically approved in Japan for the treatment of 
lung cancer 6), primary brain tumors 7), and esophageal 
cancer 8). Laserphyrin® PDT is associated with a lower in-
cidence of skin phototoxicity and a shorter period of light 
shielding (2 weeks) 9) relative to Photofrin® PDT. Howev-
er, because Laserphyrin® is administered systematically, it 
persists in the skin, and the post-therapeutic light-shield-
ing period is still too long for the patients. Moreover, cur-
rent PDT methods exert limited therapeutic effects 
against deep-seated tumors or tumors with low photosen-
sitizer accumulation. Therefore, to improve the therapeu-
tic efficacy of PDT, photosensitizers with higher can-
cer-cell specificity and selectivity are required.
 In a previous study, we reported that PDT using 
replication-deficient virus particles, hemagglutinating vi-
rus of Japan envelope (HVJ-E), as carriers of lipidated 
protoporphyrin IX (PpIX lipid) yielded a higher degree of 
cytotoxicity than PpIX lipid–mediated PDT 10). HVJ-E, a 
safe and efficient drug carrier, consists of two glycopro-
teins, the hemagglutinin neuraminidase (HN) and fusion 
(F) proteins, the latter of which allows fusion with the 
host cell membrane. Through its envelope–cell mem-
brane fusion activity HVJ-E can directly introduce plasmid 
DNA, siRNA, proteins, or anti-cancer drugs into the cyto-
plasm 11, 12). Furthermore, HVJ-E preferentially binds to 
hormone-resistant prostate cancer cells 13) and mediates 
strong anti-tumor immunity by increasing cytokine pro-
duction in matured dendritic cells, promoting infiltration 
of tumor-specific cytotoxic T cells, and suppressing regu-
latory T cell activity 14, 15). 
 PDT itself can induce the host immune response, 
but in most cases PDT alone is not sufficient to activate 
an immune response that would lead to complete cancer 
eradication 16). Therefore, combining Laserphyrin® with 
HVJ-E could enhance the therapeutic efficacy of PDT and 
selective delivery of photosensitizer to cancer cells. More-
over, the intracellular localization of photosensitizers de-
termines the site of peak oxidative stress that occurs in-
side the cell, as well as the mechanism of cell death 
caused by the photosensitization reaction. Laserphy-
rin®-PDT causes lysosomal disruption and dispersion of 
lysosomal proteases throughout the cytoplasm, results in 
cell death due to apoptosis 17, 18). Lysosomes are important 
subcellular PDT targets. Therefore, targeting photosensi-
tizers to lysosomes in tumor tissue is likely to provide an 

effective method of cancer treatment.
 To improve therapeutic efficacy and selective accu-
mulation of photosensitizer into tumor cells, we devel-
oped a novel photosensitizer, Laserphyrin®-HVJ-E 
(L-HVJ-E), by incorporating Laserphyrin® into HVJ-E. To 
identify the target of the photocytotoxic effect and opti-
mize the therapeutic efficacy of L-HVJ-E–mediated PDT, 
we evaluated the cytotoxic effects, production of ROS, 
subcellular localization, and pattern of cell death follow-
ing PDT using different concentrations of Laserphyrin® or 
L-HVJ-E in the human prostate cancer cell line PC-3.

Materials and methods

Cell line and culture conditions

The hormone-resistant human prostate cancer cell line 
PC-3 was cultured in complete D-MEM: Dulbecco's modi-
fied Eagle's medium (D-MEM, D6046, Sigma-Aldrich, 
USA) supplemented with 10% fetal bovine serum (FBS, 
S1820, Biowest, France) and 100 units/mL penicillin–
streptomycin (P4458, Sigma-Aldrich, USA). Cells were cul-
tured at 37°C in an atmosphere containing 5% CO2. 

Photosensitizer

Laserphyrin® was obtained from Meiji Seika Pharma. La-
serphyrin® is a second-generation photosensitizer synthe-
sized from plant-derived chlorin e6 and L-aspartic acid. 
Activation of Laserphyrin® with laser light at a wave-
length of 664 nm produces singlet oxygen in a drug 
dose–dependent manner 19). This study focuses on the 
use of replication-deficient hemagglitinating virus of Ja-
pan (HVJ; Sendai virus) particle (HVJ-envelop; HVJ-E) to 
enhance therapeutic efficicacy of PDT. HVJ-E consists of 
two viral glycoproteins, hemagglutinin-neuraminidase 
(HN) and fusion (F) proteins, which are responsible for 
inducing membrane fusion at host plasma membrane 20). 
HVJ-E was prepared from HVJ as described 21). First, 1 mL 
of a 10000 hemagglutination units (HAU)/mL suspension 
of HVJ in Dulbecco’s phosphate buffered saline (D-PBS, 
D8537, Sigma-Aldrich) was irradiated with an ultraviolet 
light–emitting device (XL-1500 UV Cross Linker, Spec-
tronics, USA) at an energy density of 99 mJ/cm2 for de-
fection of replication; HVJ-E was obtained by fragmenta-
tion of RNA in HVJ. Then, 1 mL suspension of HVJ-E 
was divided into 4 equal parts, each containing 250 L 
(2500 HAU) of HVJ-E suspension. The HVJ-E suspension 
was centrifuged (20000 g, 4°C, 10 min), and the superna-
tant was removed to prepare the HVJ-E pellet (2500 
HAU). Next, 44 µL of 937.5 µM, 1.88 mM, or 3.75 mM La-
serphyrin® solution dissolved in D-PBS was added to 
2500 HAU of HVJ-E pellet and centrifuged (20000 g, 4°C, 
10 min), yielding a pellet containing L-HVJ-E. After cen-
trifugation, the supernatant was removed, and 1.25 mL of 
FBS free D-MEM was added to yield L-HVJ-E suspension 
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(2000 HAU/mL).

