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Photodynamic Therapy (PDT) is a non-invasive treatment for diﬀerent pathologies, cancer included, using three key components:
non-toxic light-activated drug (Photosensitizer, PS), visible light, and oxygen. Their interaction triggers photochemical reactions
leading to Reactive Oxygen Species (ROS) generation, that mediate cytotoxicity and cell death. In the present paper, the most
important findings about the synthetic dye Rose Bengal Acetate (RBAc), an emerging photosensitizer for its eﬃcient induction
of cell death, will be reported with the aim to integrate RBAc phototoxicity to novel therapeutic PDT strategies against tumour
cells. After its perinuclear intracellular localization, RBAc causes multiple subcellular organelles damage, that is, mitochondria,
Endoplasmic Reticulum (ER), lysosomes, and Golgi complex. Indeed, RBAc exerts long-term phototoxicity through activation of
both caspase-independent and- dependent apoptotic pathways and autophagic cell death. In particular, this latter cell death type
may promote cell demise when apoptotic machinery is defective. The deep knowledge of RBAc photocytotoxicity will allow to
better understand its potential photomedicine application in cancer.

1. Introduction
The cancer cells acquire during tumorigenic process specific
functional capabilities: self-suﬃciency in growth signals,
insensitivity to antigrowth signals, evading cell death, limitless replicative potential, sustained angiogenesis, tissue
invasion, and metastasis [1]. Moreover, potential hallmark of
cancer is immunosurvillance avoidance [2], allowing tumour
cells to escape the innate and adaptive immunoresponse.
Conventional cancer therapies are based primarily on
cell death induction, aﬀecting not only cancer cells, but
also immune cells, leading to immunosuppressive eﬀects.
In fact, chemotherapy and ionizing radiation delivered at
doses suﬃcient to destroy neoplastic cells are toxic to the
bone marrow, causing neutropaenia and other forms of
myelosuppression. In parallel with destruction of tumour
cells, the ideal cancer therapy should trigger an immune
response directly to recognize and destroy all remaining
tumour cells both in the primary tumour area and in distant
micrometastases.
In this context, PDT is a promising cancer therapy for
its eﬃciency in cell death induction and high selectivity for

tumour cells. PDT is a binary therapy based on a two-step
combination of two non-toxic elements in presence of O2 :
the selective uptake of a photoactive drug (PS) by tumour
cells and irradiation with appropriate wavelength light, easy
directionable to get the therapeutic eﬀect only on neoplastic
lesion and able to trigger photochemical reactions leading
to the generation of singlet oxygen (1 O2 ) and other ROS
[3].
Compared to traditional pharmacological or surgical
cancer therapies, PDT presents important advantages: it is
not invasive, does not require local or general anaesthesia,
may be used to treat many superficial located or widespread
lesions, can be applied independently on the age or concomitant diseases of the patient. The duration of treatment
is short, no hospitalization is needed, and treatment can be
repeated in case of recurrence.

2. Mechanisms of PDT
PDT is an emerging treatment used to eradicate premalignant and early-stage cancer and reduce the tumour size in
end-stage cancers.
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The first attempts to use photoactive drugs and light to
treat skin diseases, such as vitiligo, rickets, psoriasis, and
skin cancer date back to ancient Egyptians, Chinese, and
Indians [4]. Over the last 50 years, starting from 1960 when
Lipson and Baldes demonstrated regression of tumours after
administration of porphyrins and visible light exposure [5],
several studies were performed to understand the mechanisms involved in cell killing after photodynamic treatment.
In 1978, Dougherty et al. demonstrated the successful
application of PDT for cancer treatment [6], suggesting it
as a very interesting experimental tool for the detection and
treatment of lung, esophagus, colon, peritoneum, pleura,
genitourinary tract, brain, eye, and skin tumours. In Canada,
Japan, France, the Netherlands, Germany, and the United
States (US), PDT is approved (in US by the Food and Drug
Administration, FDA) for treatment of selected malignancies
[7].
The mechanism of PDT action involves three key components: PS, light (wavelength appropriate for the PS), and
tissue oxygen. The combination of these three components
leads to the killing of tumour cells.
