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1 Introduction

Photosensitization is an important process in biological and We
medical applications, including photodynamic

Abstract. Although photodynamic therapy with pulsed light excita-
tion has interesting characteristics, its photosensitization mechanism
has not been fully elucidated. In this study, we showed that the intra-
cellular kinetics of ATX-S10-Na(ll), a lysosomal sensitizer, was
closely related to photochemical reaction dynamics during photody-
namic treatment of A549 cells with nanosecond pulsed light. Fluores-
cence microscopy revealed that at high frequencies of 10 and 30 Hz
the sensitizer initially localized mainly in lysosomes but that it started
to be redistributed to the cytosol in certain ranges of radiant expo-
sures. These ranges were found to coincide with a regime of fluores-
cence degradation with limited oxygen consumption. On the other
hand, at 5 Hz, there was no such a discontinuous behavior in the
sensitizer redistribution characteristics throughout the period of irra-
diation; this was consistent with the fact that no reaction switching
was observed. Two possible reasons for the appearance of the regime
with limited oxygen consumption are discussed: participation of an
oxygen-independent reaction and change in the microenvironment
for the sensitizer caused by lysosomal photodamage. The pulse
frequency-dependent intracellular kinetics of the sensitizer also ex-
plains our previous results showing higher cytotoxicity at 5 Hz than at
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mechanism of pulsed photosensitization has not been fully
elucidated.
that in

previously demonstrated

therapy ATX-S10-Na(II)-mediated PDT using nanosecond pulsed

(PDT),I’3 and it has been a subject of extensive studies over
the last two decades. While continuous wave (cw) light is
more widely used for PDT, photosensitization using pulsed
light excitation exhibits unique features derived from the na-
ture of pulsed light with transient high-density photon flux,
involving various reaction kinetics related to the sensitizer
triplet state such as triplet-triplet reactions,” multiphoton
excitation,” and saturated absorption by the ground-state
photosensitizer.&8 The last phenomenon may lead to a clinical
advantage in PDT because it may result in deeper optical
penetration in tissue than that using cw light excitation.”'’
However, it is not clear whether the treatable tissue depth
can be increased by the use of pulsed light irradiation;® the
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light excitation, phototoxicity to A549 cells was increased by
lowering the pulse repetition rate in the range of 5-30 Hz,
though lowering the pulse repetition rate resulted in no sig-
nificant difference in either the magnitude of decrease in oxy-
gen partial pressure measured above the cells or the amount of
fluorescence degradation (photobleaching) for the cells."" To
understand the photosensitization mechanism, we proposed a
method for analysis of photochemical reaction dynamics us-
ing fluorescence-oxygen diagrams (Fig. 1) that show the cor-
relation between decrease in oxygen partial pressure and pho-
tobleaching during treatment. On the basis of the analysis, we
observed complex behaviors in the reaction dynamics at high
repetition rates.'' At 30 and 10 Hz, photobleaching initially
proceeded with decrease in oxygen partial pressure, but this
was switched to a regime of fluorescence degradation with
limited oxygen consumption, which was reswitched to a re-
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Fig. 1 Fluorescence-oxygen diagrams for irradiations at repetition
rates of 30 Hz (a), 10 Hz (b), and 5 Hz (c); these are reproduced from
Ref. 11. The diagrams show correlation between photochemical oxy-
gen consumption and photobleaching for ATX-S10-Na(ll)-sensitized
A549 cells during photodynamic treatment with nanosecond pulsed
light; the experimental conditions were the same as those in the
present study. Photobleaching with limited oxygen consumption is
seen at 10 and 30 Hz; linear fitting curves for the plots before the
appearance of the photobleaching with limited oxygen consumption
are shown (a and b). Distinct discontinuity in the correlation is not
seen at 5 Hz; a linear fitting curve is given for all plots in this case (c).
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gime of efficient oxygen consumption accompanying fluores-
cence degradation [Figs. 1(a) and 1(b)]; in these cases, pho-
totoxicities were limited.!! At 5 Hz, on the other hand, such
complex behaviors were not clearly seen [Fig. 1(c)]; pho-
tobleaching proceeded with decrease in oxygen partial pres-
sure over the whole irradiation period and the highest photo-
toxicity was obtained."'We presumed that the complex
behaviors observed in the diagrams at 30 and 10 Hz were
associated with the subcellular distribution characteristics of
ATX-S10-Na(Il) during the treatment.'' In the present study,
we investigated how the intracellular kinetics of the sensitizer
is correlated with the photochemical reaction dynamics in the
course of pulsed photodynamic treatment. On the basis of the
results, we discuss the photochemical reaction dynamics
shown by the fluorescence-oxygen diagrams. We also discuss
how the intracellular kinetics of the sensitizer affects the re-
sultant photosensitization efficacy.

