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dium azide, suggesting the involvement of reactive oxygen 
species in the laser-induced cell damage. Bax was strongly 
induced after 4 and up to 24 h of treatment. The nuclear pro-
apoptotic isoform of clusterin/ApoJ was selectively upregu-
lated after 24 h of treatment. The DNA repair machinery was 
upregulated after 4 and up to 24 h.  Conclusion:  These data 
elucidate some molecular mechanisms involved in cell death 
induced by ICG photosensitization. The increase and relocal-
ization of Bax into the mitochondria and the upregulation 
and translocation of the proapoptotic isoform of clusterin/
ApoJ in the nucleus demonstrated the involvement of these 
proteins in the photo-oxidative cell death pathway. These 
data point out new molecular targets and suggest potential 
applications in the therapy of the retinal diseases that could 
benefit by selective RPE treatment.

  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Retinal laser photocoagulation is a treatment which 
produces therapeutically useful lesions by means of local-
ized temperature elevation initiating at the retinal pig-
ment epithelium layer (RPE), widely employed for sev-
eral macular diseases. The efficacy of this treatment has 
been demonstrated in diabetic retinopathy with clinical-
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 Abstract 

  Purpose:  In order to characterize the biological effects and 
molecular mechanism underlying indocyanine-green (ICG)-
mediated photo-oxidative cell damage, human cultured ret-
inal pigmented epithelium (RPE) cells preloaded with ICG 
were exposed to 810-nm laser irradiation. Cell viability and 
death induction were examined, as well as the modulation 
of proteins involved in cell death and DNA repair.  Methods:  

ARPE-19 cells preloaded with 100  �  M  ICG were irradiated us-
ing continuous and micropulsed 810-nm laser for the dye 
photoactivation, and cell viability and apoptosis were evalu-
ated. The expression and subcellular localization of Bax, 
Ku70, Ku80 and clusterin/ApoJ were analyzed by immunocy-
tochemistry and Western blot.  Results:  ICG photoactivation 
induced apoptosis in RPE cells. The micropulsed laser irra-
diation induced a higher percentage of cell killing as com-
pared to continuous wave. Cell killing was inhibited by so-
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ly significant macular edema  [1–3] . The therapeutic effect 
of laser treatment for these diseases seems to be mediated 
by a laser-induced photothermal damage to the RPE and 
by the subsequent defective repair due to surrounding 
cell proliferation  [4–6] . Argon, krypton and more recent-
ly 810-nm diode lasers have been shown to produce ther-
apeutically useful photothermal lesions that have similar 
histological features in human and animal eyes, and that 
induce similar effects in the outer retina and RPE layers 
 [7–9] . The mechanism of action of laser photocoagula-
tion is still poorly understood. It has been suggested that 
RPE cell proliferation may enhance the pump mecha-
nism which produces the clinical effects of reducing sub-
retinal fluid and improving macular pathology  [10, 11] . 
A different hypothesis suggests that the clinical benefits 
may derive from the modulation of tissue factors induced 
by RPE cell wound healing response to the thermal in-
jury  [12, 13] . These changes in the expression of tissue 
factors could not be induced by dead RPE cells directly 
affected by the laser burn but would most likely be initi-
ated by nonlethally injured and still viable cells surround-
ing the area of photocoagulation necrosis  [14] . Subthresh-
old micropulse diode laser photocoagulation with no vis-
ible end point has recently been proposed to reduce the 
chorioretinal thermal elevation and to confine it in ac-
cordance with the principles of selective photothermoly-
sis  [15]  with the goal of a selective RPE treatment capable 
of minimizing the iatrogenic collateral damage to inner 
retina layers  [16] . Early histological studies have indicat-
ed that with subthreshold application of 810-nm infrared 
laser micropulses, the RPE is almost solely affected. Fur-
ther studies were unable to identify affected RPE cells 
adjacent to unaffected retinal outer segments, suggesting 
that when the laser energy is adequate to affect the RPE 
cells with thermal injuries, also the adjacent sensory ret-
ina sustains some level of damage  [17] . Moreover, the heat 
effect was observed by Desmettre et al.  [18]  after the in-
duction of hyperthermia in rabbit choroid by means of 
810-nm continuous-wave (CW) laser irradiation. They 
demonstrated the HSP70 overexpression 24 h after irra-
diation. To obtain the temperature rise in the selected 
target, the authors employed a level of energy from 400 to 
550 J/cm 2 .

