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Introduction

Phodynamic therapy (PDT) involves the photosensitization of 
cancerous cells and tissues with photosensitizing drugs (PS) that 
catalyze, upon irradiation, formation of reactive oxygen species.1 
PDT is a minimally invasive therapeutic modality approved for 
treatment of cancer diseases and non-oncological disorders.2 In 
the PDT, beside vascular shutdown and immunological response, 
there is a direct cell kill that is able to reduce neoplastic cell 
population 2–3 times.3 Cell death in PDT has been initially 
believed to occur via necrosis,4 and the important contribution 
of apoptosis has been described by Oleinick’s group only in the 
1991.5 However, the cytotoxicity of the PDT protocols cannot be 
explained only in terms of apoptosis or necrosis. In Bax and Bak 
deficient murine embryonal fibroblasts6,7 in which the apoptosis 
is blocked, or in cells lacking procaspase-3,8 the PDT treatment 
gave rise to cell deaths that did not display the ultrastructural 
and biochemical features of apoptosis or necrosis, but showed 
autophagy. Induction of autophagic cell death after PDT has 
been reported.9-13 In fact, the efficient induction of apoptosis as 
well as autophagy and non-apoptotic cell deaths (e.g., necrosis), 
or a combination of the three mechanisms, is dependent on the 
PS, the PDT dose, the intracellular localization of PS, the cell 
metabolic potential and the cell genotype.14

Autophagy is distinguished by a lysosomal-dependent diges-
tion of the cell and by the presence of autophagic vacuoles in 
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which cytosol and organelles are encased. Autophagy is a survival 
response to nutrient deprivation and other forms of cellular stress. 
Moreover, during the last decade, data have accumulated indicat-
ing that autophagy can also induce cell death. The autophagic 
cell death could derive by the metabolic and bioenergetic col-
lapse, since autophagy is a self-limiting process.15 Autophagy 
deaths are important during development.16

Autophagy develops in sequential steps with defined mor-
phological and biochemical characteristics that are distinct from 
apoptosis and necrosis;17 thus it is referred as the second type of 
programmed cell death (type II cell death).

It has been recently reported that apoptosis and autophagy (via 
mitochondrial apoptosis and SER damage respectively) can be 
simultaneously induced by PDT.9,10,18 The concomitant engage-
ment of both apoptosis and autophagy occurs in HeLa cells fol-
lowing hypericin-mediated PDT regardless of a reduction in the 
expression levels of anti-apoptotic Bcl2 proteins, thus suggesting 
that autophagy plays a key role in cell death-induced PDT.19 Since 
the exact role of autophagy in apoptosis-competent cells follow-
ing PDT is still a matter of debate, in this study we elucidate the 
occurrence of autophagy in RBAc-PDT treated HeLa cells.

Results

RBAc-PDT mediated modifications of lysosomes, mitochon-
dria and ER. Death of HeLa cells was induced by RBAc-PDT 
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used for autophagy assay. Endogenous 
LC3B is detected as two bands following 
SDS-PAGE and immunoblotting: one rep-
resents LC3B-I (18 kDa), which is cytosolic, 
and the other LC3B-II (16 kDa), which is 
conjugated with phosphatidylethanolamine 
(PE), is present on isolated membranes and 
autophagosomes. During the recovery times 
after RBAc-PDT, LC3B-I protein constantly 
decreased in the cytosol (Fig. 5A). Its most 
significant decrements have been measured 
at 8, 48 and 72 h of recovery. Conversely, 
the LC3B-II protein dramatically increased 
on the membrane of autophagosomes at the 
8 h post PDT and, due to the lysosomal 
digestion, progressively decreased (Fig. 5A). 
High levels of LC3B-II on membranes of 
autophagosomes were observed from 8 h  
post PDT to the end of experimental time 
in the presence of Bafilomycin A, a specific 
inhibitor of autophagosome-lysosome fusion 
(Fig. 5B).

Autophagy has been further analyzed by 
checking the presence of autophagosomes at 8 h of recovery post-
PDT with TEM. Micrographs of Figure 6A show two examples 
of autophagosomes: one with the typical lamellae formation and 
the other with indigested material. HeLa cells bearing autopha-
gosomes did not show chromatin condensation.