Measurement of fluorescence intensity of Laser-
phyrin® in PC-3 cells

To monitor the intracellular uptake of Laserphyrin® in cul-
tured PC-3 cells, we measured the fluorescence intensity 
of cells treated with Laserphyrin® or L-HVJ-E. PC-3 cells 
(5.0 × 103) were seeded in clear-bottomed black 96-well 
culture plates (Falcon® 353219, BD, USA) and incubated 
for 24 h at 37°C in 5% CO2. Cells were then loaded with 
50 µL of D-MEM, HVJ-E suspension (100 HAU/well), La-
serphyrin® solution (937.5 µM, 1.88 mM, or 3.75 mM), or 
L-HVJ-E suspension (added Laserphyrin® concentration of 
937.5 µM, 1.88 mM, or 3.75 mM; 2000 HAU/mL), and in-
cubated for 1, 3, 6, 12, or 24 h. Following incubation, the 
cells were washed with D-PBS and lysed in D-PBS con-
taining 0.1% sodium dodecyl sulfate (31606-75, Nacalai 
Tesque, Japan). Measurement of fluorescence intensity of 
Laserphyrin® was performed using a fluorescence micro-
plate reader (SpectraMAX Gemini, Molecular Devices, 
USA) at an excitation wavelength lex of 400 nm and an 
emission wavelength lem of 664 nm. 

In vitro PDT and cell survival rate determination

Cell survival rate was determined by water-soluble tetra-
zolium salt (WST-8) cell proliferation assay. PC-3 cells 
were seeded on a clear-bottomed black 96-well cell cul-
ture plates (Falcon® 353219, BD, USA) at a density of 5.0 
× 103 cells/well and incubated for 24 h at 37°C in 5% 
CO2. After 24 h of incubation, the cells were loaded 
with 50 µL of D-MEM, HVJ-E suspension (100 HAU/
well), Laserphyrin® solution (937.5 µM, 1.88 mM, or 3.75 
mM), or L-HVJ-E suspension (added Laserphyrin® con-
centration of 937.5 µM, 1.88 mM, or 3.75 mM; 2000 
HAU/mL), and incubated for 1, 3, 6, 12, or 24 h. After 
the incubation period, the cells were washed once with 
D-PBS, and then 100 µL complete D-MEM was added. 
The cells were then irradiated with laser light at a wave-
length of 664 nm obtained with a laser diode (L660P120, 
Thorlabs, USA) mounted on a temperature-controlled la-
ser diode mount (TCLDM9, Thorlabs) and controlled 
with a laser diode current and temperature controller 
(ITC4001, Thorlabs). Laser light was irradiated from the 
bottom side of the cell culture plate at a power density 
of 150 mW/cm2 and irradiation time of 40, 60, or 90 s. 
The position of the cell culture plate was controlled us-
ing a two-axis motorized linear translation stage 
(SGSP26-150[XY] Sigmakoki, Japan) and the temperature 
of the culture plate was maintained at 37°C by a plate 
warmer (KM-1, Kitazato Science, Japan). 24 h after irra-
diation, cell survival rate was evaluated by applying 10 
µL of cell count reagent for the WST-8 assay (07553-44, 
Nacalai Tesque) to each well, and optical density at a 
wavelength of 450 nm was determined on an absorption 
microplate reader (VersaMax, Molecular Devices). Cell 

survival rate of each sample was calculated as a per-
centage relative to cells incubated in D-MEM.