  An ideal alternative and potentially more selective ap-
proach to conventional laser thermal treatment could be 
the   selective photo-oxidative killing of RPE induced by 
indocyanine green (ICG) photoactivation with 810-nm 
infrared laser energy. ICG phototoxicity has been effec-
tively shown in different cell systems, and numerous 
studies have demonstrated that irradiation of ICG-

stained cells with near infrared laser (800–810 nm) in-
duces cell death  [19–22] . Probably, the cell killing is me-
diated by a type 2 photo-oxidative reaction and does not 
involve thermal damage to cellular ultrastructure, as re-
vealed by electronic microscopy  [19, 20] , although the 
molecular mechanisms involved in this process are to be 
clarified.

  The aim of this report is to evaluate the possibility of 
inducing nonthermal damage to human cultured RPE 
cells by means of a combination of ICG staining and low 
fluence 810-nm laser irradiation. Furthermore, we char-
acterized some   biological effects and molecular mecha-
nisms underlying ICG-mediated photo-oxidative cell 
damage induced by micropulsed irradiation in the ARPE-
19 cell line. To this purpose, we studied the DNA repair 
machinery activation induced by ICG photoactivation at 
810 nm. To define the nature of cell damage, the activa-
tion of Ku70 and Ku80 heterodimer subunits was ob-
served because their expression is involved in the regula-
tion of cell death induction and inhibited by heat shock 
 [23–25] . Moreover, the activation of the proapoptotic 
pathway after damage induced by ICG photosensitiza-
tion at 810 nm was observed. Recently the physical inter-
action among Ku70, DNA repair protein, clusterin/ApoJ 
and Bax in the cytoplasmic compartment was observed 
in UVC-irradiated cells as a control mechanism of cell 
death induction  [26] . Therefore, we observed the expres-
sion and the subcellular relocalization of these proteins 
after ICG-mediated photoxidative damage. Several pa-
pers focused on the role of the different clusterin/ApoJ 
isoforms in apoptosis induction  [27] . The pattern shift of 
the different isoforms appears strictly linked to different 
biological functions. The preferential expression of the 
proapoptotic nuclear form induced by UV irradiation or 
oxidative damage irradiation is correlated to Ku70 activa-
tion and Bax relocalization to mitochondria. The interac-
tion of nuclear clusterin with Ku70 subunit in the cyto-
plasm was demonstrated to play an essential role in apop-
tosis induction inhibiting DNA repair. Therefore, in the 
present paper we observed the effect of ICG-mediated la-
ser irradiation on cell viability and on the expression of 
proteins involved in apoptosis induction and cell cycle 
arrest. In particular we observed the overexpression and 
relocalization of Bax leading to the activation of a mito-
chondria apoptotic pathway after irradiation. Moreover, 
we investigated the molecular mechanisms underlying 
the ICG-mediated photodynamic therapy (PDT) cell 
death focusing on the preferential expression of clusterin 
proapoptotic isoform and Ku proteins that regulate Bax-
driven apoptotic death.
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  Materials and Methods 

 Cell Culture 
 RPE cells ARPE-19 (American Type Culture Collection) were 

seeded in triplicate at subconfluent density (4  !  10 4  cells/cm 2 ) in 
recommended medium. A day after seeding cells were incubated 
with monopeak iodine-free ICG (infracyanine, SERB Laborato-
ries, Paris) to a final concentration of 500, 200 and 100  �  M  and 
kept in the dark. Cell viability was evaluated after 1 and 2 days 
from ICG treatment in order to assess the nontoxic concentration 
and a 100- �  M  ICG concentration was chosen for all the laser ir-
radiation experiments (5 independent experiments). One day af-
ter seeding cells were treated with ICG and kept in the dark for 
24 h. The following day, cells treated with ICG were exposed to 
810-nm laser irradiation. Cells not treated with ICG and incu-
bated in the same conditions were exposed to the same laser ir-
radiation. Unirradiated cells cultured in the presence or absence 
of ICG were used as controls. For quenching experiments, cells 
preloaded with ICG were treated with NaN 3 , a quencher of oxygen 
singlet, to a final concentration of 50 m M , 1 h before laser expo-
sure. Cells were counted at days 1, 2, 3 and 6 after laser treatment. 
Trypan blue staining was performed to evaluate cell death per-
centage.

