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ABSTRACT

The leukaemia cells HL60, incubated in 10 mM/ml
ALA (5-aminolevulinic) for 4 hours, were carried an
experimental research with fluorescent probes in
photodynamic therapy (PDT) based on ALA by using
PDT reaction room (The average fluence rate of the
412 nm source was 5 mWi/cm?). Cells viability were
determined using a Cell Counting Kit-8 (CCK-8) as-
say, and PplX Photobleaching of subcellular distri-
buted sites of HL60 cells in vitro were investigated by
fluorescence spectra acquired during treatment. The
results showed that the fluorescence intensity of mi-
tochondria, lysosomes, endoplasmic reticulum had de-
creased by 81.5%, 52.3% and 21.0%, respectively, com-
pared with their initial values after a 45-minute light
treatment. The rate of PplX photobleaching in mito-
chondria was significantly higher than others. Addi-
tionally, the change of the activity of HL60 cells was
basically characterized by the change fluorescence in-
tensity in mitochondria, which suggest that mitochon-
dria is one of main therapeutic targets of photody-
namic therapy.
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1. INTRODUCTION

Photodynamic therapy (PDT) is a relatively new treat-
ment modality, which combines the selective accumula-
tion of a photosensitizing drug with visible light of
wavelengths within the absorption spectra of the photo-
sensitizer to achieve the inactivation of cancerous tu-
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mors [1].

In the past several decades, there has been tremendous
interest in 5-aminolevulinic acid (ALA) based on PDT
[2-4]. With the development of the basic research of
photodynamic therapy (PDT) and a wide range of poten-
tial clinical applications have be carried out, photosensi-
tizer photobleaching and its mechanism are not only in-
creasingly important to photodynamic therapy dosimetry,
but also to further clinical applications. Photosensitizer
photobleaching and the fluorescence monitoring of pho-
toproducts have become a highly focused area of re-
search within PDT dosimetry in recent years [5-8]. It has
been demonstrated that photobleaching can be used to
monitor the processes of Photodynamic Therapy: the
dose of singlet oxygen can be well predicted by the do-
simetric photobleaching kinetics of photosensitizer in a
photosensitizing system [9-11]. Furthermore, photosen-
sitizer photobleaching provided a reliable method to es-
timate the inactivation efficacy of singlet oxygen on tar-
get tissues during treatment comprehensively, it is there-
fore inextricably linked with the effectiveness of PDT
[12,13]. The monitoring of photosensitizer photobleach-
ing fluorescence measurement is expected to become a
real-time “implicit” dosimetry method [14-17]. Therefore,
it is of great significance to study the phenomenon of
photosensitizer photobleaching for future clinical appli-
cations as well as the mechanism of PDT.

In this paper, the fluorescent probe labeling techni-
ques were adopted to investigate the change fluores-
cence intensity of PpIX in the major subcellular struc-
tures quantitatively during treatment. The inactivation
effects of leukemic HL60 cells in vitro based on ALA-
PDT and the photobleaching characteristics of subcellu-
lar distributed sites of HL60 cell in PDT were also dis-
cussed.
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2. EXPERIMENTAL
2.1. Materials

HL60 cells were supplied by the Laboratory Animal
Center of Sun Yat-sen University (China). The fluores-
cent probe for mitochondria: rhodamine123, the red fluo-
rescent probe for lysosomes: Lyso-Tracker Red, the fluo-
rescent probe for endoplasmic reticulum: DIOC6, 5-ami-
nolevulinic acid (ALA) and phosphate buffered saline
(PBS) were purchased from Sigma (USA). Cell Counting
Kit-8 (CCK-8) was purchased from Dojindo (Japan).
RPMI medium 1640 and foetal calf serum (FCS) were
obtained from Gibco BRL. All chemicals were of the
highest purity commercially available. The tock solu-
tions were prepared in serum free medium immediately
before taken into the experiments.