The induction of autophagy of RBAc-PDT treated HeLa cells, 
was further evaluated by using monodansylcadaverine added to 
cell culture medium, a selective marker for acidic vesicular organ-
elles, such as autophagic vacuoles. Autophagosomes were ana-
lyzed by using fluorescence microscopy (Fig. 6B). Control HeLa 
cells showed a very scarce positivity for MDC (3% of positive 
cells), while the RBAc-PDT treated cells bore numerous MDC 
positive cytoplasmic vacuoles. At 8 h of recovery post PDT, 25% 
of HeLa cells were autophagic, while only 10% of autophagic 
HeLa cells was observed at 12 h post-PDT.

Inhibition of RBAc-PDT induced cell deaths. Inhibition of 
RBAc-PDT induced cell deaths was performed with pan-spe-
cific protease inhibitor, z-VAD and Necrostatin 1 (Nec-1) (Fig. 
7). Neither z-VAD or Nec-1 completely prevented RBAc-PDT-
induced cell death; indeed, 25 and 20% of cell deaths were mea-
sured respectively at 8 and 12 h post PDT, representing a reduction 
of deaths of about 40% (Fig. 7A). The entire 25% of dead cells 
measured in presence of inhibitors at 8 h post PDT, were MDC 
labeling positive HeLa cells, thus confirming the induction of 
autophagy. At 12 h post PDT, one half of the 20% of HeLa cells, 
dead in presence of z-VAD and Nec-1, was MDC positive (i.e., 
autophagic cells) (Fig. 7C), while the other half was positive only 
to Annexin V labeling (i.e., apoptotic cells) (Fig. 7A).

Discussion

In the current study we have demonstrated the induction of 
autophagy after RBAc-PDT in HeLa cells using different criteria. 

at each time of recovery post irradiation as indirectly measured 
by the MTT assay (Fig. 1). The lowest percentage of viable cells 
was measured after 48 h of recovery. RBAc-PDT significantly 
lowered lysosome enzyme activities. In fact, the incorporation of 
neutral red inside lysosomes was drastically reduced (Fig. 2A).

DiOC
6
(3) is a positively charged fluorescent molecule, able 

to permeate plasma membrane and localize in ER. In untreated 
cells, DiOC

6
(3) is observed in the entire cytoplasm, suggesting a 

random distribution of the ER inside the cell. At 24 h post irra-
diation, the fluorescence distribution indicates an initial fusion 
of ER vesicles, that progressively move towards the perinuclear 
region. At 48 and 72 h post irradiation, ER vesicles occupy a 
drastically reduced cytoplasmic area (Fig. 2B).

The ER stress induced by RBAc-PDT is confirmed by 
western blot analysis of whole cell lysates using an antibody 
specifically recognizing the cleaved caspase-12 (p40), that is 
significantly increased from 18 h after PDT until the end of 
recovery (Fig. 3).

A rapid release of Ca2+ ions from intracellular stores (likely 
mitochondria and ER) into the cytosol was spectrofluorimetri-
cally measured with Fura-2 as soon as 1 h post irradiation (Fig. 4).  
The highest cytosolic [Ca2+]

i
 was measured at 12 h of post-PDT, 

2.5 times the control.
RBAc-PDT mediated autophagy. The initial step of the autoph-

agy is flat membrane cistern wrapping around a portion of cytosol 
and/or organelles forming a closed double-membrane bound vac-
uole containing cytosol and/or organelles, called autophagosome 
(devoid of any lysosomal proteins). Autophagosomes undergo a 
stepwise maturation process including fusion events with endo-
somal and/or lysosomal vesicles. In the autophagosomes fused 
with lysosomes, their content is degraded by lysosomal hydro-
lases. To study autophagy we used LC3B immunoblotting. 
Endogenous LC3B is the biochemical hallmark most commonly 