  Laser Exposure 
 ARPE-19 cells were seeded in triplicate in 96-well microtiter 

plates and incubated with 100  �  M  IGC for 24 h. Treated and un-
treated cells were incubated in the dark at 37 C and 5% CO 2 . Pri-
or to laser exposure the supernatants were removed, cells were 
carefully washed with medium to eliminate any remaining dye 
and finally covered with drug-free medium. Irradiation was per-
formed using an 810-nm diode laser (OcuLight SLx 810, Iridex 
Corporation, Mountain View, Calif., USA), delivered through a 
modified large spot slit lamp adapter set at 5 mm spot diameter. 
The distance between the laser source and the cell plates was ad-
justed to achieve a 6-mm diameter laser spot, adequate to cover a 
single well of a 96-well microtiter plate. Micropulse (mP) or CW 
laser emission was used for the ICG dye photoactivation. The mP 
laser setting was: power = 840 mW, exposure time = 80 s (irradi-

ance = 2.97 W/cm 2 ), including a sequence of repetitive 300- � s 
pulses interspaced by 1,700- � s ‘off ’ intervals (15% duty cycle). 
The CW laser setting was: power = 125 mW, exposure time = 80 s 
(irradiance = 0.44 W/cm 2 ). These parameters produced an equal 
fluence (energy per unit of area) of 36 J/cm 2  for both mP and CW 
irradiation regimens. Cell viability was assessed by the trypan 
blue dye exclusion assay after 2, 3 and 6 days.

  Immunocytochemistry 
 Cells were seeded on Nalge Nunc International Lab-Tek II 

Chamber Slide System at 4  !  10 4  cells/cm 2  and treated with ICG 
and laser radiation as described above. For immunostaining, cells 
were fixed in formaldehyde 4%, permeabilized in 0.5% Triton X-
100 in PBS for 5 min and 0.05% Tween 20 in PBS for 5 min at room 
temperature and incubated with primary antibodies [goat poly-
clonal IgG anti-Ku70 (M-19) or anti-Ku80 (M-20), Santa Cruz 
Biotechnologies; rabbit polyclonal IgG anti-clusterin  � / �  (H-
330), Santa Cruz Biotechnologies; mouse monoclonal IgG anti-
Bax (Ab-1 2D2), Neo Markers; mouse monoclonal IgG anti-Bcl2 
(clone BP53–12), YLEM] for 1 h at room temperature. Samples 
were washed extensively with 0.05% Triton X-100 in TBS and in-
cubated with secondary biotinylated antibodies for 40 min at 
room temperature. After an extensive washing with 0.05% Triton 
X-100 in TBS, samples were incubated for 30 min with HRP-
streptavidin complex. All slides were counterstained with hema-
toxylin and were blindly evaluated for immunostaining and pro-
tein localization by 2 independent observers. The staining was 
semiquantitatively graded for intensity as negative (+/–), weak (+ 
or ++/–), moderate (++), strong (+++) and very strong (++++). 
The results are shown in  table 1 .

  Protein Extraction and Western Blotting 
 Cells were seeded and treated with ICG and laser as described 

above. They were processed for protein extraction after 1, 4 and 
24 h from laser irradiation, and washed once with PBS and cen-
trifuged 1 min at 10,000 rpm. The pellet was suspended in 40  � l 
of sample buffer (0.06  M  Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 
0.01% bromophenol blue, 0.5%  � -mercaptoethanol). Cellular de-
bris was removed by centrifugation for 3 min in a microfuge at 

ICC UN Laser 24 h ICG ICG
+laser 1 h

ICG
+laser 4 h

ICG
+laser 24 h

Bax c +/– c +/– c + c ++/– c ++ c +++

Ku70 n +++ n +++ n +++ n +++ n +++ n ++++

Ku80 n ++ n ++ n ++ 
c +/–

n ++ n +++ n ++++ 
c ++

Clusterin n +
c +

n +
c +

n +
c +

n +
c+/–

n +++
c+/–

n ++
c+/–

Immunostaining was scored as described in ‘Materials and Methods’ and cytoplas-
mic (c) or nuclear (n) localization of the proteins is indicated. Cells treated with mP laser 
alone (laser 24 h) display a similar pattern as compared to untreated cells (UN). ICC = 
Immunocytochemistry.