These apparatus, incuding F-4500 Fluorescence Spec-
trophotometer (Hitachi, Japan), UV-2550 UV-visible
Spectrophotometer (Hitachi, Japan), NIR256 Fiber Optic
Spectrometers (Ocean Optics, USA), DG5031 ELISA
Reader (Huadong, China), HH.CP-TW80 CO, Incubator,
XDS-1A Inverted Microscope, PDT light reaction cham-
ber, 96-well culture plates, cell counting board and so on
were used in the experiments.

2.2. Methods

HL60 human leukemia cells were grown in RPMI me-
dium 1640 supplemented with 10% fetal bovine serum,
then incubated at 37°C in a humidified atmosphere con-
taining 5% CO,. All experiments were performed using
exponentially growing HL60 cells. Cell concentration
was determined using a cell count board and the cell den-
sity was then adjusted to the required concentration.

The viability of HL60 cells after treatment was as-
sessed using CCK-8 (Cell Counting Kit-8), which is
based on the amount of highly water-soluble formazan
dye produced by viable cells [18]. The number of sur-
viving cells is directly proportional to the absorbance of
formazan. Cell suspension (100 pl) was seeded onto a
96-well plate and incubated with 20 pl CCK-8 solution at
37°C in a humidified 5% CO, atmosphere. Besides, ap-
propriate volume of cell culture medium was added to
ensure that the final volume of samples was 200 pl. After
4h incubation, the absorbance at 450 nm was determined
using the DG5031 ELISA Reader. The relative viability
was determined by comparison with untreated cells.

Data are presented as means = S.D. (standard devia-
tion) from at least three independent experiments. Statis-
tical analyses were performed using the SPSS11.5 statis-
tical software, results were considered to be significant
when the corrected P-value was less than 0.05, indicated
as P < 0.05 in the figures.

Copyright © 2012 SciRes.

3. RESULTS AND DISCUSSION
3.1. Spectral Analysis

ALA itself is not a photosensitizer, however it represents
a approach in which a photosensitizer precursor naturally
occurring in the heme biosynthesis pathway is adminis-
tered, and the photosensitizer PpIX is subsequently syn-
thesized in living cells. The absorption spectrum of PpIX
was measured by UV-2550 UV-visible Spectrophotome-
ter (Hitachi, Japan). As shown in Figure 1, the absorp-
tion peaks of PpIX is located at 412 nm, which indicated
that the most sensitive wavelength of PpIX to light irra-
diation is at around 412 nm. Therefore, in order to en-
hance the efficiency of PDT, an in-house built lamp with
many high-power light-emitting diodes (LEDs), emitting
light in the region 400 - 450 nm and with a peak at 412
nm as shown in Figure 2, was taken as light sources in
the experiments. The fluence rate at the position of the
sample was 5 mW/cm” as measured with a photodiode.

3.2. Inactivation of Leukemic HL60 Cells in
Vitro Based on ALA-PDT

The inactivation of HL60 base on ALA-PDT irradiated
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Figure 1. The absorption spectrum of PpIX.
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Figure 2. The emission spectra of the blue LEDs.
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by 412 nm light was taken to provide experimental data
reference for PpIX photobleaching of subcellular distri-
buted sites in HL60 at the macro. According to our pre-
vious investigations, it has been noted that therapeutics
are extremely effective under these parameters (the den-
sity of HL60 cells is 1 x 10%ml, the cells incubation time
is 4 hours, the concentration of ALA is 10 mM/ml, the
average fluence rate of the 412 nm source is 5 mW/cm?,
and the dose of irradiation was 18 J/cm?), which are con-
sistent with the literatures reports [19-21]. Firstly, the
density of 1 x 10°ml of HL60 cells suspension was
added the concentration of 10 mM/ml ALA. Light expo-
sure was performed immediately after incubation for 4 h
in the dark. Finally, cell survival was assessed by CCK-8.

These experiments were repeated five times inde-
pendently in the same conditions, the OD (optical density)
values of the five samples were measured by using the
DG5031 ELISA Reader. The OD values obtained from
the cells after light treatment (expressed by ODg) were
normalized by these before light irradiation (expressed
by ODy,). The relative survival rate of HL60 cells under
various conditions (indicated by S), namely:

— ODR
oD,,

S (1
The experimental data are presented in Table 1.
According to Table 1, the influence of 412 nm light

irradiation on the survival of HL60 cells also as shown in

Figure 3.