Measurement of intracellular ROS/superoxide 
levels after PDT

The levels of intracellular ROS and superoxide after La-
serphyrin®- or L-HVJ-E–mediated PDT in PC-3 cells were 
measured using the ROS-ID® total ROS/superoxide de-
tection kit (ENZ-51010, Enzo Life Sciences, USA). This 
kit includes oxidative stress detection reagent (green) 
for ROS detection and superoxide detection reagent (or-
ange). The ROS detection dye (green probe) enables de-
tection of comparative levels of total ROS, such as hy-
drogen peroxide (H2O2), peroxynitr i te (ONOO-), 
hydroxyl radicals (HO), nitric oxide (NO), and peroxy 
radical (ROO) yielding a green fluorescent product. 
However, the green probe has a low sensitivity for su-
peroxide (O2-). The superoxide detection dye (orange 
probe) reacts specifically with superoxide (O2-), generat-
ing an orange fluorescent product. PC-3 cells were seed-
ed into clear bottomed black 96-well cell culture plates 
(Falcon® 353219, BD) at a density of 5.0 × 103 cells/well, 
and then incubated for 24 h at 37°C in 5% CO2. After 24 
h of incubation, the medium was replaced with 50 µL of 
D-MEM, HVJ-E suspension (100 HAU/mL), Laserphyrin® 
solution (937.5 µM, 1.88 mM, or 3.75 mM), or L-HVJ-E 
suspension (added Laserphyrin® concentration of 937.5 
µM, 1.88 mM, or 3.75 mM; 2000 HAU/mL), and the cells 
were incubated for 1, 3, 6, 12, or 24 h. Following incu-
bation, the cells were washed with D-PBS, loaded with 
100 µL complete D-MEM, and irradiated with the diode 
laser for 60 s at a wavelength of 664 nm and power 
density of 150 mW/cm2. Just after irradiation, the medi-
um was replaced with ROS/superoxide detection re-
agent (2×), and the samples were incubated for 1 h at 
37°C in the dark. After incubation, the fluorescence in-
tensities of intracellular ROS and superoxide were mea-
sured on a fluorescence microplate reader (SpectraMAX 
Gemini, Molecular Devices) at lex of 488 nm and lem 
of 520 nm for ROS, and lex of 550 nm and lem of 610 
nm for superoxide. Simultaneously, in parallel, treated 
cells (5.0 × 103 cells/well) were observed using a fluo-
rescence microscope (Eclipse TS2-LS, Nikon, Japan) to 
visualize intracellular fluorescence. For ROS/superoxide 
staining following PDT, a negative control sample was 
treated with ROS inhibitor for 30 min before induction. 
Cells were then incubated for 1 h at 37°C in 5% CO2 
with ROS/superoxide detection reagent (2×). As a posi-
tive control, pyocyanin, a ROS inducer, was added to a 
well. The cells were washed twice with the provided 
wash buffer, and images were captured with a fluores-
cence microscope. Oxidative stress was imaged at lex 
of 490 nm and lem of 525 nm, and superoxide was im-
aged at lex of 550 nm and lem of 620 nm.
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Subcellular localization of Laserphyrin® by con-
focal microscopy

Subcellular localization of Laserphyrin® in PC-3 cells was 
investigated on a confocal microscope (EclipseTi 
equipped with A1R/A1, Nikon) using fluorescence probes 
for intracellular organelles. PC-3 cells were seeded onto a 
35-mm imaging dish (6160-30, zell-kontakt, Germany) at 
a density of 2.5 × 105 cells/2 mL and incubated at 37°C in 
5% CO2 for 24 h to allow adhesion. Cells were loaded 
with 3.75 mM Laserphyrin® solution or L-HVJ-E suspen-
sion (Laserphyrin® concentration of 3.75 mM; 2000 HAU/
mL) for 1, 3, 6, 12 or 24 h at 37°C in 5% CO2. Next, the 
cells were washed with D-PBS and incubated with 0.1 
µM LysoTracker® Green (L7526, Thermo Fisher Scientific, 
USA) for 30 min or 0.1 µM MitoTracker® Green (M7514, 
Thermo Fisher Scientific) for 10 min at 37°C in 5% CO2 to 
label lysosomes or mitochondria, respectively. To label 
the nuc le i ,  2  drops/mL of  NucBlue F ixed Ce l l 
ReadyProbes™ Reagent (R37606, Thermo Fisher Scientif-
ic) were added to the media during imaging. lex was set 
to 403 nm for Laserphyrin® and nuclei, or 488 nm for ly-
sosomes and mitochondria. lem was in the range of 662–
737 nm for Laserphyrin®, 500–550 nm for lysosomes and 
mitochondria, or 425–475 nm for nuclei. Pearson's colo-
calization coefficient between images of Laserphyrin® and 
lysosomes, or Laserphyrin® and mitochondria, was ana-
lyzed using image processing software Fiji 22) and Colocal-
ization Threshold plugin 23). It uses a Pearson's correlation 
above and below the thresholds to iteratively find where 
the correlation between the two images is zero and sets 
the threshold there. Pearson’s colocalization coefficient 
ranges from 1 to –1, and a value of 1 represents perfect 
colocalization. 