2 Materials and Methods
2.1 Photosensitiser

ATX-S10-Na(II) [13,17-bis (1 -carboxypropionyl)
carbamoylethyl - 8 - etheny - 2-hydroxy - 3 - hydroxyiminoethyl-
idene-2,7,12,18-tetraethyl porphyrin sodium] was kindly
provided by Photochemical Company (Okayama, Japan).
Stock solutions were prepared by dissolving the sensitizer in
phosphate-buffered saline (PBS; Invitrogen Corp., Carlsbad,
CA) at a concentration of 1 mg/mL and were stored at
—20°C. Immediately before use, further dilutions of the stock
solution were made in culture medium with the final concen-
tration of 48 wg/mL.

2.2 Cell Culture

A549, a human lung adenocarcinoma cell line, was obtained
from RIKEN BioResource Center (Tsukuba, Japan). The cells
were grown in suspension at 37°C under a humidified atmo-
sphere of 95% air-5% CO, using Dulbecco’s modified Ea-
gle’s medium (DMEM; Invitrogen Corp., Carlsbad, CA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Sigma, Tokyo, Japan), 10,000-U/mL crystalline penicil-
lin G potassium (Meiji, Tokyo, Japan), and 100 wg/mL strep-
tomycin sulfate (Meiji, Tokyo, Japan).

2.3 Laser System

An OPO pumped by the third harmonics of an Nd:YAG laser
(Quantra-Ray MOPO-710 and Quantra-Ray GCR-290; Spec-
tra Physics, CA) was used as an excitation light source; the
beam had a pulse width of 5 ns in FWHM and the output
pulses were tuned at 667 nm. The beam was reflected by a
silica prism, expanded by a silica concave lens with a 25-mm
focal length, and delivered to cells on the microscope. The
cells were irradiated with the light pulses at a repetition rate
of 5, 10, or 30 Hz. Since the original pulse repetition rate of
the OPO was fixed at 30 Hz, a mechanical laser shutter was
used for tuning the repetition rate to 5 or 10 Hz. The pulse
peak intensity was set at 2.0 MW/cm?, the corresponding
irradiances at 5, 10, and 30 Hz being 50, 100, and
300 mW/cm?, respectively.
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2.4 Subcellular Localization of ATX-S10-Na(ll)

A549 cells were grown on glass coverslips in 35-mm culture
dishes (2 X 10° cells per dish). Following 24 h of incubation,
the cells were incubated with 48 ug/mL solutions of
ATX-S10-Na(Il) in culture medium. After 24 h of incuba-
tion, the cells were washed twice with PBS and stained with
1 uM LysoTracker Green DND-26 (Molecular Probes, Inc.,
Eugene, OR), a fluorescent probe for labeling acidic or-
ganelles in living cells, for 30 min in the incubator. They
were washed with PBS again, and the fluorescence of ATX
-S10-Na(Il) and that of LysoTracker Green were observed
with an inverted fluorescence microscope (TE2000-U, Nikon,
Tokyo, Japan) equipped with a xenon lamp source for epifi-
uorescence illumination and a CCD camera (ORCA-ER,
Hamamatsu Photonics, Shizuoka, Japan). In the microscope, a
60X (1.40 NA) oil immersion plane apochromat objective
(Nikon, Tokyo, Japan) and sets of filters appropriate for fluo-
rescence excitation and collection of ATX-S10-Na(II) (exci-
tation, 540%25 nm; collection, 680+30 nm; dichroic,
660 nm) (Chroma Technology Corp., Rockingham, VT) and
for those of LysoTracker Green (excitation, 470+40 nm; bar-
rier, 520 nm, dichroic, 505 nm) (B-2A, Nikon, Tokyo, Japan)
were used.

