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Abstract

Purpose: Singlet oxygen ('0,) generated in photodynamic therapy (PDT) plays a very important
role in killing tumor cells. Using a new near-IR photomultiplier tube system, we monitored the real-
time production of '0, during PDTand thus investigated the relationship between the '0, produc-
tion and photodynamic effects.

Experimental Design: We did PDT in 9L gliosarcoma cells in vitro and in an experimental tumor
model /n vivo using 5-aminolevulinic acid and nanosecond-pulsed dye laser. During this time, we
monitored '0, using this system. Moreover, based on the 0, monitoring, we set the different
conditions of laser exposure and investigated whether they could affect the tumor cell death.
Results: We could observe the temporal changes of '0, production during PDT in detail. At a low
fluence rate the "0, signal gradually decreased with a low peak, whereas at a high fluence rate it
decreased immediately with a high peak. Consequently, the cumulative 'O, at a low fluence rate
was higher, which thus induced a strong photodynamic effect. The proportion of apoptosis to
necrosis might therefore be dependent on the peak and duration of the 'O, signal. A low fluence
rate tended to induce apoptotic change, whereas a high fluence rate tended to induce necrotic
change.

Conclusions: The results of this study suggested that the monitoring of 'O, enables us to predict

the photodynamic effect, allowing us to select the optimal laser conditions for each patient.

Photodynamic therapy (PDT) is very useful for several kinds
of cancers, and many kinds of photosensitizers have thus far
been established. Many researchers have tried to determine the
optimal conditions in PDT. However, such attempts have all
failed because it is extremely difficult to control and predict
the photodynamic effect (1-3). PDT is done using a
photosensitizer, which is selectively taken up and retained
by neoplastic tissue. When activated by a laser with a proper
wavelength, the photosensitizer causes direct cell death by
generating reactive oxygen species that are cytotoxic. Espe-
cially, singlet oxygen ('O,) is supposed to play an important
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role (4, 5). If detecting 'O, is possible during PDT, we might
thus be able to determine the optimal condition of each
photosensitizer. Moreover, we may improve the photody-
namic effects and elucidate the mechanisms of PDT. Some
researchers have thus reported the methods for detecting 'O,
generated by PDT and the correlations between the 'O,
generation and efficacy of killing cells in vitro. However, few
studies have thus far provided the data in vivo experimental
tumor models to help determine the optimal conditions and
to understand the mechanisms of cell death from the aspect of
'0, generation (6-9).

Generally, 'O, generated by PDT undergoes radiant decay,
thus resulting in emission at 1,270-nm light (near-IR lumines-
cence detection; ref. 10). For the detection of near-IR
luminescence, a new near-IR photomultiplier tube (NIR-PMT)
system (H9170-45, Hamamatsu Photonics K.K., Hamamatsu,
Japan) has recently been developed and miniaturized for
clinical application.

In this study, using the new NIR-PMT system, we
investigated the possibility of real-time monitoring of 'O,
generated by PDT in methylene blue solutions and in glioma
cells in vitro and evaluated the tumor cell death caused by
PDT. Thereafter, we measured 'O, in rat s.c. tumor model
and evaluated the dependency of the antitumor effect of PDT
on 'O, generation. We discussed its potency of using real-
time monitoring of 'O, generated by PDT using the new NIR-
PMT system.
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Materials and Methods

Photosensitizer. Methylene blue was purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan), and it was dissolved in distilled water at a
final concentration of 50 umol/L in an in vitro study. 5-Aminolevulinic
acid (5-ALA) was purchased from Cosmobio K.K. (Tokyo, Japan), and
then it was dissolved in a fresh culture medium at a final concentration
of 10 mmol/L in an in vitro study. In addition, 5-ALA was dissolved in
PBS at a concentration of 100 mg/mL in an in vivo study. The pH of
the solution was adjusted to 6.0 to 6.3 using a pH indicator paper by
the addition of 1 N sodium hydroxide. The solution was used within
10 minutes after preparation. It was given i.v. to rats via the dorsal tail
vein at a dose of 100 mg/kg body weight.