Table 1. Protein expression evaluation by 
immunocytochemistry
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12,000 rpm and the supernatant fraction containing the proteins 
was stored at –20 C. Proteins were separated by 10% SDS-PAGE 
and transferred to a PVDF membrane (Hybond-P Amersham 
Lifescience). The PVDF membrane was incubated for 1 h at room 
temperature with 2.5% NFDM, 2.5% BSA TBS. Primary antibod-
ies [mouse monoclonal IgG anti-Bax (YTH-2D2), TACS, goat 
polyclonal IgG anti-Ku70 (C-19), mouse monoclonal IgG anti-
Ku80 (B-1), rabbit polyclonal IgG anti-clusterin  � / �  (H-330), 
Santa Cruz Biotechnologies; rabbit polyclonal anti-caspase-3 
(CPP32), Pharmingen, BD Biosciences] were incubated for 1 h at 

room temperature. The PVDF membrane was washed extensive-
ly with 0.5% Tween 20 TBS and incubated with secondary anti-
bodies (anti-mouse-HRP IgG, Amersham Lifescience; anti-goat-
HRP IgG, anti-rabbit IgG, Santa Cruz Biotechnologies) for 45 min 
at room temperature. The filter was reprobed with anti- � -actin 
(clone AC-15, Sigma-Aldrich) mouse monoclonal IgG antibody to 
normalize protein levels. The filter was washed and developed us-
ing an enhanced chemiluminescence system (Amersham Phar-
macia Biotech).
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  Fig. 1.  Growth inhibitory and proapoptotic effect of ICG-medi-
ated laser irradiation on ARPE-19.  a  Evaluation of cell prolifera-
tion by the trypan blue dye exclusion test after micropulsed laser 
irradiation in cells incubated for 24 h with (ICG + laser mP) or 
without ICG (laser mP) in the absence or in the presence of the 
quencher sodium azide (ICG + laser mP + NaN 3 ), as described in 
‘Materials and Methods’. The effect of ICG alone (ICG) or ICG-
preloaded cells with the addition of NaN 3  on cell proliferation in 
unirradiated cells is also represented. ARPE-19 cells incubated in 
cell medium alone and not irradiated were used as control. Values 
are means of 5 independent experiments  8  standard deviations 
(error bars).  b  Apoptosis induction in 100  �  M  ICG-preloaded 

ARPE-19 cells after 24 h from micropulsed irradiation assessed 
by the Hoechst assay.  c  Effect of different laser irradiations in the 
presence or absence of ICG. Inhibition of cell growth was evalu-
ated by the trypan blue dye exclusion test, after 24 and 48 h from 
irradiation. Values are means of 5 independent experiments  8  
standard deviations (error bars).  d  Western blot analysis of cas-
pase-3 expression in ARPE-19 whole-cell extracts: untreated cells 
(lane 1), ICG-stained cells (lane 2), ICG-stained cells 24 h after 
mP laser irradiation (lane 3). The 32-kDa procaspase-3 is ex-
pressed as in all cells but in ICG-irradiated cells it is decreased 
24 h after irradiation, forming the 17-kDa active caspase-3. 
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  Results 

 ICG-Mediated PDT-Induced Apoptosis in ARPE Cells 
 The effect of ICG staining and laser irradiation on cell 

proliferation was observed in a retinal epithelial cell line 
(ARPE-19) in 5 independent experiments ( fig. 1 ). Each 
individual experiment was carried out using triplicate 
samples. Primarily, to examine whether ICG loading in-
duced cell death, ARPE-19 cells were incubated for 24 h 
at 37   °   C under dark conditions with different concentra-
tions of ICG dye (500, 200 and 100  �  M ) and cell viability 
was assessed as shown in  table 2 . ICG-untreated cells 
maintained in the same conditions were used as control. 
The effect of ICG on cell death induction was assessed 
after 24 h and evaluated by the trypan blue dye exclusion 
test and the Hoechst assay. ARPE-19 cells maintained 
their monolayer morphology after incubation only with 
100  �  M  ICG. The observation of ARPE-19 cells stained 
with hematoxylin and eosin after an overnight incuba-
tion with 100  �  M  ICG alone demonstrated an increased 
mitotic index (not shown). Conversely, the 24-hour incu-
bation with an increasing concentration of ICG induced 
a statistically significant amount of apoptosis in ARPE-19 
cells at 200 and 500  �  M  as assessed by the Hoechst assay 
(not shown).