PDT-mediated tumour destruction is multifactorial: (1)
direct tumour cell kill, (2) damage to the vasculature, and (3)
rapid recruitment and activation of immune cells that can
facilitate development of antitumour adaptive immunity [8–
10] (Figure 1).
2.1. Photosensitizers, Light Source, and ROS Production. PSs
are non-toxic drugs or dyes administrated either systemically,
locally, or topically to patients bearing a lesion (frequently
but not always cancer), which, by the illumination of the
lesion with visible light in presence of oxygen, generate
cytotoxic species leading to cell death and tissue destruction
[11]. Eﬃcient photosensitization primarily depends on
physico-chemical properties of the PS, such as chemical
purity, specific localization in neoplastic cells, suﬃciently
long residence time, short time interval between the administration of the drug and its accumulation in tumour cells,
rapid clearance from normal tissues, activation at wavelength
with optimal tissue penetration, high quantum yields for the
generation of singlet oxygen, and lack of dark toxicity.
Hematoporphyrin derivative (HPD) or Photofrin was
the first studied PS for clinical PDT. The majority of PSs,
used for both clinical and experimentation, are derived
from the tetrapyrrole aromatic nucleus present in natural
pigments, such as heme chlorophyll and bacteriochlorophyll.
A second group of PSs is represented by Phtalocyanines
(PC). Another group of potential PSs includes completely
synthetic conjugated pyrrolic ring systems, that comprise
structures such as texaphyrins [12], porphycenes [13], and
sapphyrins [14]. A last group of PSs are non-tetrapyrrolederived naturally occurring (e.g., hypericin) or synthetic dyes
(toluidine blue O and Rose Bengal) [15–17].
Photodynamic treatment strictly depends on the light
source and light delivery. The choice of light source is,
in turn, aﬀected by the location of the tumour, the light
dose delivered, and the PS used. Light sources employed in
PDT are lasers, lamps, and Light Emitting Diodes (LED).
In contrast to lamps, lasers allow the exact selection of
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wavelengths and the precise application of light. On the other
hand, LED would oﬀer several advantages for clinical and
laboratory use: the choice of emission wavelength ranges
from UVA (350 nm) to near infrared (1100 nm), while the
band-width is 5–10 nm, and the power output can provide
up to 150 mW/cm2 over an area of approximately 20 cm2 .
The main characteristics of LED use are price and versatility
in light delivery on diﬃcult anatomic area [18].
The eﬃcacy of photosensitization is directly related to the
amount of oxygen within the tumour and its environment
that, in turn, depends on the concentration of oxygen in the
tissue [19].
Upon irradiation, the PSs create a photodynamic reaction based on photophysical and photochemical reactions
[3]. In particular, the PS in the ground state absorbs light
and is activated to the single excited state with a short halflife ranging from 10−6 to 10−9 seconds. The singlet excited
PS either decays back to the ground state, giving oﬀ energy
in form of fluorescence or vibrational energy (photophysical
reaction) or undergoes intersystem crossing to the longer
lived (10−3 seconds) triplet excited state (photochemical
reaction). The interaction of the triplet sensitizer with
surrounding molecules results in two types of photooxidative
reactions exploited in photodynamic treatment. In type I
pathway, the triplet excited PS reacts with a substrate, such
as plasma membrane and transfers an electron or hydrogen
atom producing radical forms. These intermediates may
react with oxygen to form peroxides, superoxides ions, and
hydroxyl radicals (known as ROS), which initiate free radical
chain reactions. Alternatively, type II reactions involve the
transfer of triplet PS energy directly to molecular oxygen
to form excited-state singlet oxygen, the most important
reactive specie in PDT-mediated cytotoxicity [20]. Type I and
II reactions can occur simultaneously and their ratio depends
on the type of PS, substrate and oxygen concentration.
ROS can also be a byproduct of cellular metabolism
involved in cell development, growth, survival, cell death,
aging, drug metabolism, and cancer development [21, 22].
Under these physiological conditions, a series of antioxidative defense systems overcomes the ROS potential toxicity:
intracellular SuperOxide Dismutase (SOD), catalase, and
glutathione peroxidase [23]. The balance between ROS
generation and antioxidative defense level is crucial for cell
viability.