Antioxidants. L-Ascorbic acid was purchased from Sigma-Aldrich
Japan KK. (11). Catechin hydrate was purchased from Spectrum
Chemical Manufacturing Corp. (Gardena, CA; refs. 12, 13), and these
antioxidants were dissolved in distilled water at appropriate concen-
trations in an in vitro study. The structure of catechin is shown in
Fig. 1E.

Laser source and light delivery system. A YAG-dye laser (Hamamatsu
Photonics K.K.) was used in an in vitro and in vivo study. The laser was
tuned to 665 nm for methylene blue - mediated PDT and to 635 nm for
5-ALA-induced protoporphyrin IX. The laser output during PDT was
monitored with a power meter in every experiment. The maximum
pulse energy was 4 mJ and its duration was 5 nanoseconds. The pulses
were delivered at a rate of 30 Hz. A single quarts fiber interfaced to the
laser was used to deliver light for the in vitro study. In the in vivo study,
it was used with distal diffuser (length, 10 mm) for intratumoral
irradiation.

Monitoring system. A new NIR-PMT system (H9170-45) and a
schematic of experimental setup are shown in Fig. 1. The NIR light
was collected from a sample using an optical fiber bundle (outer
diameter, 3.5 mm), including 200 fibers (outer diameter, 240 pm),

perpendicularly to the excitation laser light. Long-pass uncoated silicon
filter (1,000 nm) was mounted in front of a condenser lens to block out
the excitation light and minimize the fluorescence generated by the
collection optics. Next, 1,270-nm luminescence, which originated from
!0, through the interfered filter, was collected into the PMT. The
photon counts were integrated every 1 second for methylene blue-
mediated PDT and every 10 and 15 seconds for 5-ALA-induced
protoporphyrin IX for the in vitro and in vivo studies, respectively.

Brain tumor cell lines and animals. 9L gliosarcoma cells were
cultured for several days in RPMI 1640 with 10% FCS at 37°C before
use. Male Fisher 344 rats (9 weeks) purchased from SLC, Inc.
(Hamamatsu, Japan) were used for the inoculation of 9L gliosarcoma
cells. All following experiments were done according to the roles of
animal experimentation and the guide for the care and use of laboratory
animals of Hamamatsu University School of Medicine.

Monitoring of 'O, production in methylene blue solutions in vitro.
Methylene blue solutions (final concentration, 50 pmol/L) were held
in quartz cuvettes (1 X 1 X 4 cm) and exposed to laser light (665 nm,
40 mW) from the outside of the cuvette. The samples were measured
using this system for 20 seconds during irradiation. Distilled water
was also similarly measured as a control. Next, to investigate whether
the 1,270-nm luminescence originated from 10, is quenchable,
antioxidants were added to methylene blue solutions at a final
concentration of 2 pmol/L to 3 mmol/L and 'O, was measured for
10 seconds while being immediately exposed to laser light. Methylene
blue solutions without antioxidants were also similarly measured as
a control. The photon counts for 10 seconds were added, and the
results were shown as a percentage of the control. The top of cuvettes
was open so that the samples were exposed to room air, and the light
source-sample-detector geometry was kept constant throughout the
experiments.

Monitoring of 0, production in 9L gliosarcoma cells in vitro. 9L
gliosarcoma cells were incubated with complete medium containing
10 mmol/L 5-ALA for 4 hours. The cells were washed with PBS and then
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Fig. 1. A, the newly developed NIR-PMT system. B, tip of optical bundle fiber. Bar, 1cm. C, schematic drawing of the experimental setup for in vitro and in vivo studies.
D, temporal changes in the 0, production in methylene blue. '0, was generated by light exposure in methylene blue solutions. There was no signal in the control (water).
E, quenching activity of the antioxidants in methylene blue solutions and chemical structure of catechin hydrate. Data were percentage of the control without any antioxidants.
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Fig. 2. Temporal changes of '0, production
in 9L cells during PDT. 9L cells were
incubated with 5-ALA (10 mmol/L) for

4 hours and exposed by laser light (n = 3).
The control was incubated without 5-ALA
(n = 3). Total fluence was 32 J/cm?.