Figure 1. MTT assay performed in HeLa cells after treatment with RBAc 10-5 M and irradiation at 
0, 1, 2, 4, 8, 12, 18, 24, 48 and 72 h of recovery in drug-free medium. Values (absorbance reported 
as percentage respect to the untreated cells, considered as 100%) are the average ± SD of three 
independent experiments. *values RBAc-PDT are significantly different (p < 0.05) with respect to 
the control value.
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Although the studies that document the 
PDT-induced autophagy are increasing, they 
are still few and none of them used RBAc 
as photosensitizer.9-13 Autophagy, originally 
described as a cell survival response, has also 
been implicated as a death pathway in numer-
ous studies.28-33 In the case of RBAc-PDT, 
autophagy plays a crucial role as suggested by 
the inhibition experiments with z-VAD and 
Nec-1. However, the basis for autophagy in 
RBAc-PDT has not been yet defined as in the 
case of CPO-PDT where autophagy derives 
by the photodamage to Bcl2.18,34 It has been 
reported that the downregulation of Bcl2 
expression induces/facilitates the onset of 
autophagy.35,36 It could be hypothesized that 
the specific ROS-damaged subcellular site or 
organelle and the cargo of the autophagic vac-
uole are factors which could potentially influ-
ence the outcome of the autophagic process in 
RBAc-PDT-treated cells. Indeed, upon RBAc 
administration, the photoactive molecules 
of RB accumulate in perinuclear region and 
than diffuse dynamically throughout the cyto-
plasm.20,37-40 Endosomes, Golgi apparatus and 
the ER are the precocious intracellular sites of 
accumulation of RB.37,40,41 The photodamage 
to ER exerted by the RBAc-PDT, as demon-
strated by the drastic reduced incorporation of 
DiOC

6
 and by the increased level of cleaved 

caspase-12, promotes autophagy. However, the 
molecular mechanism leading to the removal 
of the damaged ER through the formation of 
the autophagosomes and their following fusion 
with the lysosomes for degradation during 
PDT, is not yet fully elucidated.9 Recent studies 
have established that there are instances where 
the ER is preferentially targeted for autophagic 
degradation to support survival in yeast,42,43 
and autophagy is initiated following ER stress 
in mammalian cells.44-47 Alternatively, due to 
the high reactivity of photogenerated ROS it 

is possible that autophagy is initiated in an attempt to remove 
organelles damaged by oxidation or to degrade large aggregates 
of cross-linked proteins, produced by photochemical reactions, 
which are not removed by the ubiquitin-proteasome system.48

It is known that RBAc-PDT damages mitochondria as dem-
onstrated by mitochondrial potential loss allowing the release 
of cytochrome c.26,27 Examples of specific degradation path-
ways for damaged mitochondria, a process called mitophagy 
that often precedes apoptosis and requires caspase inhibition 
to be appreciated,49 have been reported for hepatocytes and 
yeast.50,51 It is thus likely that autophagy in RBAc-PDT HeLa 
cells occurs within the first 8 h post-PDT to eliminate damaged 
mitochondria, while apoptosis is maintained at high level by 
different caspase-dependent and -independent pathways. The 

Our criteria were: (1) the presence of multiple large vacuoles 
labeled with MDC; (2) conversion of LC3B-I to LC3B-II; (3) 
the presence of autophagosomes and absence of nuclear conden-
sation by electron microscopy; (4) lysosomes; (5) the empty of 
Ca2+ from the ER; (6) the presence of cell death after caspase-
dependent apoptosis and necrosis inhibition. All together our 
data confirm the induction of autophagy by the RBAc-PDT; in 
particular, those reported in Figure 7 indicated that autophagy is 
concomitantly induced along with apoptosis. Indeed, in previous 
works we reported that RBAc-PDT induced 35–40% of apopto-
sis in HeLa cells, mitochondria lost their membrane potential and 
released cytochrome-c.26,27 The bulk of autophagic cells occurred 
quicker than apoptotic cells (8 vs. 12 h) and disappeared faster 
as well.

Figure 2. (A) NR assay performed in HeLa cells after treatment with RBAc 10-5 M and ir-
radiation at 4, 12, 18, 24, 48 and 72 h of recovery in drug-free medium. Values (absorbance 
reported as percentage) are the mean of three independent experiments. *values RBAc-PDT 
are significantly different (p < 0.05) with respect to the corresponding control value. (B) 
DiOC6(3) (0.5 μg/ml) labeled control HeLa cells (a) and PDT-treated cells at 24 (b), 48 (c) and  
72 h (d) of recovery in drug free medium; bars = 10 μm.
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that accompanies necrosis is prevented also in 
vivo. In addition, the fast removal of apoptotic 
cells that is a peculiarity of the apoptotic pro-
cess, represents an additional mechanism to 
prevent inflammation.52