2.5 Subcellular Distribution of ATX-510-Na(ll)
during Photodynamic Treatments

Subcellular distribution of ATX-S10(Na) during photody-
namic treatment was obtained from fluorescence images as a
function of radiant exposure using an inverted fluorescence
microscope (TE2000-U, Nikon, Tokyo, Japan) equipped with
a xenon lamp source for epifluorescence illumination and a
CCD camera (ORCA-ER, Hamamatsu Photonics, Shizuoka,
Japan). In the microscope, a 60X (0.95 NA) plane apochro-
mat objective (Nikon, Tokyo, Japan) and a set of filters
appropriate for fluorescence excitation and collection of
ATX-S10-Na(Il) (excitation, 510-560 nm; barrier, 590 nm;
dichroic, 575 nm) (G-2A, Nikon, Tokyo, Japan) were used.
Captured images were processed on a PC using Aquacosmos
software (Hamamatsu Photonics, Shizuoka, Japan).

A549 cells were seeded on glass coverslips in 35-mm
culture dishes (2 X 107 cells per dish). After 24 h of incuba-
tion, the cells were exposed to 48 wg/mL solutions of
ATX-S10-Na(Il) in culture medium. After a further 24 h of
incubation, the cells were rinsed twice and covered with PBS.
Immediately after this procedure, the dish was mounted on the
microscope, and a 667-nm pulsed light from an OPO was
delivered to the cells on the microscope. Fluorescence micro-
graphs were taken immediately after irradiation with an expo-
sure time of 723 ms, for which different samples were used to
minimize the effect of fluorescence excitation on the cells.

2.6 Analysis of Localization Characteristics of
ATX-S10-Na(ll)

We  previously observed that in  A549  cells,
ATX-S10-Na(IT) was mainly localized in lysosomes before
photodynamic treatment and that the localization characteris-
tics were shown by a bright and spotty pattern in a fluores-
cence micrograph. After treatment with irradiation of
60 J/cm? at 30 Hz, the sensitizer was redistributed to the
cytosol. To investigate such intracellular dynamics of the sen-
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Fig. 2 (a) Typical fluorescence  micrograph  of  an
ATX-510-Na(ll)-sensitized A549 cell before photodynamic treatment.
(b) Binary image obtained from image (a) with threshold fluorescence
intensity that is seven-times higher than the average intensity within
the cell. Dashed line shows the outline of the cell. The white bar at
the bottom of panel (a) represents 10 um.

sitizer, we analyzed fluorescence micrographs in which bright
spots indicate sensitizer-accumulated lysosomes. To quantify
the extent of lysosomal localization of the sensitizer, the num-
ber density of high-intensity fluorescent spots for a cell was
evaluated by the following procedure. Using image analyzing
software (Aquacosmos software, Hamamatsu Photonics), the
average fluorescence intensity for each cell, i.e., integrated
fluorescence intensity divided by the area of cell, was calcu-
lated. The threshold intensity was determined to be seven-
times higher than the average intensity of the cell; this was
found to be the most appropriate criterion for evaluating cells
with various stages of sensitizer localization. Using the
threshold intensity, a binary image of spots was obtained [Fig.
2(b)] and the number of spots per cell was counted. The num-
ber of spots was then divided by the area of the cell, and the
number density of spots for the cell was obtained. In this
analysis, a decrease in the number density of spots for a cell
indicates release of the sensitizer from lysosomes and conse-
quent increase in density of the sensitizer or fluorescence in-
tensity within the whole cytoplasm. In each irradiation condi-
tion, at least 48 cells in at least three different dishes were
analyzed; for each dish, more than four different areas were
imaged. Since the number density of spots for a cell was
determined on the basis of average fluorescence intensity of
an individual cell in this method, it was possible to evaluate
the extent of subcellular sensitizer localization despite
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Fig. 3 Fluorescence micrographs showing subcellular localization of
ATX-S10-Na(ll) in LysoTracker Green and A549 cells; image (a)
shows fluorescence from ATX-S10-Na(ll) and image (b) shows fluo-
rescence from LysoTracker Green, a fluorescent probe for labeling
acidic organelles in living cells. The white bar at the bottom of each
panel represents 10 pwm.

decrease in the total fluorescence intensity due to
photobleaching.