  Successively, we evaluated the effects of 810-nm mi-
cropulsed laser irradiation at 36 J/cm 2  fluence on the 
ARPE-19 cells proliferation ( fig. 1 ). A day after seeding, 
cells were incubated with or without 100  �  M  ICG dye. 
Laser emission was modulated in a micropulsed regimen 
as described in ‘Materials and Methods’. As expected, la-
ser irradiation alone in ARPE-19 cells not preloaded with 
ICG had no effect on cell proliferation and viability. As 
shown in  figure 1  a and c, laser treatment resulted in 
growth inhibition of ICG-treated cells compared to unir-
radiated cells ICG pretreated on day 2 after laser irradia-

tion. Moreover, ICG photoactivation at 810 nm effective-
ly induced apoptosis after 24–48 h in the ARPE-19 cell 
line. This was assessed both by Hoechst assay ( fig. 1 b) as 
well as by the use of an antibody that is able to recognize 
the 32-kDa unprocessed procaspase-3 and the 17-kDa ac-
tive caspase-3. Western blot analysis of whole cell lysates 
demonstrated the presence of the uncleaved caspase-3 in 
untreated and ICG-treated ARPE-19 cells, while ICG-
preloaded irradiated cells expressed both the unprocessed 
and the active forms of caspase-3 ( fig. 1 d). Cell death was 
considerably reduced by the addition of the singlet oxy-
gen quencher sodium azide (NaN 3  50 m M ) to the medi-
um, suggesting the involvement of reactive oxygen spe-
cies in the machinery of photo-oxidative cell damage 
( fig. 1 a, c). The proliferation rate of ARPE-19 cells is 
linked to their starting number and the effect of ICG and 
laser treatment (and of the cotreatment) is more dramat-
ic when cells are not at confluence. Moreover, the cellular 
damage induced by the photoactivation of ICG-loaded 
ARPE-19 cells with the same fluence (36 J/cm 2 ) delivered 
with 2 irradiation modalities, continuous CW and mP 
waves were also compared ( fig. 1 c). In the CW modality, 
a constant laser irradiance (0.45 W/cm 2 ) was delivered 
for the entire 80-second exposure time, while in the mP 
modality a higher irradiance (3.0 W/cm 2 ) was delivered 
for 80 s in a sequence of very short laser pulses at a 15% 
duty cycle (of 300  � s ‘on’, separated by 1,700  � s ‘off ’ time), 
with exactly the same total energy per unit of area of 36 
J/cm 2  delivered in both modalities. The mP laser irradia-
tion induced a higher percentage of cell killing after only 
24 h as compared to CW ( fig. 1 c). Moreover, cell death 
was significantly reduced when 50 m M  of sodium azide 
was added to cell culture 1 h  before laser exposure inde-
pendently of laser emission regimen ( fig. 1 c), confirming 
a strong protective effect from ICG-mediated photo-oxi-
dative damage.

  Induction of the Proapoptotic Machinery 
 Immunocytochemistry was performed to evaluate the 

expression and localization of gene products involved in 
DNA repair and apoptosis. Cells were seeded as described 
in ‘Materials and Methods’ and incubated 24 h in the 
presence or absence of ICG. Cells were irradiated with 
mP wave as already described. Unirradiated cells were 
used as control. Clusterin expression was evaluated with 
an antibody anti- � -chain recognizing all clusterin iso-
forms. As shown in  figure 2 , clusterin was expressed at 
basal level as in the cytoplasm and in the nucleus in un-
treated cells. The ICG pretreatment induced a slight in-
crease of clusterin nuclear isoform probably linked to its 

Table 2. Effect of ICG treatment on ARPE-19 viability

Medium 100 �M ICG 200 �M ICG 500 �M ICG

24 h 980.78 1080.18 3980.251 5580.881

48 h 1280.95 1180.78 5080.771 8780.221

Cell death percentage was evaluated by the trypan blue dye 
exclusion test, obtained as (dead cell number/total cell number) 
! 100 and mean 8 standard deviation from 3 independent ex-
periments. Values were compared using the 2-tailed t-test.