More studies are required to define the 
still uncertain functional contribution of this 
catabolic process in cell death and whether 
autophagy directly contributes to death or is a 
failed effort to preserve cell viability. In addi-
tion, the molecular mediators which may turn 
autophagy into a cell death pathway and the 
cross-talk between autophagy and the apop-
totic machinery in PDT-exposed cells need 
to be better identified. As in apoptosis, there 
is a flipping of phosphatidylserine to the cell 
surface during autophagy.35 Externalization of 
phospshatidylserine enables the dying cells to 
be recognized and phagocytized most likely 
avoiding an inflammatory response. Last, it is 
interesting to note that autophagy can result in 
class II presentation of antigens derived from 
cytosolic proteins,36 may therefore provide an 
explanation for the finding that treatment of 
tumor cells with low-dose PDT can yield anti-
tumor vaccines.53

Materials and Methods

Chemicals. RBAc was obtained as a colorless 
powder by acylation of RB (Fluka Chemie, 
Buchs, Switzerland) according to a procedure 
already described.20 A stock solution (10-2 M) 
was obtained by diluting RBAc in dimethyl 
sulfoxide: final concentration (10-5 M) was 
obtained directly in the culture medium at the 
time of incubation. All other chemicals used 
were of the commercially available highest 
purity. Unless otherwise stated, all the chemi-
cals are purchased from Sigma Chem. Co. (St. 
Louis, Mo, USA).

Cell culture. Human epithelioid cer-
vix carcinoma cells (HeLa) were cultured in 
Eagle’s minimum essential medium (EMEM) 
(Cambrex, Verviers, Belgium) supplemented 
with 10% fetal calf serum (FCS), 2 mM 
L-glutamine (Cambrex, Verviers, Belgium), 
100 IU/ml penicillin and streptomycin solu-
tion and 10000 U/ml nystatin (antimicotic 
solution) (Cambrex, Verviers, Belgium), in 
a 5% CO

2
 humidified atmosphere at 37°C. 

Cells were maintained in 75 cm2 flasks (con-
centration ranged between 2 x 105 and 1 x 106 cells/ml) by pas-
sage every 3 to 4 days.

PDT treatment. Cells were incubated for 60 minutes at 37°C 
with RBAc (10-5 M) in EMEM medium supplemented with 

latter pathway seems to be particularly active at the longer time 
of recovery, contributing for a 10% of dead cells. It could be 
hypothesized that, since necrosis does not contribute to the kill-
ing of cells in our in vitro system, the induction of inflammation 

Figure 3. Kinetic of caspase-12 cleavage in HeLa cells. HeLa cells were subjected to RBAc-
PDT (10-5 M RBAc, 1 h, 1.6 J/cm2, 90 sec) and SDS-PAGE was performed on the cytosolic 
fraction obtained after irradiation at the indicated time intervals (30 μg protein/lane) and 
electroblotted to nitrocellulose membrane. Western blot was developed with specific 
antibody against cleaved caspase-12. Pattern of actin expression is used as a control. The 
antibody used detects cleaved product of caspase 12 (40 kDa). The amount of cleaved prod-
uct of caspase 12 is reported as optical density (arbitrary densitometric units) measured by 
densitometer analysis. The data are the average ± SD of three independent experiments. 
*values RBAc-PDT are significantly different (p < 0.05) with respect to control value.

Figure 4. Evaluation of the concentration of [Ca2+]i by Fura-2 in HeLa cells after treatment 
with RBAc 10-5 M and irradiation, followed by 0, 1, 2, 4, 8, 12, 18, 24, 48 and 72 h of recovery in 
drug-free medium. The data are the average ± SD of three independent experiments. *values 
RBAc-PDT are significantly different (p < 0.05) with respect to control value.
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10% FCS. After incubation, the culture medium was replaced 
with phosphate buffer saline (0.2 M PBS, pH 7.4), previously 
allowed to equilibrate with 5% CO

2
 humidified atmosphere, 

without phenol red, to avoid undesired photosensitizing effects. 
Cells were then exposed for 90 seconds to innovative green 
light emitting diode, LED DPL 305, (QTL Inc., Atlanta, USA) 
emitting at 530 ± 15 nm, in order to obtain 1.6 J/cm2 as total 
light dose. After irradiation cells were rinsed twice with PBS 
0.2 M pH 7.4, transferred to drug-free complete medium and 
allowed to recover for different times (from 0 to 72 h).