Analysis of cell death type after PDT

Cell death type assay following Laserphyrin®- or 
L-HVJ-E–mediated PDT in PC-3 cells was performed with 
a confocal microscope (EclipseTi equipped with A1R/A1, 
Nikon) using the annexin V–FITC apoptosis detection kit 
(IM2375, Beckman Coulter, USA). PC-3 cells were seeded 
onto a glass-bottomed 96-well plate (Thermo Scientific/
Nunc, 164588, USA) at a density of 5 × 103 cells/well and 
left at 37°C in 5% CO2 for 24 h to allow adhesion. Cells 
were loaded with 50 µL of D-MEM, HVJ-E suspension 
(100 HAU/well), Laserphyrin® solution (937.5 µM, 1.88 
mM, or 3.75 mM), or L-HVJ-E suspension (added Laser-
phyrin® concentration of 937.5 µM, 1.88 mM, or 3.75 
mM; 2000 HAU/mL) for 3 h at 37°C in 5% CO2. The cells 
were washed with D-PBS, and 100 µL of complete 
D-MEM was added. After that, cells were irradiated with 
a diode laser at the wavelength of 664 nm and power 
density of 150 mW/cm2 for 60 s. After 24 h of irradiation, 
complete D-MEM was withdrawn, and the cells were 
washed with 1 × Annexin V binding buffer. The cells 

were then incubated for 15 min at room temperature 
with 20 µL of annexin V–FITC, 20 µL of propidium io-
dide (PI), and 2 drops/mL nucleus staining reagent in 1× 
binding buffer. Finally, cells were observed under the 
confocal microscope. lex was set to 403 nm for nuclei, 
492 nm for annexin V–FITC, or 528 nm for PI. lem was 
set to 460 nm for nuclei, 518 nm for annexin V–FITC, or 
617 nm for PI.

Statistical analysis

All data are presented as the mean and standard devia-
tion for six cases (n = 6), as indicated. Statistical compari-
son was performed using a two-tailed unpaired Student’s 
t-test to determine significant differences between the 
two sample groups. P < 0.01 was considered to indicate a 
statistically significant difference.

Results

Measurement of fluorescence intensity of Laser-
phyrin® in PC-3 cells

Uptake of Laserphyrin® by cultured PC-3 cells was evalu-
ated based on the fluorescence intensity of Laserphyrin® 
delivered via Laserphyrin® solution or L-HVJ-E suspen-
sion. As shown in Figure 1, fluorescence intensity of La-

Figure 1:   Fluorescence intensities of intracellular 
Laserphyrin® obtained from PC-3 cells. PC-3 
cells were incubated in D-MEM, HVJ-E 
suspension, Laserphyrin® solution, or L-HVJ-E 
suspension with various Laserphyrin® 
concentrations for various incubation periods. 
Intracellular Laserphyrin® uptake increased 
with increasing Laserphyrin® concentration and 
incubation period for both Laserphyrin® 
solution and L-HVJ-E suspension. Fluorescence 
intensities were significantly higher in cells 
incubated in L-HVJ-E suspension than in cells 
incubated in Laserphyrin® solutions prepared 
at the same Laserphyrin® concentration (n = 6; 
*P < 0.01).
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serphyrin® in PC-3 cells incubated in either Laserphyrin® 

solution or L-HVJ-E suspension gradually increased with 
increasing Laserphyrin® concentration and incubation pe-
riod, i.e., drug administration time. Fluorescence intensi-
ties from cells incubated for 3–24 h in L-HVJ-E suspen-
sions were significantly higher than those of cells 
incubated in Laserphyrin® solution at the same Laserphy-
rin® concentration. These results suggest that L-HVJ-E 
would be useful for efficient delivery of Laserphyrin® via 

the membrane fusion activity of HVJ-E.

In vitro PDT and cell survival rate determination

Figure 2 shows the survival rate of PC-3 cells after PDT 
at various Laserphyrin® concentrations, incubation peri-
ods, and energy densities. Cell survival rates decreased 
below 50% in all conditions except for D-MEM treatment. 
A further decrease in cell survival rates was observed 
when cells were incubated with drugs for longer periods. 
Cell survival rates significantly decreased with increasing 
Laserphyrin® concentrations and light dose, indicating 
that the cell survival rate of PC-3 cells was dependent on 
photosensitizer concentration and laser energy density. 
Cell survival rate gradually decreased as light dose in-
creased from 6 to 12 J/cm2 in cells incubated in either La-
serphyrin® solution or L-HVJ-E suspension. Interestingly, 
cell survival rate was lower in cells incubated in L-HVJ-E 
suspension than in those incubated in Laserphyrin® solu-
tion at the same Laserphyrin® concentration. No death 
was observed in cells incubated in D-MEM. The reduction 
in cell survival rate after treatment with HVJ-E alone indi-
cated that direct cytotoxic effect of HVJ-E was preserved 
even after light irradiation.