2.7 Statistical Analysis

Data are presented as means + standard deviation (SD). A
one-way factorial analysis of variance (ANOVA) was used for
multivariate analysis. P-values <<0.05 were considered statis-
tically significant.

3 Results
3.1 Subcellular Localization of ATX-S10-Na(ll)

Fluorescence micrographs of A549 cells double-stained with
ATX-S10-Na(IT) and LysoTracker Green are shown in
Fig. 3. A comparison of Fig. 3(a) [fluorescence from
ATX-S10-Na(Il)] and Fig. 3(b) (fluorescence from
LysoTracker Green) shows similar patterns of localization, in-
dicating that ATX-S10-Na(Il) molecules accumulate mainly
in lysosomes after incubation for 24 h.

3.2 Dose-dependent Intracellular Distribution
of ATX-S10-Na(ll)

To investigate the correlation between the fluorescence-
oxygen diagram (Fig. 1) and intracellular dynamics of ATX
-S10-Na(II), we acquired fluorescence micrographs of A549

Journal of Biomedical Optics

014005-4

cells that had been photodynamically treated with different
radiant exposures at repetition rates of 5, 10, and 30 Hz. At
30 Hz, subcellular distributions of ATX-S10-Na(Il) after ir-
radiations of 10 and 20 J/cm? were shown by bright and
spotty patterns [Figs. 4(b) and 4(c)], which were similar to the
initial localization characteristics [Fig. 4(a)]. After an irradia-
tion of 40 J/cm?, fluorescence intensity in the spots, i.e., in
the lysosomes, became slightly weaker and that in the cyto-
plasm became stronger [Fig. 4(d)]. Bright spots almost disap-
peared after an irradiation of 60J /cm?2, and fluorescence
completely diffused within the whole cytoplasm [Fig. 4(e)].
Cross-sectional profiles of the fluorescence intensity distribu-
tions for 0, 20, and 60 J/cm? are shown in Figs. 4(f)—4(h),
respectively. The profiles in the early periods of irradiations (0
and 20 J/cm?) consist of a low-intensity, gentle curve show-
ing the sensitizer in the cytosol and a high-intensity, sharp
peak showing the sensitizer localized in lysosomes. For the
initial localization profile [Fig. 4(f)], the peak fluorescence
intensity in lysosomes was about three-times higher than that
in the cytosol. On the other hand, the fluorescence profile after
an irradiation of 60 J/cm? was almost flat [Fig. 4(h)]. At
10 Hz, dose-dependent characteristics of subcellular distribu-
tion of the sensitizer were similar to those at 30 Hz, i.e., ini-
tial localization characteristics were maintained after an irra-
diation of 10 J/cm?2, but after an irradiation of 20 J/cm?,
fluorescence in the spots became weaker accompanying an
increase in the fluorescence intensity within the cytoplasm;
this tendency continued after 40 J/cm?® (data not shown). At
5 Hz, a spotty pattern remained after an irradiation of
20 J/cm?, the radiant exposure at the end of the fluorescence-
oxygen diagram [Fig. 1(c)]. A comparison of the cross-
sectional profile for 20 J/cm? at 5 Hz [Fig. 5(d)] and that at
30 Hz [Fig. 4(g)] indicates that fluorescence intensities in the
lysosomes are much lower at 5 Hz than at 30 Hz, while fluo-
rescence intensities in the cytosols are comparable.