It is known that the cancer cells are frequently deficient in
antioxidative defense systems reflecting a high vulnerability
of tumour cells to ROS [24]. This characteristic is exploited
by conventional chemotherapy associated with unexpected
or systemic side eﬀects since one of its main disadvantages is
the little selectivity. Conversely, as above reported, PDT has a
higher cancer therapeutic eﬀect than chemotherapy because
it involves the administration of a drug which not only
preferentially localizes in cancer cells, but also is activated
upon irradiation leading to photooxidative reactions.
2.2. Rose Bengal Acetate. Rose Bengal (4,5,6,7-tetrachloro2 ,4 ,5 ,7 -tetraiodo-fluorescein disodium or RB) is a wellknown type II photosensitizer and, thanks to the presence
of several chlorines and iodines on the xanthene rings,
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Figure 1: The mechanism of PhotoDynamic Therapy action on cancer cells. Upon irradiation with visible light of a specific wavelength,
the Photosensitizer (PS) is excited from a ground state to an excited state, which transfers its energy to tissue ground state triplet oxygen
producing singlet oxygen (1 O2 ), a very reactive chemical specie able to destroy a tumour by multifactorial mechanisms. PDT can directly
trigger tumour cells death by induction of apoptosis, autophagy, and necrosis, damage the vasculature, induce hypoxia, and rapidly recruit
immune cells, such as macrophages, dendritic cells, and granulocytes.

exhibits facile photocatalytic conversion of triplet oxygen
∗
(3 O2 ) to singlet oxygen ( 1 O2 ) [25–27]. This property is
achieved upon irradiation with green light [28], since it
has an extremely large cross-section in the green (EM =
99, 800 M−1 cm−1 at 549 nm in water) [29] that is only mildly
aﬀected by local environment [26].
As a photosensitizer, RB can be used to kill microorganisms such as viruses [30, 31], Gram-positive bacterial species
[32], and protozoa [33]. It can also induce photodynamic
eﬀects in vitro on red blood cells [34], cardiomyocytes [35],
and retinal pigment epithelial cells [36] and ex vivo in
nerve axon [37], corneal endothelium [38], heart [39], and
pancreatic acini [40].
Because of its anionic nature, at low concentrations, RB is
inhibited from crossing cell membranes and entering cells in
the absence of a carrier [41]. Thus, to favour its intracellular
accumulation, several RB hydrophobic derivatives (e.g.,
acetate or phosphate) have been developed [42].
Addition of acetate groups to the xanthene ring converts
the molecule RB into a fluorogenic substrate derivative,
RBAc (Figure 2), making it more hydrophobic and improving the molecule’s ability to enter the cells.
At the same time, the photophysical (fluorescence emission) and photochemical (photosensitizing) properties of the
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Figure 2: Rose Bengal diacetate structure.

native PS are quenched. Once inside the cells, the acetate
groups are removed by cytoplasmatic carboxylic esterases
restoring the native structure as well as the fluorescence
and photosensitizing properties of RB. The intracellular
accumulation of RBAc depends on the equilibrium between
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three processes, that is, inactive RBAc influx, active RB
restoration, and RB eﬄux [17].
Restored photoactive RB molecules long persist inside
the cells, localizing in endosomes and then undergoing
intracellular redistribution, firstly, in the perinuclear region,
and finally in the Golgi apparatus and endoplasmic reticulum (ER) except in mitochondria [17, 43–48]. Intracellular
RB localization was studied by using fluorescence confocal
imaging and colocalization experiments based on organellespecific dyes in mouse B16 and in human A2780 cells [46] as
well as in C6 rat glioma cells and human HeLa cells [48].
In particular, colocalization of RB and Lucifer Yellow,
the marker of the fluid phase endocytosis, suggests that,
within a few minutes after treatment, RB is found first
in endosomal compartment [44, 47] and after 30 minutes
diﬀuses to perinuclear-polar localization. Simultaneously,
restored RB molecules were observed in ER as demonstrated
by colocalization with DiOC6 (3,3 -dihexyloxacarbocyanine
iodide) an ER marker [47]. The pattern of RB localization
does not change after longer incubation times. A dynamic
equilibrium in intracellular restored RB distribution is
achieved at 60 minutes of incubation, time chosen for in vitro
RBAc-PDT.