Measurement of intracellular ROS/superoxide 
levels after PDT

Next, we used a total ROS/superoxide detection kit con-
taining a green fluorescent dye to detect ROS and an or-
ange dye to detect superoxide. Figures 3 and 4 show 
the results of intracellular ROS and superoxide produc-
tion in cells incubated in D-MEM, HVJ-E suspension, La-
serphyrin® solutions, or L-HVJ-E suspensions with various 
Laserphyrin® concentrations and incubation periods. ROS 
production was significantly higher in all PDT-treated 
cells compared to the control cells. Both intracellular ROS 
and superoxide levels were elevated by both Laserphy-
rin®- and L-HVJ-E–mediated PDT in a Laserphyrin® dose–
dependent manner. These results suggest that both Laser-
phyrin® and L-HVJ-E induced ROS accumulation in PC-3 
cells. We also observed an incubation period–dependent 
increase in ROS and superoxide production (Figure 3), 
indicating that the longer the drug administration time, 
the higher the intracellular ROS concentration. Fluores-
cence micrographs suggest that a small amount of ROS 
and superoxide was produced in HVJ-E–treated cells, and 
no ROS/superoxide production was confirmed in the 
control sample (Figure 4). These results indicate that 
both Laserphyrin®- and L-HVJ-E–mediated PDT induced 
ROS and superoxide in the PC-3 cells in a dose-depen-
dent manner, and that these effects were responsible for 
the initiation of cell death.

Subcellular localization of Laserphyrin® via con-
focal microscopy

The localization of Laserphyrin® and L-HVJ-E in PC-3 cells 

Figure 2:   Cell survival rates of PC-3 cells. PC-3 cells were 
incubated in D-MEM, HVJ-E suspension, 
Laserphyrin® solution, or L-HVJ-E suspension at 
various Laserphyrin® concentrations for various 
incubation periods, and then exposed to laser 
light at a dose used for PDT, i.e., 6, 9, or 12 J/
cm2 at a wavelength of 664 nm. Increasing the 
incubation period and light dose led to a gradual 
decrease in cell survival. The decrease in cell 
survival rate observed in samples treated with 
HVJ-E resulted from the direct cytotoxicity of 
HVJ-E. The survival rates of cells treated with 
L-HVJ-E were lower than those of cells treated 
with Laserphyrin® or HVJ-E alone (n = 6; *P < 
0.01).
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Figure 4:   Fluorescence microscope images of ROS and superoxide produced in PC-3 cells by Laserphyrin® and 
L-HVJ-E–mediated PDT. PC-3 cells were incubated in D-MEM, HVJ-E suspension, Laserphyrin® solutions, or 
L-HVJ-E suspensions for 3 h, followed by light irradiation at a wavelength of 664 nm (9 J/cm2). After PDT, the 
cells were stained with ROS-ID® total ROS/superoxide detection kit and observed under a fluorescence 
microscope. A small amount of ROS and superoxide was produced in the sample treated with HVJ-E, 
whereas no ROS/superoxide production was observed in the control sample. The highest levels of ROS and 
superoxide were detected in the sample treated with 3.75 mM L-HVJ-E suspension. Photomicrographs of 
positive and negative controls were obtained to ensure that the kit functioned as expected. 

Figure 3:   Relative levels of (A) ROS and (B) superoxide 
produced in PC-3 cells following PDT. PC-3 
cells were incubated in D-MEM, HVJ-E 
suspension, Laserphyrin® solution, or L-HVJ-E 
suspension at various Laserphyrin® 
concentrations for various incubation periods, 
followed by light irradiation at a wavelength of 
664 nm (9 J/cm2). After PDT, the samples were 
immediately stained using the ROS-ID® total 
ROS/superoxide detection kit, and 
fluorescence intensities were measured using a 
fluorescence microplate reader. The highest 
levels of ROS and superoxide, produced after 
incubation for 24 h in L-HVJ-E suspension 
prepared with 3.75 mM Laserphyrin®, were 
~9-fold higher than in the D-MEM group. Both 
intracellular ROS and superoxide levels were 
significantly elevated by Laserphyrin® and 
L-HVJ-E–mediated PDT in a Laserphyrin® 
concentration and incubation period–
dependent manner.
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Figure 5:   Subcellular localization of Laserphyrin®. PC-3 
cells were incubated in 3.75 mM Laserphyrin® 
solution for various incubation periods. 
Fluorescence images of nuclei (blue), 
lysosomes (green), and Laserphyrin® (red) 
were visualized by confocal microscopy. 
Distributions of Laserphyrin® coincided closely 
with those of lysosomes, indicating 
colocalization of Laserphyrin® with lysosomes. 
Scale bar, 50 µm.

Figure 7:   Subcellular localization of Laserphyrin®. PC-3 
cells were incubated in 3.75 mM Laserphyrin® 
solution for various incubation periods. 
Fluorescence images of nuclei (blue), 
mitochondria (green), and Laserphyrin® (red) 
were visualized by confocal microscopy. In the 
merged images, there are many areas of 
distinct green mitochondrial fluorescence, 
indicating that only a few mitochondria 
colocalized with Laserphyrin®. Scale bar, 50 
µm.