Cell viability assays. MTT. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrasolium bromide (MTT) assay (MTT 
98% Sigma-Aldrich) that is a cytotoxicity method, was per-
formed according to the modified MTT method described by 
Sladowski et al.21 Briefly, at fixed recovery times following the 
RBAc incubation and irradiation, cells were incubated with 1 
mg/ml MTT in culture medium for 2 hours. After extensive 
washing in PBS, living cells were determined by MTT dye 
reduction. The amount of MTT-formazan produced is directly 
associated with cell viability and it can be determined spectro-
photometrically (DU 640 B, Beckman Coulter, USA) at 570 
nm after solubilization of crystal in 1 ml of DMSO.

NR assay. Lysosomal activity was evaluated by the neutral 
red (NR) assay. The culture medium was replaced with 1.0 ml/
well of neutral red solution (0.01% in culture medium) and 
the cells were incubated for 2 hours at 37°C. After rinsing with 
PBS, 1 ml/well of stain extraction solution (1% glacial acetic 
acid, 50% ethanol, 49% distilled water) was added. The plates 
were shaken for 10 minutes and the absorbance was read at 540 
nm with a spectrophotometer (DU640B, Beckman Coulter, 
USA). The NR assay, together with the MTT and Kenacid Blue 
assays, has been extensively used in other studies of cell viability 
in cytotoxicity assessments. The NR assay can also be used as 
a vital stain.

Endoplasmic reticulum damage evaluation. DiOC
6
(3) 

staining. At different recovery times after PDT-treatment, liv-
ing cells were washed three times with PBS (0.2 M pH 7.4) and 
stained with 3,3'-dihexyloxacarbocyanine iodide (DiOC

6
(3); 

0.5 μg/ml in complete culture medium in a 5% CO
2
 humidi-

fied atmosphere at 37°C for 10 min). DiOC
6
(3) is a marker of 

the endoplasmic reticulum (ER).22

Immunoblot analysis of caspase-12 activation. HeLa cells 
were collected by Trypsin/EDTA 0.25%, washed in ice-cold 
PBS, suspended in lysis buffer (Tris-HCl 50 mM pH 7.4, 
DTT 10 mM and PMFS 1 mM) and further centrifuged at 
10,000 g for 10 min. In order to separate cytosol and mem-
brane proteins, samples were centrifuged at 36,000 g for 1 h. 
The pellet, containing membrane proteins, was suspended in 
Tris-HCl 1 mM-DTT 50 mM-PMFS 1 mM. Proteins were 
delipidated by different passages in methanol/chloroform. 
The supernatant, containing cytosol proteins, was precipi-
tated in acetone. Proteins were suspended in sample buffer 
(Tris-HCl 0.0625 M pH 6.8, Glycerol 10%, SDS 2%, DTT 
50 mM and PMFS 1 mM) and solubilized in a boiling water 
bath for 5–6 min. Protein concentration was determined by 
Bio-Rad protein assay.23

Figure 5. (A) Kinetic of LC3B cleavage. The HeLa cells were subjected 
to RBAc-PDT (10-5 M RBAc, 1 h, 1.6 J/cm2, 90 sec) and SDS-PAGE was 
performed on the cytosolic and membrane fraction obtained after 
irradiation at the indicated time intervals (30 μg protein/lane) and 
electroblotted to nitrocellulose membrane. Western blot was developed 
with specific antibody against LC3B. Pattern of actin expression is shown 
as a control. The antibody used detects 18 kDa protein LC3B (LC3B-I). In 
autophagic cells the antibody also detects 16 kDa protein, corresponding 
to the cleaved form of LC3B (LC3B-II). The amount of LC3B-I and LC3B-II 
proteins were reported as optical density (arbitrary densitometric units) 
measured by densitometer analysis. The data are the average ± SD of 
three independent experiments. *values RBAc-PDT are significantly dif-
ferent (p < 0.05) with respect to control value. (B) Kinetic of LC3B cleavage 
in presence of Bafilomycin A. The HeLa cells were subjected to RBAc-PDT 
(10-5 M RBAc, 1 h, 1.6 J/cm2, 90 sec) in presence of Bafilomycin A (100 
nM) and SDS-PAGE was performed on the membrane fraction obtained 
after irradiation at the indicated time intervals (30 μg protein/lane) and 
electroblotted to nitrocellulose membrane. Western blot was developed 
with specific antibody against LC3B-II (18 kDa). Pattern of actin expres-
sion is shown as a control. The amount of LC3B-II protein was reported as 
optical density (arbitrary densitometric units) measured by densitometer 
analysis. The data are the average ± SD of three independent experi-
ments. *values RBAc-PDT are significantly different (p < 0.05) with respect 
to control value.
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(TEM). Cells were fixed with 2.5% 
glutaraldehyde in cacodylate buffer, 
pH 7.4, for 1 h at ice temperature 
and postfixed with 1% OsO

4
 in the 

same buffer. Samples were dehy-
drated, embedded in Spurr resin and 
examined under a Zeiss 910 trans-
mission electron microscope operat-
ing at 80 kV.