3.3 Analysis of Localization Characteristics
of ATX-S10-Na(ll)

Since cell-to-cell variation was observed in subcellular distri-
butions of the sensitizer, the degree of sensitizer localization
for each cell was quantified by the method described in the
previous section. This enabled us to statistically analyze the
characteristics of subcellular distribution of the sensitizer un-
der different irradiation conditions. The results of analysis at
5, 10, and 30 Hz are shown in Fig. 6, in which the number
densities of spots for cells are shown as a function of radiant
exposure. In Figs. 6(a) and 6(b), gray zones indicate the radi-
ant exposure ranges in which fluorescence degradation ap-
peared with limited oxygen consumption in the diagrams, i.e.,
23-45 J/cm? at 30 Hz and 10-20 J/cm? at 10 Hz [Figs. 1(a)
and 1(b)]. At 30 Hz [Fig. 6(a)], in the early period of irradia-
tion (up to 20 J/cm?), spot density did not change greatly,
while it decreased significantly from 20 to 40 J/cm? (p
<0.05); at 40 J/cm?, spot density was reduced to about one-
third of that before light irradiation. After an irradiation of
60 J/cm?, spot density was almost zero, corresponding to the
totally diffused fluorescence pattern within the whole cyto-
plasm [Fig. 4(e)]. Since the spot density was determined on
the basis of the average fluorescence intensity of an individual
cell, the spot density indicates the extent of sensitizer local-
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Fig. 4 Fluorescence micrographs showing subcellular distribution of ATX-S10-Na(ll) in A549 cells before and during photodynamic treatment at
30 Hz: (@) 0)/cm?, (b) 10)/cm?, (c) 20)/cm?, (d) 40)/cm?, and (e) 60 J/cm?. Subcellular distributions in the early irradiation periods
(0-20 J/cm?) are shown by a bright and punctate fluorescence pattern. The cross-sectional fluorescence intensity profiles of A-A’ in image (a) and
C-C’"in image (c) are shown in (f) and (g), respectively. These profiles consist of a low-intensity, gentle profile showing the sensitizer in the cytosol
and a high-intensity, spotty profile showing the sensitizer localized in lysosomes. After irradiations of 40 and 60 J/cm?, fluorescence became much
weaker and diffuse within the whole cytoplasm. The fluorescence intensity profile of E-E” in image (e) is shown in (h); the profile is almost flat. The
white bar at the bottom of each panel from (a) to (e) represents 10 um.
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Fig. 5 Fluorescence micrographs showing subcellular distribution of ATX-S10-Na(ll) in A549 cells before and during photodynamic treatment with
light irradiations at 5 Hz: (a) 0 J/cm?, (b) 10 J/cm?, and (c) 20 J/cm?. A spotty pattern remained after 20 J/cm? and fluorescence intensity in the
cytoplasm increased gradually with increasing radiant exposure. The cross-sectional fluorescence intensity profile of C-C’ in image (c) is shown in
(d). The white bar at the bottom of each panel from (a) to (c) represents 10 wm.

ization in the cell despite decrease in the fluorescence inten-
sity due to photobleaching in both lysosomes and cytoplasm.
Similarly, at 10 Hz, spot density did not decrease in the initial
phase (up to 10 J/cm?) but decreased significantly from 10 to
20 J/cm? (p<<0.05) [Fig. 6(b)]. Both at 30 and 10 Hz, there
was no significant difference between the spot densities at 0
and 20 J/cm? [Figs. 6(a) and 6(b)]. At 5 Hz, on the other
hand, spot density decreased with increase in radiant expo-
sure; a significant difference was seen between the number
densities of spots at 0 and 20 J/cm? (p <0.05) [Fig. 6(c)]. In
addition, the spot density at 10 J/cm? was significantly lower
at 5 Hz than at 10 Hz (p <0.05). On the basis of the data
shown in Fig. 6, mean rate of sensitizer redistribution was
defined as the decreasing rate of the number density of spots
per unit radiant exposure (Fig. 7). At 30 and 10 Hz, there
were remarkable increases in the mean rate of sensitizer
redistribution for 20-40 J/cm? and for 10-20 J/cm?,
respectively.