ROS production by RB is achieved upon irradiation by
visible green light, whose wavelength ranges between 530
and 560 nm. The minimally penetrating nature of such green
light makes RB particularly useful in many cutaneous lesions
and dermatological diseases.

3. Cell Death after RBAc-PDT
Following irradiation, PSs can induce organelle photodamage leading to Programmed Cell Death (PCD) (apoptosis,
autophagy, and necrosis) in relation to PDT parameters, that
is, PS type, its concentration and subcellular localization, and
the light dose [49].
HeLa cells photosensitized with RBAc-PDT at 10−5 M
and 1.6 J/cm2 green light die by multiple cell death mechanisms (i.e., apoptosis and autophagy) (Figure 3).
3.1. Apoptosis. Apoptosis is the best-studied form of Programmed Cell Death (PCD), playing a pivotal role in pathological and physiological conditions, such as development,
cellular homeostasis, and cancer [50]. It is an ATP-dependent
process with well-defined morphological and biochemical
features. At the morphological level, an apoptotic cell is characterized by chromatin condensation and fragmentation,
cell shrinkage, plasma membrane blebbing, apoptotic bodies
formation without plasma membrane breakdown, phosphatidylserine exposure on the outer leaflet of the plasma
membrane [51]. Apoptotic cells exhibit several biochemical
modifications, such as protein cleavage (e.g., PARP cleavage),
protein cross-linking, DNA breakdown (characteristic electrophoretic ladder), and phagocytic recognition [52].
A group of cysteine proteases called caspases leads the
apoptotic process, linking the initiating stimuli to the final
demise of the cell. All caspases, 14 members in human, are
synthesized as proenzymes or zymogens and are activated
in response to an apoptotic signal. Activated caspases
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cleave cellular substrates, leading to the biochemical and
morphological changes characteristic of apoptosis. Caspases
cleavage is an important hallmark of apoptotic death: the
activation of initiator caspases (e.g., caspase 8 and caspase9) leads to the activation of eﬀector caspases (e.g., caspase-3,
-6, and -7) and to the extensive morphological modifications
[53, 54].
The apoptotic changes in morphology following RBAcPDT have been largely documented [47, 48, 55, 56].
Rat C6 glioma and human HeLa cells treated with
10−5 M RBAc and irradiated with 1.6 J/cm2 green light
produce filopodia, and cytoplasm is vacuolised. In parallel,
in HeLa cells, extensive surface blebbing and loss of microvilli
occur. Cell morphology changes correlate with cytoskeleton
components rearrangement in photosensitized HeLa cells. In
particular, microtubules reorganize to form thick bundles
concentrated inside the blebs at longer recovery times; on the
other hand, also microfilaments form bundles parallel to the
plasma membrane and progressively thicker, especially at the
cell periphery for increasing post-irradiation times, allowing
cell detachment [57].
Moreover, photosensitized HeLa cells show enlarged,
swollen, and densely packed ER cisternae, clustered free
ribosomes, condensed chromatin, and fragmented nuclei,
around which mitochondria cluster becoming rounder and
larger with more densely packed cristae and enlarged inner
space. The Outer Mitochondrial Membrane (OMM) breaks
down, leaving a single layer of membrane with disorganized
cristae [48, 55].
Apoptotic mechanisms are very complex and sophisticated, involving an energy-dependent cascade of molecular
events. To date, apoptosis can be activated by several pathways: extrinsic or death receptor pathway, intrinsic or mitochondrial pathway, ER stress-mediated pathway, caspaseindependent pathway, and caspase-12-dependent pathway.
3.1.1. Extrinsic or Death Receptor Pathway. The extrinsic
pathway involves the binding of death ligands to their
specific cell surface death receptors (e.g., FasL/FasR, TNFα/TNFR1, Apo3L/DR3, Apo2L/DR4, and Apo2L/DR5) [58–
62]. Death receptors are normally found in monomeric form
on the membrane, and the binding with their specific ligands
determines the trimerization. The formation of the trimer
recruits, at intracytoplasmic level, several molecules of procaspase 8 (also known as FLICE) through the formation of a
complex called DISC (Death Inducing Signaling Complex).