1 Medium versus 200 �M ICG and medium versus 500 �M 
ICG: p < 0.05.
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effects on cell cycle regulation. After 1, 4 and 24 h a strong 
increase of the nuclear proapoptotic isoform accompa-
nied by the loss of the cytoplasmic form was induced by 
mP laser irradiation ( fig. 2 ). Conversely, cells irradiated 
with CW laser share a different pattern of clusterin iso-
form expression. In fact, in ICG-preloaded cells irradi-
ated with the CW, no induction of the nuclear proapop-
totic form was obtained after 1–24 h of treatment (data 

not shown). The expression of the proapoptotic member 
of the Bcl-2 family, Bax, was also determined by immu-
nocytochemistry. Bax staining was faint in the cytoplasm 
of ICG-preloaded unirradiated cells and untreated cells 
used as controls. Conversely, irradiation of ICG-stained 
cells considerably increased the expression of Bax in par-
ticular 24 h after the laser treatment ( fig. 3 ). Ku70 and 
Ku80 are proteins involved in DNA repair and apoptosis 

UN + ICG

+ ICG + L 4 h + ICG + L 24 h

  Fig. 2.  Clusterin expression and localiza-
tion was modulated by ICG photoactiva-
tion at 810 nm. Immunocytochemistry in 
ARPE-19 untreated (UN), ICG-treated 
(+ICG) or ICG- and mP-laser-cotreated 
cells (+ICG +L 4 h; +ICG +L 24 h) for clus-
terin expression. After 4 and 24 h from the 
cotreatment only the proapoptotic nuclear 
form was present in the nucleus mediating 
the proapoptotic effect of ICG-mediated 
PDT. 

UN + ICG

+ ICG + L 4 h + ICG + L 24 h

  Fig. 3.  ICG photoactivation at 810 nm in-
duced an overexpression of Bax. Immuno-
cytochemistry of ARPE-19 unirradiated 
cells incubated in the absence (UN) or in 
the presence of ICG (+ICG) and ICG-pre-
loaded and mP-laser-treated cells (+ICG 
+L 4 h; +ICG +L 24 h) stained with anti-
Bax monoclonal antibody. A strong induc-
tion and relocalization of Bax can be ob-
served after 4 and 24 h from cotreatment. 
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induction. The expression and modulation of these 2 
components of the multicomplex DNA-PK are strongly 
inhibited if the damage is due to hyperthermia. After the 
ICG photoactivation at 810 nm by means of mP irradia-
tion, Ku80 showed an increased expression ( fig. 4 ), sup-
porting the hypothesis that the DNA cell damage is re-
lated to a photo-oxidative mechanism rather than heat-
ing. After 24 h, Ku80 relocalized from the nucleus into 
the cytoplasm, as shown in  figure 4 . 

  Proapoptotic Clusterin Isoform, Bax and Ku 
Induction in Micropulsed Laser-Irradiated Cells 
 Western blot analysis was performed to evaluate the 

DNA damage or apoptosis induction in ARPE-19 ICG-
loaded cells with or without mP laser irradiation. Whole 
cell lysates were prepared from ICG-stained irradiated 
cells and ICG-stained nonirradiated cells were used as 
control. In order to clarify whether cell damage is due to 
a photo-oxidative rather than a photothermal effect, 
Ku70 and Ku80 expression was analyzed by Western blot. 
The results obtained showed that the expression of both 
Ku70 and Ku80 increased 4 and 24 h after mP laser irra-
diation of ICG-preloaded cells as compared to the control 
( fig. 5 a). Moreover, Ku70 and Ku 80 expression was also 
demonstrated in the cytoplasm after 24 h, as shown in 
 figure 4  for Ku80. These results are in agreement with the 
DNA repair role of the heterodimer complex in response 

to direct photo-oxidative effect on DNA. The expression 
of Bax was also shown to increase by Western blot in cells 
treated with ICG and laser ( fig. 5 b), in agreement with the 
strong apoptosis induction observed. The expression of 
different isoforms of clusterin was also assessed because 
of its role in cell cycle progression and cell death induc-
tion. Western blot analysis demonstrated that apoptosis 
induced by ICG photoactivation was associated with a 
complete disappearance of the clusterin secreted form. In 
untreated cells, the clusterin proapoptotic nuclear form 
(50 kDa) was less expressed as compared to the secreted 
form (40 kDa), but the nuclear proapoptotic form was 
strongly induced after 24 h of treatment, as shown by im-
munocytochemistry ( fig. 2 ) and confirmed by Western 
blot ( fig. 5 b).