Immunoblot analysis of LC3B 
protein. The PDT treatment was 
performed also in presence of 
Bafilomycin A, a specific inhibi-
tor of autophagosome-lysosome 
fusion. For experiments of inhibi-
tion, HeLa cells were incubated for 
60 minutes at 37°C with RBAc 10-5 
M and Bafilomycin A 100 nM in 
EMEM medium supplemented with 
10% FCS. After PDT treatment, 
cells were transferred to RBAc-free 
EMEM medium (10% FCS) supple-
mented with Bafilomycin A 100 nM 
and allowed to recover for different 
times (from 0 to 72 h). A stock solu-
tion (1.5 mM) of Bafilomycin A was 
obtained by dilution in dimethyl 
sulfoxide: final concentration (100 
nM) was obtained directly in the 
culture medium at the time of incu-
bation. At the end of experiment, 
HeLa cells were subjected to west-

ern blot analysis, by using a primary antibody for LC3B protein 
diluted 1:500 (MBL, Woburn, MA), as above reported.

Measurements of Ca2+ levels. HeLa cells, washed twice with 
loading buffer (107 mM NaCl, 5 mM KCl, 7 mM NaHCO

3
, 

3 mM CaCl
2
, 1 mM MgSO

4
•6H

2
O, 20 mM Hepes, 10 mM 

glucose, 0.1% BSA) and resuspended at a concentration of 1 x 
106/ml, were incubated with 4 μM Fura-2 acetoxymethylesther 
(Fura2-AM) for 45 min at 37°C in a 5% CO

2
 humidified atmo-

sphere at 37°C.
After the dye loading, cells were washed twice with the same 

loading buffer and then re-suspended in fresh loading buffer at 
the final concentration of 7 x 106 cells/ml. Cells were stored at 
room temperature until use and pre-warmed at 37°C for 20 min 
before measurements. 20 μl of this cell suspension was added to a 
2 ml of loading buffer in a fluorescence cuvette kept at 21°C and 
stirred through-out the experiment. The fluorescence intensity 
of Fura-2 was measured with a Jasco FP-750 spectrofluorometer, 
equipped with an electronic stirring system and a thermostabi-
lized (37°C) cuvette holder and monitored by a personal com-
puter running the Jasco Spectra Manager software for Windows 
95 (Jasco Europe S.r.l., Lecco, Italy). The excitation wavelengths 
were 340 nm and 380 nm and the emission wavelength is 510 
nm; the slit widths were set to 10 nm. The maximal fluorescence 
(F

max
) value was determined at the end of each experiment by 

Proteins (30 μg) were separated by 13% SDS-PAGE under 
reducing conditions, followed by western Blotting. Membranes 
were blocked for 1 h in TBS 25 mM pH 8.3/3% BSA.

The following primary antibodies were incubated with the 
appropriate membranes: anti-actin diluted 1:2,000 and anti-cas-
pase-12 diluted 1:200 (MBL, Woburn, MA, USA). Appropriate 
IgG Biotin-conjugated secondary antibody, diluted 1:2,000, was 
incubated with the membranes for 2 h. The membranes were 
incubated with ExtrAvidin peroxidase diluted 1:1,500 at 4°C for 
1 h. After each incubation with antibody and prior to the addi-
tion of DAB solution for 20 min in the dark, membranes were 
washed three times in TBS 25 mM pH 8.3. The densitometer 
analysis was performed with a GS-700 Imaging Densitometer 
(Bio-Rad).

Autophagy evaluation. MDC staining. HeLa cells were stained 
with 0.05 mM monodansylcadaverine (MDC) (Fluka Chemie, 
Buchs, Switzerland) in PBS after PDT treatment at room tem-
perature (RT) for 10 min.24 Cells were washed two times with 
phosphate buffered saline (PBS) and immediately observed using 
the fluorescence microscope Eclipse 80i (Nikon, Tokyo, Japan). 
Counts were performed on at least 20 randomly chosen micro-
scopic fields (x40) and at least 300 nuclei were analyzed.