The A-NI group and NA-I group were compared with
NA-NI groups, respectively, It is observed that neither
the alone addition of ALA or light irradiation has an ob-
viously impact on the activity of HL60 cells. However, a
significantly greater decrease in the survivability of
HL60 cell can be found after light treatment for 1h in the
presence of ALA when Al group compared with A-NI
group or the NA-I group. Apparently, the decreased sur-
vivability of HL60 cells is not due to the addition of ALA
or light irradiation alone, but because of the combination

of ALA and light irradiation that resulted in outcome of
PDT.

The inactivation efficiency is calculated by the for-
mula as follows:

P.=1—0Dg/ODy (2)

According to the above formula, the PDT efficiency of
HL60 was achieved at 92% under the combination of
ALA and 412 nm light irradiation.

3.3. PpIX Photobleaching of Subcellular
Distributed Sites in HL60 during PDT

Firstly, the fluorescent probe liquors, including Rhoda-
mine 123 at a final concentration of 1 uM/ml, the Lyso-
Tracker Red at a final concentration of 75 nM/ml, DIOC6
at a final concentration of 2 pg/ml, were prepared before
the experiments.

HL60 cells washed with PBS were seeded into 15
wells of 96-well plates at a density of approximately 1 x
108 cells per ml, Afterwards, The solution of ALA with a
known concentration (10 mM/ml) were added to the 15
wells. Light exposure was carried out immediately after
incubating for 4 hours. Owe to the viability of HL60 cell
is only 8% after 60 minutes light treatment, three sam-
ples were removed from 96-well culture plates on 0 min,
15 min, 30 min, 45 min, 60 min, respectively. Cell cul-
ture medium was removed and the prepared fluorescent
probes liquor of mitochondria, lysosomes, endoplasmic
reticulum were added to the three samples respectively.
After pre-incubated for 15 minutes in the dark, the work-
ing solution of the three samples was removed and added
fresh cell culture medium. Subsequently, the fluores-
cence spectra of these samples were performed using
F-4500 fluorescence spectrophotometer. The excitation
light from the fluorescence spectrophotometer was of
low intensity (less than 1 mW/cm?) and did not induce
any significant photobleaching of PpIX.

As can be seen from Figure 4 that the fluorescence
intensity of organelles did not change significantly when

Table 1. The influence of 412 nm light irradiation on the survivability of HL60 cells in the experiments based on ALA-PDT exam-
ined by CCK-8.{1 x 10~® mmol/cell ALA (4 h) + (18 J/cm?®) + CCK-8 (4 h)}.

OD Value

Mean Value Mean Livability
A B C D E

NA-NT" 0.764 0.800 0.774 0.751 0.856 0.789 + 0.042 1
A-NI 0.825 0.817 0.800 0.793 0.900 0.827 £ 0.043 1.04
NA-I 0.772 0.750 0.721 0.765 0.800 0.762 +0.029 0.96
Al 0.075 0.075 0.075 0.077 0.081 0.077 = 0.003 0.08

BB 0.063 0.064 0.061 0.062 0.085 0.067 +0.010 /

AA 0.069 0.065 0.076 0.085 0.056 0.070 £0.011 /

“In Table 1, NA-NI (without ALA or light irradiation); A-NI (ALA without light irradiation); NA-I (light irradiation without ALA); AI (light irradiation with
ALA); BB (the control group only added culture medium); AA (the control group with a specific concentration of ALA). Data represent the means + S.D.
(standard deviation) from five independent experiments. P <0.05 as compared to control (untreated) cells.

Copyright © 2012 SciRes.
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Figure 3. The influence of 412 nm light irradiation on the sur-
vivability of HL60 cell in the experiments based on ALA-PDT
measured by CCK-8.{1 x 10® mmol/cell ALA (4 h) + (18 J/em?)
+ CCK-8 (4 h)}. Data represent the means + S.D (standard de-
viation) from five independent experiments. ‘P < 0.05 as com-
pared to control (untreated) cells.
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Figure 4. The influence of light irradiation on the fluorescence
intensity of subcellulars of HL60 cells without ALA.

exposed to light without ALA, and the values of fluores-
cence intensity of subcellulars remain flat. Meanwhile,
the emission wavelength and the excitation wavelength
of the three fluorescent probes did not overlap with each
other, so the reliability of measurement was guaranteed.