  Discussion 

 In the present work we demonstrated that ICG-pre-
loaded ARPE-19 cells can be effectively damaged in vitro 
by ICG photoactivation at 810 nm. Laser irradiation with 
a low energy density (36 J/cm 2 ) significantly decreased 
cell viability, inducing apoptosis. The ICG-mediated 
photo-oxidative damage occurs with both CW and mP 
irradiation modalities. The latter has a more pronounced 
effect and this could be due to higher laser irradiance of 

UN + ICG

+ ICG + L 4 h + ICG + L 24 h

  Fig. 4.  Modulation of Ku80 expression. 
Ku80 expression evaluated by immunocy-
tochemistry in untreated (UN), ICG-treat-
ed (+ICG) or PDT-treated cells at different 
times. An increased cytoplasmatic expres-
sion 24 h after mP laser irradiation (+ICG 
+L 24 h) appeared, suggesting that a pho-
to-oxidative (type 2) mechanism induced 
DNA cell damage. Laser irradiation of 
ICG-preloaded cells (+ICG +L 4 h; +ICG 
+L 24 h) did not inhibit the induction of 
the protein involved in DNA double strand 
break repair usually inhibited by hyper-
thermic effects. 
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its micropulses with synergistic photothermal (heat con-
version by the ICG dye) and photochemical (ICG photo-
oxidation) cytotoxic damage mechanisms. The absence 
of photothermal damage is demonstrated by the fact that 
the addition of sodium azide prior to laser photoactiva-
tion effectively prevents cellular damage, although the 
protection by this quencher can only be effective against 
photo-oxidative damage. Similar experiments in vitro, 
using different cell lines and an adequate setup, yielded a 
similar mechanism of photochemical damage (unpub-
lished data). The higher photodynamic efficiency of the 
mP laser regimen could be related to the fact that frag-
mented irradiation does not deplete cell culture oxygen 
supply as rapidly as CW irradiation  [28] . ICG-mediated 
photo-oxidative killing of ARPE-19 cells induces DNA 
damage in a high percentage of cells. Moreover, the ob-
servation of ARPE-19 cell cultures stained with hema-
toxylin and eosin showed that the addition of ICG in-
duces chromatin condensation, leading to an increased 
mitotic index compared to ICG-untreated cells. These 
data could suggest a potential key role of ICG not only as 
photosensitizing agent but also in synchronizing the cells 
in a particular cell cycle phase, increasing the percentage 
of elements sensitive to photo-oxidative damage induc-
tion. Therefore, the photoactivation effect of ICG on 
apoptosis induction could be directly related to the effect 
of ICG on the cell cycle  [29] . Our results demonstrated 
that only after 4–24 h from the treatment, Ku70 and Ku80 
are activated to repair DNA damage. The increased ex-
pression of Ku80 24 h after photo-oxidative damage was 
associated with increased Ku80 expression in the cyto-
plasm, as demonstrated by immunocytochemistry. The 
data obtained on Ku70/80 activation suggest that the 
damage was due to a photo-oxidative effect because in the 
presence of an oxygen singlet quencher such as NaN 3  the 
damage was inhibited. Indeed, ARPE-19 cells do not dis-
play an impaired viability only when NaN 3  is present in 
the medium during laser exposure. The results on an in-
creased expression of Ku70 and Ku80 subunits demon-
strated that DNA damage is due to oxidative stress medi-
ated by ICG photo-oxidation at 810 nm.

  Moreover, the oxidative stress determined by reactive 
oxygen species formation seems to induce a different ki-
netic effect on Ku70/80 presence, as has been published 
by Song et al.  [25] . The activation of Bax and its relocal-
ization in the mitochondria 24 h after laser irradiation 
are in agreement with the data published  [26, 30]  on the 
interaction between Ku70 and Bax during DNA damage. 
In fact, Bax usually is inactive in the cytosol and Ku70 
inhibits its translocation to the mitochondria and there-

fore the induction of cell death. After DNA damage in-
duction, Ku70 is activated, releases Bax and translocates 
to the nucleus, where it actively participates in DNA re-
pair. Therefore, Bax activity is regulated by Ku70 release 
that promotes its translocation to the mitochondria, 
where it can act as a cell death promoting factor. A strong 
increase of clusterin proapoptotic nuclear isoform was 
evident only in ICG-preloaded cells irradiated with mP 