TEM. The presence of autophagosone vacuoles in HeLa 
cells was investigated with a transmission electron microscope 

Figure 6. (A) Electron microscopy (TEM) micrographs of HeLa cells at 8 h of recovery post PDT treatment 
(a and b) showing the presence of autophagosomes. Arrows show examples of autophagosomes with 
the typical lamellae formation. In (b) is shown a representative autophagosoma with degenerating ma-
terial. Bars = 0.5 μm. (B) Fluorescence microscopy micrographs of Monodansylcadaverine (MDC) (0.05 
mM) labeled control HeLa cells (a) and PDT-treated cells at 8 h of recovery (b); bars = 10 μm.
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adding 20 μl of 20% SDS; the minimal fluo-
rescence (F

min
) value was determined by adding 

20 μl of 0.5 M of EGTA solution, pH 9.0. The 
cytoplasmic Ca2+ concentration at time t was cal-
culated by using the software of the fluorimeter 
with the calculated dissociation constant (K

d 
= 

224 nm) for the Fura-2-Ca2+ complex, according 
to Grynkiewicz equation:25

[Ca2+, nM]
t 
= K

d
 (F

t
 - F

min
)F

min,380
/(F

max
 - F

t
)

F
max,380

where F denotes the time course of the florescence 
at 510 nm after dual excitation at 340/380 nm 
and F

380
 is the fluorescence at 510 nm after excita-

tion at 380 nm.
Cell death inhibition. In cell death inhibition 

experiments, apoptosis was inhibited by using pan-
caspase inhibitor z-VAD (20 μM, R&D System, 
Minneapolis, MN, USA) and necrosis by using 
Necrostatin-1 (300 μM, Santa Cruz Biotechology, 
Inc., Santa Cruz, California, USA). The cell death 
inhibitors were added alone and in presence or 
absence of both inhibitors 30 minutes before pho-
todynamic treatment, during RBAc treatment (1 h 
incubation) and after irradiation during recovery 
times (8, 12 and 24 h) in a 5% CO

2
 humidified 

atmosphere at 37°C. Dead cells were evaluated by 
using the AnnexinV/PI and MDC staining.

Annexin V/PI staining. Dead cells were detected 
by using AnnexinV-FITC Apoptosis Detection 
Kit (Sigma St. Louis, MO, USA). Cells were 
rinsed twice with PBS 0.2 M pH 7.4 and incu-
bated for 10 min in complete culture medium 
containing 0.5 μg/ml FITC-conjugated Annexin 
V and 2 μg/ml Propidium Iodide (PI). Dead cells 
were recognized with a fluorescence microscope 
Eclipse 80i (Nikon, Tokyo, Japan) for their posi-
tivity to Annexin V, that binds the phosphatidyl-
serine residues translocated to the outer leaflet of 
the plasma membrane. Early apoptotic cells were 
only stained by Annexin V-FITC, necrotic cells 
were simultaneously stained by PI and Annexin 
V-FITC and living cells were not stained. Counts 
were performed on at least 20 randomly chosen 
microscopic fields (40x) and at least 300 cells were 
analyzed.

Statistical analysis. The two-tailed Student’s 
t-test was used to analyze differences between 
controls and treated samples. Data are presented 
as mean value ± SD and all tests were performed 
at the 0.05 significance level.

Figure 7. Time course of apoptosis of HeLa cells following RBAc-PDT. Cells were sub-
jected to RBAc-PDT (10-5 M RBAc, 1 h, 1.6 J/cm2, 90 sec) in the presence of pan-caspases 
inhibitor (z-VAD) and necrosis inhibitor Necrostatin-1 (Nec-1). (A) Percentage number of 
Annexin V positive control and RBAc-PDT treated HeLa cells (i.e., apoptotic and autopha-
gic dead cells). (B) Percentage number of Propidium Iodide (PI) positive control and RBAc-
PDT treated HeLa cells (i.e., necrotic dead cells). (C) Percentage number of Monodansyl-
cadaverine (MDC) positive control and RBAc-PDT treated HeLa cells (i.e., autophagic dead 
cells). The fractions of dead cells were determined at 8, 12 and 24 h after irradition. At 
least 500 cells per samples were counted. Values are the average ± SD of three indepen-
dent experiments. Results that are significantly different (p < 0.05) between the samples 
are indicated by different characters above the columns. *values RBAc-PDT are signifi-
cantly different (p < 0.05) with respect to control values.
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