Figure 6:   Subcellular localization of Laserphyrin® 
delivered by L-HVJ-E. PC-3 cells were 
incubated in 3.75 mM L-HVJ-E suspension for 
various incubation periods. Fluorescence 
images of nuclei (blue), lysosomes (green), 
and Laserphyrin® (red) were visualized by 
confocal microscopy. Distributions of 
Laserphyrin® coincided closely with those of 
lysosomes, indicating colocalization of 
Laserphyrin® with lysosomes. Scale bar, 50 µm.

Figure 8:   Subcellular localization of Laserphyrin® 
delivered by L-HVJ-E. PC-3 cells were incubated 
in the 3.75 mM L-HVJ-E suspension for different 
incubation periods. The fluorescence images of 
nuclei (blue), mitochondria (green), and 
Laserphyrin® (red) were visualized by confocal 
microscopy. Fluorescence images of nuclei 
(blue), mitochondria (green), and Laserphyrin® 
(red) were visualized by confocal microscopy. 
In the merged images, there are many areas of 
distinct green mitochondrial fluorescence, 
indicating that only a few mitochondria 
colocalized with Laserphyrin®. Scale bar, 50 µm. 
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was examined by monitoring fluorescence via confocal 
laser scanning microscopy. Figures 5 and 6 show lyso-
somal staining, and Figures 7 and 8 show mitochondrial 
staining, in cells incubated with 3.75 mM Laserphyrin® 
and L-HVJ-E for 1, 3, 6, 12, or 24 h. Figures 5–8 demon-
strate the cellular localization of Laserphyrin® (red), mito-
chondrial and lysosomal probes (green), and the areas of 
colocalization (yellow) following co-incubation for 1–24 
h. The fluorescence intensity of Laserphyrin® delivered 
via Laserphyrin® and L-HVJ-E gradually increased with 
the extension of incubation time. At the beginning of 
photosensitizer uptake, the majority of Laserphyrin® was 
distributed in a scattered manner, whereas with increas-
ing incubation time Laserphyrin® was primarily distribut-
ed granularly in the cytoplasm. In Figure 5, major areas 
appear yellow, with fewer areas of green lysosomal fluo-
rescence after 3–24 h of incubation, indicating that many 
lysosomes were colocalized with Laserphyrin®. Similarly, 
in merged images (Figure 6), the fluorescence emissions 
of L-HVJ-E closely coincided with those of lysosomes af-
ter 3–24 h of incubation, indicating the lysosomal local-
ization of Laserphyrin® delivered via L-HVJ-E. Moreover, 

Figures 7 and 8 show more areas of distinct green mito-
chondrial fluorescence, indicating that only a few mito-
chondria colocalized with Laserphyrin®. The colocaliza-
tion coefficient values between Laserphyrin® and 
lysosomes were relatively higher, indicating more exten-
sive colocalization with lysosomes than mitochondria 
(Table 1). In addition, cells treated with L-HVJ-E exhibit-
ed cell-to-cell fusion and formation of enlarged multinu-
cleated cells (Figures 6 and 8), possibly associated with 
the membrane fusion activity of HVJ-E, which allows rap-
id and effective drug delivery.

Determination of cell death type after PDT

The type of cell death following Laserphyrin®- or 
L-HVJ-E–mediated PDT in PC-3 cells was analyzed by flu-
orescence image observation using a confocal laser scan-
ning microscope. Figure 9 shows the fluorescence imag-
es 24 h after PDT for PC-3 cells incubated for 3 h in 
D-MEM, HVJ-E suspension, Laserphyrin® solutions, and 
L-HVJ-E suspensions at various Laserphyrin® concentra-
tions. Blue fluorescence indicates nuclei, green annexin 
V–FITC, and red PI; the last image in each series is a 