A, 80 mW/cm? (400 seconds). B, 160

M

160 mWicm? 240 mW/cm?

mW/cm? (200 seconds). C, 240 mW/cm?
(133 seconds). D, cumulative 0, counts
during PDT at each fluence rate. £, cell
viability evaluated by MTTassay. The control
group and the sham group were incubated

with neither 5-ALA nor light exposure.
However, the sham group was handled as
the irradiation alone group was done but
without any irradiation. Irradiation alone
group was exposed by laser light without
5-ALA treatment (control in A-C). Note that
irradiation alone did not show any effects
compared with the sham group. Data were
percentage of the control value. Columns,
mean; bars, SE. *, P <0.05; **, P <0.01.
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were detached with 0.5% trypsin solution. They were centrifuged and
the pellets were thereafter resuspended in fresh medium. The samples
were immediately transferred to the cuvette at concentration of 2.5 X
107 cells/mL in a 2.5-mL volume, and 'O, production was measured
during PDT. The samples were irradiated at 80 mW/cm? (400 seconds),
160 mW/cm? (200 seconds), and 240 mW/cm? (133 seconds; n = 3).
Total fluence was 32 J/cm? at each group. The control cells were
incubated without exposure to 5-ALA and irradiated similarly (n = 3).
The cumulative 'O, counts were calculated after subtracting them from
control counts at the same irradiance in each group.

After PDT, each sample was collected immediately. Tumor cells
(1 x 10* per well) were seeded in 96-well plates and incubated with
fresh medium. The cell viability was determined using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay at
24 hours after PDT (14). All samples were evaluated and the results were
shown as the percentage of the dark control without exposure to 5-ALA.

Evaluation of tumor cell death by Annexin V-FITC and propidium iodide
staining. 9L gliosarcoma cells (2 x 10 per dish) were seeded in culture
dishes (Iwaki 35 mm/glass base dish, Asahi Techno Glass Co., Tokyo,
Japan) and incubated with complete medium containing 10 mmol/L
5-ALA for 4 hours. The cells were washed with PBS and replaced in fresh
medium. They were then exposed to laser light at 80 mW/cm? (100
seconds, 8 J/cm?), 80 mW/cm? (200 seconds, 16 J/cm?), and 240 mW/
cm? (100 seconds, 24 J/cm?) from the base of the culture plate (n = 3).
The control cells were similarly incubated with 10 mmol/L 5-ALA
medium but without light exposure (n = 3). The induction of apoptosis

Fig. 3. Representative images by using Annexin V-FITC and
propidium iodide staining in 9L cells /n vitro. A to C, DIC
images corresponded to the fluorescence images (D-F) of
Annexin V-FITC and propidium iodide staining, respectively.
The types of cell death were analyzed using the microscopic
images (fluorescence and DIC images). A and D, early
apoptotic cell. Note that the cell without swelling was FITC
positive and propidium iodide negative. B and £, late
apoptotic cell. Note that the cell with fragmentated nucleus
was propidium iodide positive. C and £ necrotic cell. Note
that the swollen cell was FITC and propidium iodide positive.
A and C, arrows, cells insulted by PDT.
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and necrosis was examined by the Annexin V-FITC and propidium
iodide (Molecular Probes, Inc., Eugene, OR) staining (15). At 3, 8, and
24 hours after PDT, the tumor cells were rinsed gently and stained with
PBS-containing Annexin V-FITC plus propidium iodide (10 pmol/L) in
the dark at room temperature for 30 minutes. The tumor cells were then
observed under a differential interference contrast (DIC) microscope
(Axiovert 10, Zeiss, Oberkochen, Germany) with a 40x DIC objective
lens and fluorescence optics [excitation at 488 nm, >515 nm emission
for Annexin V-FITC (green) and for propidium iodide (red)]. The DIC
image of the tumors and the fluorescence image of Annexin V-FITC and
propidium iodide staining were obtained with a color-chilled three-chip
charge-coupled device camera (C5810, Hamamatsu Photonics K.K.).
This method can discriminate between late apoptosis and necrosis
because we observe directly the images of tumor cells (16). Therefore, it
is basically different from flow cytometric analysis. We thus evaluated
the morphologic differentiation of cell death by this fluorescence
imaging. The percentages of early or late apoptosis and of necrosis were
respectively calculated by counting the number of all tumor cells (in DIC
mode) and that of the cell stained with Annexin V-FITC and propidium
iodide (in the fluorescence mode). Under the microscope, three fields
were chosen at random in each dish.