Bax

Ku80

Ku70

sClu

nClu

1             2            3            4           5

1          2           3            

b

a

37 kDa

50 kDa

75 kDa

75 kDa

75 kDa

100 kDa

20 kDa

�-Actin

�-Actin

  Fig. 5.  Western blot analysis of ICG-stained ARPE-19 cells ex-
posed to mP laser irradiation (fluence: 36 J/sec).  a  A representa-
tive Western blot analysis of Ku70 and Ku80 expression in ARPE-
19 whole-cell extract: untreated cells (lane 1), ICG-stained cells 
4 h after mP irradiation (lane 2), ICG-stained cells 24 h after mP 
irradiation (lane 3);  � -actin housekeeping gene was used for nor-
malization. The blot is representative of 3 independent experi-
ments that gave similar results.  b  Western blot analysis of clus-
terin and Bax expression in ARPE-19 whole-cell extracts: untreat-
ed cells (lane 1), ICG-stained cells (lane 2), ICG-stained cells 1 h 
after mP laser irradiation (lane 3), ICG-stained cells 4 h after mP 
laser irradiation (lane 4), ICG-stained cells 24 h after mP laser ir-
radiation (lane 5). The presence of the nuclear clusterin form is 
evident after 24 h in ICG-irradiated ARPE-19 cells.  � -Actin was 
used for normalization. The blot is representative of 3 indepen-
dent experiments that gave similar results. nClu =  $   $   $ ; sClu = 
 $   $   $ . 
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laser. The pattern shift of the different isoforms appears 
strictly linked to different biological functions. The pref-
erential expression of the proapoptotic nuclear isoform 
induced by laser irradiation after 24 h regulates the laser 
damage induction of apoptotic death. Moreover, apop-
totic death after irradiation is correlated to Ku70 activa-
tion that induces the relocalization of Bax into the mito-
chondria.

  The association of the clusterin nuclear isoform with 
apoptosis induction has recently been clarified  [27, 31] . 
Therefore, the strong induction of a proapoptotic isoform 
could in part explain why ICG photo-oxidation with a 
mP laser activation can induce apoptotic cell death more 
efficiently as compared to CW laser activation. These 
data in part elucidate the important role of ICG in syn-
chronizing the targeted cell population and describe the 
molecular mechanism that could be involved in laser 
ICG-induced cell death.

  ICG exhibits some characteristics of an ideal ophthal-
mic fluorophore photosensitizer, such as low toxicity, an 
absorption peak of 810 nm in human plasma, deeper tissue 
penetration and no significant retina phototoxicity of the 
activating radiation  [32] , as well as formation of the triplet 
state after irradiation with a quantum yield of 11%  [33] . 

  The potential of ICG as a photosensitizer was investi-
gated in different studies .  In an uncontrolled clinical tri-
al, occult choroidal neovascularization in age-related 

macular degeneration was selectively closed using 1.5 
mg/kg of ICG at 3 W/cm 2  for 95 s (calculated as 285 J/
cm 2 )  [34] . In in vivo experiments the choriocapillaris of 
normal rabbits was closed successfully using PDT medi-
ated by higher ICG doses (10–20 mg/kg) and an 810-nm 
diode laser at a fluence of 6.3 J/cm 2   [35] . Since choriocap-
illaris occlusion was always associated with some degree 
of RPE damage in this and in other studies  [36, 37] , the 
authors hypothesized that the RPE damage could be re-
lated to choroidal ischemia. Other authors reported RPE 
damage even in the absence of choriocapillaris photody-
namic injury, suggesting that RPE involvement may be 
related to a direct photo-oxidative effect  [38] .

  Furthermore, histological studies demonstrated that 
after IV injection the ICG extravasates from choroidal 
vessel and selectively accumulates within the RPE cells in 
the human eye  [39, 40] . 

  Therefore, it is not unreasonable to postulate that the 
exposure of ICG-stained RPE to low fluence laser radia-
tion could lead to a selective photo-oxidative cell killing 
in vivo. 

 Further investigations concerning the photosensitizer 
dose, the timing of the start of irradiation, laser power 
and duration are required to evaluate if PDT, performed 
with   the 810-nm mP laser, and ICG could be used in a 
clinical setting to achieve a selective RPE damage.
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