Figure 9:   Fluorescence images obtained to analyze cell death types induced by Laserphyrin® or L-HVJ-E–mediated 
PDT. PC-3 cells were incubated for 3 h with D-MEM, HVJ-E suspension, Laserphyrin® solution, or L-HVJ-E 
suspension with different Laserphyrin® concentrations, and then irradiated with a 664-nm laser at an energy 
density of 9 J/cm2. The annexin V–FITC apoptosis detection kit was used to differentiate live, apoptotic, late 
apoptotic, and necrotic cells. Fluorescence images of nuclei (blue), annexin V–FITC (green), and propidium 
iodide (PI) (red) were visualized by confocal microscopy 24 h after PDT. Scale bar, 20 µm.
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merge of the three colors. 
 Typically, phosphatidylserine is located on the inner 
side of the plasma membrane, but during apoptosis, it is 
exposed on the outside surface of the plasma membrane, 
where it combines with annexin V–FITC to produce 
green fluorescence. In late apoptosis, the cell membrane 
was ruptured, allowing annexin V–FITC and PI to enter 
the cells. Laserphyrin® and L-HVJ-E localized mainly to 
the lysosomes and were laser-irradiated to produce ROS, 
which aggravated cellular apoptosis or necrosis. Higher 
concentrations of Laserphyrin® and L-HVJ-E caused late 
apoptosis or necrosis, whereas lower concentrations 
mainly induced apoptosis. In HVJ-E–treated samples, we 
observed annexin V–FITC–positive cells, suggesting 
apoptosis. Similarly, we observed an increase in annexin 
V–FITC– and PI-positive cells in cells incubated in Laser-
phyrin® solution or L-HVJ-E suspension, suggesting a re-
duction in cell membrane integrity. We also calculated the 
number of apoptotic and necrotic cells after performing 
Laserphyrin®- and L-HVJ-E–mediated PDT (Figure 10). A 
significant decrease in live cell proportion was observed 
in cells treated with L-HVJ-E compared to the Laserphy-
rin® treated cells. The proportion of apoptotic cells was 
higher in L-HVJ-E–treated cells than in Laserphyrin®-treat-
ed cells. The number of necrotic cells was higher in sam-
ples treated with 3.75 mM Laserphyrin® than in those ex-
posed to lower concentrations (1.88 mM or 937.5 µM), 
indicating that higher photosensitizer concentrations are 
more likely to induce necrosis than apoptosis. Treatment 
with D-MEM alone had no influence on cellular apoptosis 
or necrosis. These results indicate that Laserphyrin®- and 
L-HVJ-E–mediated PDT cause both apoptosis and necro-
sis in PC-3 cells in a dose-dependent manner.

Discussion

The results of this study demonstrate that L-HVJ-E can 
produce greater photodynamic effect than the same con-
centration of Laserphyrin® alone in PC-3 cells, and that 
these effects increased with Laserphyrin® concentration 
and light dose. Laserphyrin® concentration was also posi-
tively correlated with the efficiency of induction of cell 
death. Late apoptotic/necrotic cells were observed within 
24 h after L-HVJ-E-PDT, accompanied by elevated pro-
duction of intracellular ROS and superoxide productions. 
We speculate that ROS and superoxide play key roles in 
damaging cells subjected to both Laserphyrin®- and 
L-HVJ-E–mediated PDT. In addition, when PC-3 cells 
were incubated with Laserphyrin® or L-HVJ-E for only 1 
h, the colocalization coefficient between Laserphyrin® 
and lysosomes was relatively low. These results indicate 
that longer incubation periods promote more extensive 
colocalization of Laserphyrin® and lysosomes.
 As shown in Figure 1, the Laserphyrin® fluores-
cence intensity was significantly higher in cells incubated 

in the L-HVJ-E suspension than in cells incubated in La-
serphyrin® solution, indicating that Laserphyrin® accumu-
lated in the cell to a greater extent when it was delivered 
via L-HVJ-E, likely due to the membrane fusion activity of 
HVJ-E. Cell-to-cell fusion was observed in L-HVJ-E–treat-
ed cells, also probably due to the membrane fusion activ-
ity of HVJ-E, and enlarged cells contained higher levels of 
intracellular ROS and superoxide than Laserphyrin®-treat-
ed cells after PDT. Most ROS species, which are presum-
ably formed after PDT, can travel less than 0.02 µm with-
in cells 24). Due to their short-lifetime, it has commonly 
been assumed that sites of photodamage will express the 
localization of photosensitizer during irradiation 25). It has 
been suggested that lower levels of ROS can trigger cellu-
lar apoptosis, whereas higher levels cause cellular necro-
sis 26). Therefore, cancer cells with higher levels of ROS 
production die more rapidly than normal cells due to on-
going oxidative stress.
 In this study, we also performed confocal microsco-
py to examine the subcellular localizations of Laserphy-
rin® delivered by Laserphyrin® solution or L-HVJ-E sus-
pension in PC-3 cells for different incubation periods, and 
characterized L-HVJ-E–mediated PDT–induced cell death. 
When cells were incubated with L-HVJ-E for only 1 h, 
scattered red fluorescence was mainly observed, whereas 