Monitoring of the 'O, production in a rat s.c. tumor model. 9L
gliosarcoma cells (1 x 10°) were implanted in the dorsal skin of Fisher
344 rats. At 13 days after tumor implantation, under the anesthesia,
intratumoral irradiation of the s.c. tumors was done at 30 mW/cm (900
seconds), 60 mW/cm (450 seconds), and 120 mW/cm (225 seconds)
4 hours after the i.v. administration of 5-ALA (100 mg/kg; n = 6). Total
fluence was 27 J/cm at each group. The control groups were given
without 5-ALA and irradiated at each fluence similarly (n = 3). According
to our method of interstitial PDT (9), briefly, an optical fiber was
inserted through the laser-proof colorless and transparent sheath of the
14-gauge needle and tip was placed in the center of the tumor for the
efficient delivery of the light. After the hair covering the skin was
removed, the detector was placed on the skin of the tumor perpendicular
to the optical fiber. The 'O, production during PDT was monitored in
all animals. The cumulative 'O, counts were calculated after subtraction
with control counts at the same irradiance in each group.

Thereafter, all animals were sacrificed at 48 hours after PDT under
the deep anesthesia. The tumor tissue specimens were removed
immediately and then were cut perpendicular to the optical fiber track
at the center of the tumor. The one side of the section was stained with
2,3,5-triphenyltetrazolium chloride (TTC) and scanned with a color
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scanner (9, 17). The area of tumor tissues damaged by PDT was
calculated using an image processing software program (Scion Image,
Scion Corporation, Frederick, MD), and the results were shown as the
percentage of the total cross section of each tissue. The other side of the
section was fixed with 20% formaldehyde/PBS. Continuous sections of
all specimens were prepared in 30 mW/cm group and 120 mW/cm
group, respectively. They were stained with H&E and terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay (In situ Cell Death Detection kit, Roche Diagnostics,
Basel, Switzerland). We defined the cell that was dyed with TUNEL and
observed nuclear fragmentation morphologically as “TUNEL-positive
cell” (apoptotic cell). The percentage of TUNEL-positive cell was
calculated by counting all the tumor cells in TUNEL assay. Under the
microscope, three fields, which numerous TUNEL-positive cells
gathered, were chosen in each sample.

Statistical analyses. The data are presented as the mean + SE and
were analyzed with Fisher's protected least significant difference.
Significance was defined as P < 0.05.

Results

In vitro real-time monitoring of 'O, production in methylene
blue solution. This NIR-PMT system proved to be extremely
sensitive for detecting 1,270-nm light (i.e,, 'O, generated by
PDT; Fig. 1D). Moreover, these signals were dramatically
quenched by r-ascorbic acid and catechin. These antioxidants
are reported as quencher for reactive oxygen species, such as
'0, (11-13). Although the quenching activities of these
antioxidants varied, they showed dose-dependent effects
(Fig. 1E). We therefore considered this system to be very
suitable for monitoring the 'O, generation during PDT.