4 Discussion

In our previous study, we revealed that in photodynamic treat-
ment of A549 cells with ATX-S10-Na(II) using pulsed light
excitation, cytotoxicity was increased by decreasing pulse
repetition rate in the range of 5—30 Hz."" We found no sig-
nificant difference between either the magnitudes of decrease
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in oxygen partial pressure measured above the cells or the
amounts of fluorescence degradation for the cells (pho-
tobleaching) in treatments at repetition rates of 5, 10, and
30 Hz, while the correlation between decrease in oxygen par-
tial pressure and photobleaching during the treatment showed
unique characteristics depending on pulse repetition rate
(Fig. 1)."" At the higher repetition rates of 30 and 10 Hz, we
observed tri-phasic behaviors [Figs. 1(a) and 1(b)]; pho-
tobleaching initially proceeded with decrease in oxygen par-
tial pressure (phase I), and this was temporally switched to a
regime of fluorescence degradation without decrease in oxy-
gen partial pressure (phase II). In this regime, oxygen con-
sumption might be considerably reduced and balanced with
oxygen supply through diffusion. This regime was followed
by a regime of photobleaching accompanying efficient oxy-
gen consumption (phase III). On the other hand, at the lower
repetition rate of 5 Hz, photobleaching proceeded with de-
crease in oxygen partial pressure during the whole irradiation
period [Fig. 1(c)]. We speculated that the discontinuous and
complex behaviors observed in the diagrams at 30 and 10 Hz
were associated with the subcellular distribution characteris-
tics of ATX-S10-Na(IT) during the treatments. In the present
study, in order to verify this speculation, we investigated
radiant exposure-dependent subcellular distributions of
ATX-S10-Na(IT) quantitatively in pulsed photodynamic
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Fig. 6 Number density of spots for a cell as a function of radiant
exposure obtained from analysis of fluorescence micrographs: (a)
30 Hz, (b) 10 Hz, and (c) 5 Hz. The number density of spots indicates
the extent of subcellular localization of the sensitizer in lysosomes.
Gray zones in (a) and (b) show the ranges of radiant exposure in
which fluorescence degradation appeared with limited oxygen con-
sumption in the fluorescence-oxygen diagrams [Figs. 1(a) and 1(b)],
i.e., 23-45J/cm? at 30 Hz and 10-20 J/cm? at 10 Hz. Significant
decreases in the number density of spots were seen between 20 and
40 J/cm? and between 10 and 20 J/cm? at 30 Hz (a) and 10 Hz (b),
respectively; such discontinuity was not clearly seen at 5 Hz (c). An
asterisk (*) indicates statistical significance. Each plot represents the
average value for more than 48 cells.

treatments at three repetition rates (5, 10, and 30 Hz) and
examined how the intracellular kinetics of the sensitizer cor-
relate with the reaction dynamics shown by the fluorescence-
oxygen diagrams.
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During photodynamic treatments at the higher repetition
rates (10 and 30 Hz), subcellular fluorescence distributions
were drastically changed from bright and spotty patterns to
weak and diffuse patterns in the whole cytoplasm in certain
ranges of radiant exposure. These changes in the fluorescence
distribution are quantified in Figs. 6(a) and 6(b), showing that
at 30 and 10 Hz, the number density of spots for the cell
significantly decreased between 20 and 40 J/cm? and be-
tween 10 and 20 J/cm?, respectively. These ranges of radiant
exposure coincided with the ranges indicated by gray zones
(23-45J/cm? at 30 Hz and 10-20J/cm? at 10 Hz) in
which photobleaching with limited oxygen consumption
(phase II) appeared in the diagrams [Figs. 1(a) and 1(b)]. At
5 Hz, on the other hand, such a discontinuous decrease in the
number density of spots for the cell was not seen [Fig. 6(c)];
this is consistent with the fact that no switching was observed
during the whole irradiation period at this repetition rate [Fig.
1(c)]. These findings demonstrate that the discontinuous and
complex behaviors that appeared in the diagrams at 10 and
30 Hz are directly connected with the significant change in
the subcellular distribution of ATX-S10-Na(II).