Figure 10:   Ratio of live, apoptotic, late apoptotic, and 
necrotic cells after PDT (quantification of 
fluorescence microscopic images shown in 
Fig. 9). Cell death type was assessed by 
annexin V–FITC and PI 24 h after PDT. The 
proportion of live cells was lower in 
L-HVJ-E–treated samples than in 
Laserphyrin®-treated samples, while the 
proportion of apoptotic cells was higher in 
L-HVJ-E–treated samples. Necrotic cells were 
more abundant in samples treated with 3.75 
mM Laserphyrin® than with lower doses (1.88 
mM or 937.5 µM), indicating that a higher 
photosensitizer concentration was more likely 
to induce necrosis than apoptosis.
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after prolonged incubation, a relatively granular distribu-
tion of Laserphyrin® in the cytoplasm region was evident 
(Figures 5 and 6). The distribution pattern of Laserphy-
rin® delivered by Laserphyrin® solution or L-HVJ-E sus-
pension was largely identical to that of lysosomes (Fig-
ures 5 and 6), with colocalization coefficients in the 
range of 0.433–0.621 (Table 1). On the other hand, the 
distribution patterns of Laserphyrin® and mitochondria 
were not identical, with colocalization coefficients of only 
0.023–0.315 (Table 1). These findings indicate that Laser-
phyrin® primarily localized to lysosomes in PC-3 cells. 
 HVJ-E receptors are more highly expressed in some 
prostate cancer cell lines than in normal prostate epitheli-
al cells 13), and cancer-specific expression of HVJ-E recep-
tors allows highly selective treatment of prostate cancer. 
Cancer-selective photosensitizer delivery to lysosomes 
can trigger apoptosis via release of cathepsins and activa-
tion of pro-apoptotic factors 27–29). The lysosomal localiza-
tion of Laserphyrin® is already well established 17, 18), and 
in this study we confirmed that L-HVJ-E is also localized 
mainly in lysosomes. Therefore, selective accumulation of 
Laserphyrin® delivered by HVJ-E can induce apoptotic 
cell death to PC-3 cells. However, several types of cell 
death may coexist 30, 31), and many studies have reported 
that cell death induced by PDT is affected by the nature 
of the photosensitizer, light dose, incubation period, and 
cell type 32–35). Our results revealed that Laserphyrin®- and 
L-HVJ-E–mediated PDT induce both apoptotic and late 
apoptotic/necrotic cell death after 24 h. In addition, we 
observed that higher photosensitizer concentrations in-
creased the frequency of late apoptotic/necrotic cell 
death, whereas lower doses induced mainly apoptosis, 
consistent with the findings of Miki et al. 36, 37). On the 
other hand, the number of apoptotic cells were higher in 
L-HVJ-E–treated cells than in Laserphyrin® treated cells, 
and the results suggest that HVJ-E promotes apoptosis by 
producing intracellular ROS. Necrosis causes an inflam-
matory response by releasing intracytoplasmic contents 
through the ruptured plasma membrane, whereas in 
apoptosis, cytoplasmic components are protected by the 
plasma membrane, and the cell is consumed by phago-

cytes without initiating inflammation 38). Therefore, to im-
prove the safety and efficacy of PDT using L-HVJ-E, lower 
Laserphyrin® concentration would be preferable to pre-
vent unwanted necrosis.
 HVJ-E can induce apoptosis and antitumor immuni-
ty in PC-3 cells via recognition of HVJ-E RNA fragments 
by retinoic acid–inducible gene- I (RIG-I) 39), and anti-tu-
mor activity could be maintained when HVJ-E is used as 
a carrier to deliver Laserphyrin®. Therefore, HVJ-E carrier 
could facilitate highly effective cancer therapy through 
selective drug delivery and its immunotherapeutic effects.
 Taken together, our results demonstrate the potential 
of highly cytotoxic PDT using L-HVJ-E against in vitro 
prostate cancer cell. The photosensitizer, which localized 
mainly in lysosomes, initiated cell death via both apoptotic 
and necrotic processes with immediate production of ROS. 
However, secondary vascular damage due to increased 
vascular permeability and vasoconstriction is one of the 
most important mechanisms of tumor destruction 40). 
Therefore, the anticancer effect of L-HVJ-E–mediated PDT 
cannot be attributed solely to the cytotoxic effect of ROS 
production. Further studies are needed to elucidate the 
ability of L-HVJ-E to induce indirect anti-tumor effects 
and activate anti-tumor immunity in vivo.

Conclusion

In this study, we prepared a photosensitizer by incorpo-
rating Laserphyrin® into HVJ-E, and compared the thera-
peutic efficacy of Laserphyrin®- and L-HVJ-E–mediated 
PDT against the drug-resistant human prostate cancer cell 
line PC-3. Our results indicated that the L-HVJ-E mediated 
PDT showed higher photocytotoxicity than that of Laser-
phyrin®-mediated PDT at a given photosensitizer concen-
tration. Laserphyrin® localization to lysosomes and the 
type of cell death following L-HVJ-E–mediated PDT were 
dependent on dose. These promising findings indicate 
that L-HVJ-E–mediated PDT may enable to improve the 
therapeutic efficacy by combining cytotoxicities of HVJ-E 
and PDT.

Table 1: Colocalization coefficient of Laserphyrin® and L-HVJ-E with lysosomes and mitochondria.

Colocalization coefficient (R)
Incubation periods

1 h 3 h 6 h 12 h 24 h

Laserphyrin vs lysosomes 0.433 0.500 0.546 0.558 0.585

L-HVJ-E vs lysosomes 0.437 0.501 0.555 0.601 0.621

Laserphyrin vs mitochondria 0.069 0.197 -0.161 -0.129 -0.197

L-HVJ-E vs mitochondria -0.041 -0.130 -0.065 0.315 0.023
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