The recruitment of pro-caspase 8 to DISC activates caspase
8 becoming able to directly cleave caspase 3, an eﬀector
protein, to complete the death program.
3.1.2. Intrinsic or Mitochondrial Pathway. The intrinsic pathway is triggered in response to both internal insults, such
as DNA damage, and extracellular signals or in the absence
of growth factors. It requires the Mitochondrial Outer
Membrane Permeabilization (MOMP) leading to release of
proapoptotic factors, such as cytochrome c. Once released
into the cytosol, cytochrome c oligomerizes with Apaf-1
(Apoptotic Protease Activating factor-1) and, in the presence
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Figure 3: RBAc-PDT-mediated photocytotoxicity in HeLa tumour cells. RBAc (Rose Bengal Acetate) crosses the plasma membrane localizing
in perinuclear region. Cytoplasmic esterases remove acetate groups and restore photoactive Rose Bengal molecules, producing ROS when
excited by visible green light at 530 ± 15 nm (Total dose 1.6 J/cm2 ). RBAc treatment induces cell death in HeLa cells by apoptosis and
autophagy in a time-related manner. The onset of apoptosis is sustained by four diﬀerent pathways. (1) Mitochondrial or intrinsic pathway:
Caspase 9 is the first activated caspase (2–8 h after irradiation). Cytosolic Bax monomers translocate to the OMM (Outer Mitochondrial
Membrane), Δψm (mitochondrial transmembrane potential) collapses and cytochrome c is released into the cytosol through pores formed
by Bax oligomers, Bax-associated PTPC (Permeability Transition Pore Complex), Bax-mediated lipid bilayer destabilization, and BaxtBid association. (2) Extrinsic pathway: ROS-mediated trimerization of death receptors (such as TNF-α) activates caspase 8 (8–12 h
after irradiation). (3) ER stress-mediated pathway: ER (Endoplasmic Reticulum) stress, marked by Grp78 (glucose-regulated protein 78)
upregulation and eIF2α (eukaryotic Initiation Factor 2 alpha) phosphorilation, early (1 h) after irradiation, mediates [Ca2+ ]i increment at
12 h and caspase 12 cleavage at 18 h after irradiation. (4) Caspase-independent pathway: release of apoptogenic factors from mitochondria,
following Δψm drop, triggers chromatin fragmentation without caspase 3 involvement. Autophagic cell death occurs at 8 h after irradiation.

of dATP or ATP, leads to the activation of pro-caspase
9 in a complex called “apoptosome.” Finally, caspase 9 is
released from the complex Apaf-1/cytochrome c and activates downstream caspases, such as 3, 6, and 7 [50].

[64, 65] or may interact with pro-apoptotic protein Bap31,
a 28 kDa integral ER membrane protein containing a cytoplasmic domain that preferentially associates with caspase 8
[66].

3.1.3. ER Stress and Caspase 12-Dependent Pathway. Caspase
12-dependent pathway appears to be triggered by various
stimuli that activate ER stress [63]. Caspase 12 is localized
at the cytoplasmic face of the ER and is cleaved by the
Ca2+ -dependent protease m-calpain. Once cleaved, caspase
12 activates caspase 9 without formation of apoptosome

3.1.4. Caspase-Independent Pathway. Mitochondria also
release proapoptotic proteins, for example, AIF (ApoptosisInducing Factor) and EndoG (Endonuclease G), able to
trigger apoptosis without caspase involvement (caspaseindependent pathway) by translocating to the nucleus where
they generate DNA fragmentation [67, 68].
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3.1.5. Apoptosis Regulation by Bcl-2 Family Members and
Ca2+ . Caspases activation is regulated by a variety of factors,
among which Bcl-2 family plays a pivotal role [69]. Bcl-2
family comprises anti- and pro-apoptotic, central regulators
of the intracellular apoptotic signalling cascades [70]. Due to
their ability to form homo- and heterodimers, these proteins
function either independently or together in the regulation
of apoptosis [71].
MOMP, in apoptosis, is primarily controlled by the Bcl2 proteins [50, 72]. The antiapoptotic Bcl-2 and Bcl-XL
proteins prevent the release of cytochrome c, while the
proapoptotic Bax, Bak, Bad, Bid, and Bim proteins favour
its release. Particularly, Bid is cut by caspase 8 in a truncated
form (tBid), which translocates from the cytosol to the OMM
where, together with Bax and Bak, it induces the release of
cytochrome c and other mitochondrial pro-apoptotic factors
[73, 74].