Real-time monitoring of 10, production during PDT in 9L cells
in vitro. We could obviously detect the temporal changes
of 'O, production during in vitro PDT using NIR-PMT system
(Fig. 2A-C). The fluence rates varied in the peak and decay of
'0, signal. In the low fluence rate the 'O, signal decreased
gradually with a low peak (Fig. 2A), whereas in the high fluence
rate it decreased immediately with a high peak (Fig. 2C).
Consequently, under a fixed fluence, the cumulative 'O,
production increased as the fluence rate decreased (Fig. 2D).
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The statistical differences between 80 mW/cm? and the other
groups were significant. The 1,270-nm luminescence in the
control groups (i.e., with vehicle alone) also increased as the
fluence rate increased (Fig. 2A-C). However, they did not decay
and were lower than that with 5-ALA in each group. These
signals might contain autofluorescence, thus including the 'O,
signal from endogenous porphyrin, and artificial noise. We
therefore considered the value after subtracting from control
counts to be the true 'O, signal generated by PDT.

The cell viability revealed statistical differences between the
5-ALA-treated group and the irradiation alone group at the

same irradiance (Fig. 2E). Although no significant differences
were observed among the samples in the irradiation alone
group, the differences between 80 mW/cm? and the other
samples were statistically significant in the 5-ALA-treated group.
We also observed that there were no statistical differences
between the control cells and the 5-ALA-treated cells without
the irradiation (data not shown).

Evaluation of tumor cell death after PDT by Annexin V-FITC
and propidium iodide staining. We could easily distinguish
tumor cell death by fluorescence imaging by using Annexin
V-FITC and propidium iodide staining (Fig. 3). The cell death
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occurred slowly after PDT in all groups, but the total number
and the proportion varied (Fig. 4A-C). The majority of cell
death in 80 mW/cm? (100 seconds) and 80 mW/cm? (200
seconds) showed early or late apoptosis in any time. In
addition, both groups showed similar proportions of cell death.
The total number of cell deaths in 80 mW/cm? (200 seconds)
was about twice as many as that in 80 mW/cm? (100 seconds)
at any time. On the other hand, the greater part of the cells in
240 mW/cm? resulted in necrosis. Despite the presence of a
high fluence, the total number of cell deaths in 240 mW/cm?
(100 seconds, 24 J/cm?) was lower than that in 80 mW/cm?
(200 seconds, 16 J/cm?) at 3 and 24 hours after PDT.

Apoptotic (early and late) cells in 80 mW/cm? (200 seconds)
significantly increased compared with the control group at
8 and 24 hours after PDT (Fig. 4D). In addition, the number
of apoptotic cells in 80 mW/cm? (200 seconds) group was
also significantly larger than those in 240 mW/cm? group at
24 hours (P < 0.05). Necrotic cells in 240 mW/cm? significantly
increased compared with any other groups at 8 and 24 hours
after PDT (Fig. 4E).

Monitoring of 10, production in a rat s.c. tumor model. The
tumor size (mean + SD) before PDT was 11.3 + 1.4 mm in
length and 8.8 + 1.4 mm in width. Our NIR-PMT system could
clearly detect the change in 'O, production during PDT in vivo
(Fig. 5A-D). At a low fluence rate, 'O, decreased gradually with
a low peak, which was comparable with the results in vitro. On
the other hand, a high fluence rate induced a high peak but
rapidly decreased the 'O, production. There were no major
differences in 'O, signals between control and 5-ALA-treated
samples, especially at the fluence rate of 30 and 60 mW/cm. In
the animal preparation in vivo, the light inside the body may
show a lot of scattering and can produce noise detected by NIR-
PMT system, inducing the large variation of the data. Although,
due to the large variability in the in vivo study, the cumulative
'0, production did not reached the level of statistical differ-
ences between the control and 5-ALA-treated samples, they
tended to decrease as the fluence rate increased (Fig. 5E), which
was comparable with the results in the in vitro study.

Despite of the same rate of fluence, a difference in the fluence
rate revealed different photodynamic effects in experimental
tumors (Fig. 5F-I). The photodynamic effect in 30 mW/cm
group was the strongest. On the other hand, those in 120 and
60 mW/cm were almost equivalent. In addition, no animals
showed any systemic deterioration.