As we described in our previous paper, a regime of
fluorescence degradation with limited oxygen consumption
(phase IT) may appear due to the involvement of an oxygen-
independent reaction such as type-I reaction."' The initial lo-
calization of the sensitizer in lysosomes at a high concentra-
tion might temporally induce an oxygen-independent
reaction'*"® due to local hypoxia under high-frequency and
high-intensity pulsed light irradiation. However, once the sen-
sitizer is redistributed to the cytosol, the sensitizer can interact
with abundant oxygen molecules, by which the oxygen-
consuming mechanism (type-II reaction) could predominate
again (phase III). Aveline et al. suggested that oxygen-
independent reactions predominate over type-II reactions
when hypoxia is induced by a high local concentration of the
sensitizer in a confined cellular Compartrnent.14 In their ex-
periments on flash photolysis using dueteroporphyrin-
sensitized L1210 cell suspensions, the sensitizer was mostly
distributed in the plasma membrane; they observed that the
initial decay lifetime of the sensitizer triplet state was signifi-
cantly shorter under deaerated conditions with a high concen-
tration of sensitizer than that under aerated conditions in
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which the triplet state was quenched by oxygen.14 In the
present study, we observed that the subcellular fluorescence
distributions were significantly changed from bright and
spotty patterns (phase I) to weak and diffuse patterns in the
whole cytoplasm (phase III) at the higher repetition rates of
10 and 30 Hz. To examine the possibility of the occurrence of
local hypoxia, direct measurement of local oxygen concentra-
tion in the lysosomes would be helpful, but it is difficult to
perform. In our previous work, we observed that the oxygen
partial pressure measured 50 wm above the cells rapidly de-
creased immediately after starting irradiation.'" This fact sug-
gests that the oxygen concentration within the whole cells
becomes low; the regions adjacent to the lysosomes as well as
in the lysosomes might become hypoxic in a certain period of
irradiation. Under such conditions, oxygen perfusion to the
lysosomes cannot be explained on the basis of the one-
dimensional oxygen diffusion gradient over the scale of lyso-
somes, i.e., around a few microns. Thus, oxygen diffusion
over the whole range of the cell should be considered to
explain the frequency-dependent intracellular local oxygen
concentration.

Since it is known that chlorine-type sensitizers tend to be
aggregated due to electrostatic interactions, i.e., -
interactions, >'® molecules of ATX-S10-Na(Il), which is a
chlorine-type sensitizer, probably existed in a highly aggre-
gated form in lysosomes in the initial phase of irradiation
(phase I). However, redistribution of the sensitizer can entail
dilution and disaggregation of the sensitizer within the cyto-
sol; this might restart an efficient photochemical reaction
(phase III). Such an effect of the aggregation of sensitizers on
photochemical oxygen consumption has been suggested by
Georgakoudi et al. for lysosomal sensitizers, nile blue
derivatives.'’ They demonstrated two well-defined phases of
photochemical oxygen consumption with multicell EMT6
spheroids under cw light irradiation; the fluence at which the
second oxygen consumption started coincided with the flu-
ence at which the sensitizer redistribution was observed.'” In
our results, it should also be noted that in phase III, plateaus
appeared in the diagrams, which may also be associated with
disaggregation; in this region, increase in the quantum yield
of the fluorescence due to disaggregation may be balanced
with photobleaching.15 In this phase, photobleaching rate may
be decreased since singlet oxygen should have various types
of biological substances as targets other than sensitizer.

Another possible explanation for the appearance of phase
II is the effect of change in the microenvironment such as pH
caused by lysosomal photodamage. It is known that the pH in
lysosomes is approximately 5 (acidic), while that in the cyto-
sol is approximately 7 (neutral)."® Accordingly, the sensitizer
that accumulated in lysosomes might be exposed to a rapid
increase in pH through lysosomal photodamage. This might
cause fluorescence degradation if the sensitizer had a negative
dependence of fluorescence intensity on pH. In this phase,
most of or some of the sensitizer might still be aggregated, to
which inefficient photodynamic oxygen consumption is
attributable. Unfortunately, however, the pH dependence of
fluorescence intensity has not been revealed for
ATX-S10-Na(Il) and it is therefore difficult to further dis-
cuss this speculation at present. To understand the complex
behavior of the reaction dynamics shown in the diagrams, the
effect of microenvironment on the photochemical properties
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of ATX-S10-Na(Il) in cells must be investigated.