The variation of the fluorescence intensity in mito-
chondria under 412 nm light irradiation was determined
by F-4500 Fluorescence Spectrophoto-meter as shown
below (Fluorescence of mitochondria was excited at 480
nm).

The variation of the fluorescence intensity in Lyso-
somes under 412 nm light irradiation as shown below
(Fluorescence of lysosomes was excited at 577 nm).

The variation of fluorescence intensity in endoplasmic
reticulum under 412 nm light irradiation as shown below
(Fluorescence of endoplasmic reticulum was excited at

Copyright © 2012 SciRes.

500 nm).

All the amplitudes of the above fluorescence spectra
obtained from subcellulars are normalized to the initial
(pre-irradiation) amplitude prior to averaging. According
to Figure 5(b), the fluorescence intensity of mitochon-
dria has decreased exponentially during light exposure.
From 15 minutes to 45 minutes, the rate of decrease in
fluorescence intensity of mitochondria is the fastest, sug-
gesting that the majority of the inactivation of photosen-
sitizer to mitochondria is occurring focus on this time.
After 60 minutes, the fluorescence intensity of mitochon-
dria has decreased by 95% compared with its initial
value. As shown in Figure 6(b), the fluorescence inten-
sity of lysosomes decreases slowly at the first 15 minutes,
After 15 minutes, the average decline rate is approxi-
mately 13% every 15 minutes which is similar to the
linear decline. To reach 60 minutes, the fluorescence in-

3500

3000 -|
2500 |
S 2000
s
g
@ 1500 -
o
D
E
1000 |
500 |
0 m
T T T T T T T T T T T
500 520 540 560 580 600
Wavelength(nm)
—— Omin —— 15min —— 30min
45min ——60min
(a)
1.0+
0.8 4
—
]
E’; 0.6
2
(%)
c
2 044
£
0.2
0.0 - N
0 10 20 30 40 50 60
Time(min)
(b)

Figure 5. (a) Changes in the fluorescence of mitochondria in
the presence of ALA under 412 nm light irradiation; (b) The
normalized fluorescence intensity of mitochondria with ALA
under 412 nm light irradiation.
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Figure 6. (a) Changes in the fluorescence of lysosomes in the
presence of ALA under 412 nm light irradiation; (b) The nor-
malized fluorescence intensity of lysosomes with ALA under
412 nm light irradiation.

tensity of lysosomes plunges rapidly to less than 1% of
its initial value. As shown in Figure 7(b), the change of
the fluorescence intensity in endoplasmic reticulum is
even more slowly compared with that in mitochondria
and lysosomes. It is found that the fluorescence intensity
in endoplasmic reticulum only decrease by 21% after 45
minutes light treatment. However, the fluorescence in-
tensity begins to decline sharply after 45 minutes, the
situation is similar to the changes of the fluorescence
intensity in lysosomes during the last 15minutes. This
phenomenon can be explained by the fact that the acti-
vity of the intracellular organelles have decreased to
apoptosis caused by the necrosis of most of HL60 cell in
a short time when irradiated reaches 60 minutes, result-
ing in the fluorescence intensity in the endoplasmic re-
ticulum and lysosomes are decreased significantly. Fur-
thermore, after irradiation with 412 nm for 60 minutes,
the fluorescence intensity of mitochondrial have de-

Copyright © 2012 SciRes.
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Figure 7. (a) Changes in the fluorescence of endoplasmic re-
ticulum in the presence of ALA under 412 nm light irradiation;
(b) The normalized fluorescence intensity of endoplasmic re-
ticulum with ALA under 412 nm light irradiation.

creased by 95%, which is relatively closely to the inacti-
vation rate of HL60 cells is achieved at 92%. It is sug-
gested that the viability of HL60 cells are basically char-
acterized by the change of the fluorescence intensity in
mitochondria, this conclusion is in agreement with the
studies done by J. C. Kennedy et al., who have found
that mitochondria phototoxicity is a primary cause of cell
death [4].