Histologic evaluation of s.c. 9L gliosarcomas after intratumoral
PDT. The different types of cell death occurred obviously
between 30 mW/cm group and 120 mW/cm group (Fig. 6A-C).
Although each group showed the apoptotic changes in the
boundary zones between the coagulation necrosis and the
surviving tumor cells, the number of the apoptotic cells was
more in 30 mW/cm group than in 120 mW/cm group. In
addition, the TUNEL-positive cells in the former also signifi-
cantly increased compared with the latter (P < 0.01; Fig. 6D).
Although we also observed remarkable destruction of endo-
thelial cells of tumor vessels, there were no differences that
depend on the fluence rate (data not shown).

Discussion

In the present study, using experimental glioma, we
measured in detail the temporal generation of 'O, during
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30 mW/cm 120 mW/cm

Fig. 6. Histologic evaluation of s.c. 9L gliosarcomas after PDT. A and B,
H&E-stained section and the TUNEL assay in 30 mW/cm, respectively.

C, H&E-stained section in 120 mW/cm. Magnified views of apoptotic cell (4),
TUNEL-positive cell (B), and necrotic cell (C). Bar, 100 pm. D, percentages of
TUNEL-positive cells. Columns, mean (n = 6); bars, SE. **, P <0.01.

PDT and examined the photodynamic effects. We examined
whether the condition of laser irradiation may affect the pattern
of 'O, generation and whether the difference of 'O, generation
could affect the photodynamic effects, including the types of
cell death. We confirmed that irradiation with a low fluence
rate generated a large amount of 'O, and induced strong
photodynamic effects in agreement with another report (7).
Importance of monitoring 1O, for the optimal PDT. We have
found that the different condition in laser irradiation varied
'0, production regarding the peak and decay of the 'O, signal.
During PDT using 5-ALA, the irradiation with a low fluence rate
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shows a long-lasting 'O, generation. To the contrary, a high
fluence rate did not do so in agreement with another report (6).
Although the mechanism of different effects between low and
high fluence rates on 'O, production remains unclear at
present, the possible explanations are as follows: (a) high
fluence rate rapidly consumes and depletes intracellular oxygen
(triplet oxygen; ref. 6), whereas low fluence rate allows to
replenish the oxygen inside the cell; (b) high fluence rate may
rapidly induce photobleaching (change in the formation of
photosensitizer; refs. 18-20); and (c¢) the irradiance at high
fluence rate gives excessive energy and transiently decreases the
absorption of light in the photosensitizer (21). Irrespective of
the mechanism, our results indicated that the optimal
condition of irradiation should be decided based on the 'O,
generation.

We also observed that 'O, was no longer generated once it
reached the level of photobleaching,® indicating that the photo-
induced degeneration of photosensitizer (photobleaching) is a
terminal of irradiation. Moreover, the laser irradiation after
photobleaching is excessive and may damage normal tissue
(22-24). However, the duration of irradiation alone cannot
predict the occurrence of photobleaching because the present
study also showed that the fluence rate varied the duration that
reached the photobleaching. Therefore, the generation of 'O,
should be monitored during PDT. When we monitor the 'O,
production using the detection system and adjust the laser
fluence rate or laser pattern (continuous or intermittent) during
PDT, it must allow us to do the appropriate PDT for each patients.

'0, production deciding the type of tumor cell death in
PDT. 'O, is produced under the photochemical reaction
(type 1I), induces tumor cell death, and plays very important
roles in PDT. In general, there are two types of cell death: one is
necrosis and the other is apoptosis. The way in which cells die
depends on the severity and the duration of insults that induce
cell death. Many articles have reported that PDT induced either
necrosis or apoptosis (9, 25-27). In fact, many complicated

3 Yamamoto J, Yamamoto S, Hirano T, Kohno E, unpublished data.
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