For lysosomal sensitizers, it has been demonstrated that the
release of sensitizer into the cytosol is a critical event to de-
termine efficiency of photodynamic treatment; one possible
reason for this is that photochemical damage of secondary
intracellular targets other than lysosomes, e.g., mitochondria,
is more lethal to the cells.'®** Consistent with these facts, at
30 and 10 Hz, cytotoxicity was significantly increased after
redistribution of the sensitizer. As shown in our previous
study, cytotoxicity was significantly increased from 20 to
40 J/cm? and from 10 to 20 J/cm? at 30 Hz and 10 Hz, re-
spectively. These ranges coincide with the radiant exposure
ranges in which the number density of spots remarkably de-
creased at these repetition rates. Even more important is the
fact that the number density of spots started to decrease in the
lower radiant exposure range at 10 Hz than at 30 Hz. This
indicates that redistribution of the sensitizer from lysosomes
to cytosol occurred more efficiently at the lower repetition
rate. At the lowest repetition rate of 5 Hz, the number density
of spots significantly decreased with increase in radiant expo-
sure for 0—20 J/cm? (p<<0.05) [Fig. 6(c)], while in this
range of radiant exposure, there was no significant difference
in the number density of spots either at 30 Hz or 10 Hz [Figs.
6(a) and 6(b)]. These findings suggest that redistribution of
the sensitizer occurred more efficiently at 5 Hz than at 10 and
30 Hz in this radiant exposure range (0—20 J/cm?). Such an
efficient redistribution of the sensitizer might be connected
with the highest phototoxicity at 5 Hz among the three
repetition rates."'

The results of this study show the possibility of controlling
intracellular dynamics of a sensitizer by changing pulse rep-
etition rate. An interesting application of this is photochemical
internalization (PCI) for light-induced delivery of therapeutic
molecules such as genes to cells.”> PCI is based on the light
activation of a photosensitizer that is specifically located in
the membranes of endocytic vesicles and/or lysosomes; these
membranes can be photodynamically ruptured by light illumi-
nation, releasing the therapeutic molecules into the cytosol.
Currently, cw light is used for PCI, but there is a disadvantage
associated with photochemical damage of therapeutic mol-
ecules, resulting in limited internalization efficiency.”? By the
use of pulsed light irradiation for PCI, photochemical damage
of the molecules can be suppressed, because singlet oxygen is
generated intermittently. Furthermore, by using a lower pulse
repetition rate, endocytic membranes and/or lysosomes may
be more efficiently ruptured, and the molecules can therefore
be released more efficiently, leading to higher internalization
efficiency.

5 Conclusions

In the nanosecond pulsed photodynamic treatment of A549
cells with ATX-S10-Na(IT), we analyzed subcellular distri-
butions of the sensitizer as a function of radiant exposure at
repetition rates of 5, 10, and 30 Hz. It was revealed that the
intracellular kinetics of the sensitizer was closely related to
the photochemical reaction dynamics shown by the
fluorescence-oxygen diagram in our previous paper. At high
repetition rates of 30 and 10 Hz, the sensitizer remained in
lysosomes in the initial phase of irradiation and started to be
redistributed to the cytosol in certain ranges of radiant expo-
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sure; the ranges were found to coincide with a regime of
fluorescence degradation with limited oxygen consumption.
On the other hand, at a low repetition rate of 5 Hz, such a
discontinuous behavior was not observed in the sensitizer re-
distribution characteristics; this was thought to be related to
the fact that no reaction switching was observed in the dia-
gram at this repetition rate. We offered two possible explana-
tions for the appearance of the regime of fluorescence degra-
dation with limited oxygen consumption; one is participation
of an oxygen-independent reaction and the other is change in
the microenvironment of the sensitizer caused by lysosomal
photodamage. These findings explain our previous results
showing higher cytotoxicity at 5 Hz than at 10 and 30 Hz. It
can be concluded that in pulsed PDT, pulse repetition rate is a
crucial parameter affecting the intracellular kinetics of the
sensitizer and hence the photosensitization mechanism of
PDT.
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