Apoptosis can be brought about by a loss of calcium
homeostatic control but can also be finely regulated, positively or negatively, by changes in Ca2+ distribution in
intracellular compartments. The calcium content of the ER,
the main store of intracellular calcium, determines the cell
sensitivity to apoptotic stress, that, in turn, depends on the
cells ability to transfer Ca2+ from the ER to the mitochondria.
In physiological conditions, Ca2+ is pumped into the ER by
SERCA ATPases and is released by the opening of inositol
1,4,5-triphosphate receptors (InsP3 ) [75] and continuously
cycles between the ER and mitochondria [76]. In fact,
the mitochondrial release of cytochrome c promotes Ca2+
conductance through InsP3 . Calcium release triggers, in turn,
a massive exit of cytochrome c from all mitochondria in the
cell, committing the apoptotic process [77].
Bcl-2 family members orchestrate apoptotic machinery
also by interfering with calcium flux between ER and
mitochondria. Particularly, Bcl-2 located in the ER and
in mitochondria enhances the store of Ca2+ likely by upregulating SERCA gene expression. On the other hand, Bax
and Bad promote opening of the voltage-dependent anion
channel, a component of the Permeability Transition Pore
Complex (PTPC), contributing to the release of cytochrome
c [78].
3.1.6. RBAc-PDT-Induced Apoptosis. The onset of the intrinsic, extrinsic, ER stress, and caspase-independent pathways
during PDT-induced apoptotic cell death has been largely
documented (reviewed in [8]).
RBAc-PDT is able to induce apoptosis in HeLa cells
through both caspase-dependent and independent pathways
[56, 79]. Moreover, during a time course of 72 hours
(h) post-irradiation, RBAc-PDT induces the independent
activation of multiple apoptotic pathways. Apoptosis occurs
as soon as 1 h after PDT by activation of intrinsic pathway,
regulated by Bcl-2 family members. Particularly, by opening
transition pore complex on the OMM, Bcl-2 pro-apoptotic
proteins promote the loss of mitochondrial membrane
potential (Δψm) and the consequent release, into the cytosol,
of cytochrome c, ending in the cleavage cascade of caspase
9 and 3. The loss of Δψm, examined by MitoTracker Green
and JC-1, fluorescent probes exhibiting potential dependent
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accumulation in mitochondria, occurs as early as 1–4 h after
PDT [55, 57, 80], although mitochondria are not the primary
target of RBAc. Relocation of Bax from the cytosol to the
OMM mediates the drastic Δψm drop, inducing mitochondrial membrane permeabilization (MMP), a crucial lethal
event after PDT. Particularly, Bax monomers inserted in
OMM form openings both homodimerizing and engaging
a close molecular cooperation with proteins of PTPC, such
as Adenine Nucleotide Translocator (ANT) or VoltageDependent Anion Channel (VDAC), and destabilizing lipid
bilayer [81].
Since Bcl-2 can prevent redistribution of Bax to mitochondrial sites, a signal for the loss of Δψm in HeLa cells
could be the dramatic and specific RBAc-photo-induced
oxidation of Bcl-2 with consequent loss of its function, as
suggested by decrement of Bcl-2 in the cytosol [79].
Bid also regulates the intrinsic pathway, acting as molecular cross-talk between extrinsic and intrinsic pathways.
Indeed, in HeLa cells committed to apoptosis by RBAc-PDT,
activation of caspase 8 occurs from 12 to 72 h when tBid
forms increase in membrane proteins pool and simultaneously Hsp70, negative regulator of the intrinsic pathway,
largely increases in the cytosol, displacing pro-caspase 9 from
apoptosome.
A caspase 12-dependent pathway is also induced in
HeLa cells. Caspase 12-dependent apoptosis is triggered
by ER stress, whose onset is proved by two ER stress
sensors, that is, eIF2α (eukaryotic Initiation Factor 2 alpha)
phosphorylation and GRP78 (Glucose Regulated Protein 78)
up-regulation [79]. ER stress acts as a critical control point in
several apoptotic pathways activated by stimuli causing Ca2+
overload or its homeostasis perturbation [82]. In HeLa cells
[Ca2+ ]i , increment confirms the ER key role in RBAc-PDT
[79].