During light exposure, the generated endogenous PpIX
will transition from the ground state to the excited state
and produce photosensitizing effects with the singlet
oxygen. The highly toxic singlet oxygen has a short life-
time (50 ns to 250 ns) in biological systems [22], besides
fluorescence intensity is directly proportional to concen-
tration, indicating the decreased fluorescence intensity of
organelle reflects the fact the photosensitizer concentra-
tion of organelle in the cells have decreased [23,24]. An-
other aspect is also reflected that the level of photosensi-
tive and self-sensitized photosensitive reaction in the

OPEN ACCESS
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organelles of HL60. Moreover, the number of reactive
oxygen in photosensitive reaction can be confirmed in
turn. Since both photobleaching and cell photoinactiva-
tion are dependent on singlet oxygen generation, the rate
of PpIX photobleaching can be used to estimate the
singlet oxygen yield and the expected therapeutic effi-
ciency.

3.4. Possible Mechanism of PplX
Photobleaching Based on ALA-PDT

It has been demonstrated that the photodynamic effects
based on ALA is mainly mediated by type II reactions
generating singlet oxygen [25]. Regardless of complexity,
it is apparent that there are several key photochemical
reactions have been involved during photodynamic the-
rapy which could be explained as follows:

[+S, — 58 (1)
ST 58 )
S; +°0,—5'0,+S, 3)
S, +'0,—58+0, “4)

'0, + Bio—%— photoproducts + O,  (5)

The photophysical processes are initiated by the absor-
ption of a photon from the ground state photosensitizer
molecule (Sy), creating to an excited state molecule (S).
Afterwards, the singlet state photosensitizer (S°) with an
extremely short lifetime will transform into a relatively
long lifetime triplet state (St) immediately through in-
tersystem crossing. The excited photosensitizer then re-
acts with the ground state oxygen (*0,) to produce sing-
let oxygen ('O,). On the one hand, the generated singlet
oxygen reacts with the photosensitizer in ground state to
produce substances without photosensitizing activity, the
phenomenon as described above is known as photo-
bleaching. On the other hand, it reacts with the biological
macromolecules to damage the target tissue, or to gener-
ate free radicals and other highly active substances. As
can be seen from the above reactions, photosensitizer
photobleaching is a chain reactions accompanied through
photosensitization processes. Due to the processes of
ALA induced Protoporphyrin IX photobleaching exhi-
bited a complex series of photophysical and photoche-
mical reactions and the bleaching kinetics are much more
complicated [26,27]. Therefore, further investigations are
required to evaluate the Protoporphyrin IX Photobleach-
ing based on ALA-PDT by the means of combining ex-
periments and theoretical analysis.

4. CONCLUSION

In this work, we have investigated the PpIX photo-
bleaching of subcellular distributed sites in leukemic

Copyright © 2012 SciRes.

HL60 cells during PDT under 412 nm light irradiation in
vitro and demonstrated that monitoring photosensitiser
photobleaching is appropriate candidate for estimating
PDT dose during treatment. The results showed that pho-
todynamic effects may lead to different amounts of sing-
let oxygen produced in the subcellular structures, by
which the varying degrees of photobleaching is caused.
Irradiated by 412 nm light for 45 minutes, the fluores-
cence intensity of mitochondria, lysosomes, endoplasmic
reticulum have decreased corresponding to: 81.5%, 52.3%,
21.0%, respectively. For HL60 cells, the photobleaching
levels of subcellular structures are: mitochondria > lyso-
somes > endoplasmic reticulum. The rate of PpIX photo-
bleaching in mitochondrial region is found to be signifi-
cantly faster than others. The activity of the HL60 cells is
also largely characterized by the change of the fluores-
cence intensity in mitochondria. These results indicate
that mitochondria are the major sites of photodynamic
reaction.
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CASA: Computer assisted sperm analysis.

NGF: Nerve growth factor;
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VAP: Average path velocity;

VSL: Straight line velocity;
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