Finally, RBAc-PDT triggers apoptosis by a caspaseindependent pathway since incubation of RBAc-photosensitized HeLa cells with the pan-caspase inhibitor z-VAD
does not completely prevent apoptosis induction [79].
Accordingly, Bottone and coworkers reported in the same
experimental system the AIF translocation from the mitochondria to the nucleus from 24 to 72 h after irradiation
[56].
The damage of cellular components and the triggering
of several signalling pathways depend on the amount and
the site of ROS generation [83]. Particularly, cytotoxicity
of RBAc-PDT is ROS-mediated, and their generation is
upstream to all apoptotic events. In fact, in HeLa cells,
the amount of ROS after RBAc-PDT is threefold over
that of non-photosensitized ones soon after RBAc Photodynamic treatment [79]. ROS photogeneration provokes
delocalization and insertion of Bax on OMM [84] mediating
mitochondrial damage and the activating of the intrinsic
apoptotic pathway. Moreover, ROS play a role in the
trimerization of membrane receptors, favoured by binding
of RBAc to plasma membrane and the very short distance of
diﬀusion of singlet oxygen [85].
Interestingly, inhibition of one apoptotic pathway, that is,
caspase 9 (Z-LEHD-FMK), caspase 8 (Z-IETD-FMK), and
pan-caspases (Z-VAD-FMK), does not impair the activation
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of the others, suggesting the independent onset of these
pathways ensuring long-term photokilling [79].
3.2. Autophagy. Autophagy or Type II PCD is a self-degradative process for the removal and turnover of damaged
organelles and misfolded or aggregated proteins via the
endosomal-lysosomal system. Although autophagy is generally thought of as a cell survival strategy, it has also been
linked to PCD triggered by the metabolic and bioenergetic
collapse. On the basis of morphological studies, autophagic
cell death is characterized by the absence of chromatin
condensation and massive cytoplasmic vacuolization [86].
Autophagic vacuole formation and lysosome delivery define
three types of autophagy: macroautophagy, microautophagy,
and chaperone-mediated autophagy. The first type, conserved from yeast to mammals, is mediated by doublemembrane-bounded vacuoles, termed autophagosomes [87,
88]. The early autophagosomes derived from specialized
membrane cisternae of not yet clarified origin, called
phagophore, contributed by the ER and/or the trans-Golgi
and endosomes [89, 90]. The phagophore expands to enclose
cellular cargo, such as aggregated or misfolded proteins and
damaged organelles, resulting in the formation of the late
autophagosome. Then, the outer membrane of autophagosome fuses with a lysosome to form an autolysosome, leading
to the degradation of the sequestred cytoplasmic material
[91]. The whole process is ATP dependent and requires
cytoskeletal proteins to permit the movement of the vacuolar
system [92, 93].
In microautophagy, the lysosome itself takes up cytosolic
components through invagination of the lysosomal membrane [94]. Finally, Chaperone-Mediated Autophagy (CMA)
involves the direct translocation of cytosolic proteins containing the pentapeptide motif KFERQ across the lysosomal
membrane in a complex with chaperone proteins recognized by the Lysosomal-Associated Membrane Receptor 2A
(LAMP-2A) [95].
The most well-known inducer of autophagy is nutrient
starvation, but it can also be activated by other physiological
stress stimuli (e.g., hypoxia, energy depletion, ER stress, and
high temperature), hormonal stimulation, and pharmacological agents [96].
The role of autophagy in PDT-treated cells is controversial, but several studies suggest the relationship, probably
based on ROS generation, between autophagy and cell death
[97]. In fact, due to the high reactivity of photogenerated
ROS, autophagy is initiated to remove and degrade oxidatively damaged organelles and aggregated proteins produced
by photochemical reactions [98]. However, ROS can stimulate autophagy both to protect the cells or to commit them to
their final demise [99]. Autophagic cell death occurs in RBAc
photosensitized HeLa cells probably to eliminate damaged
mitochondria or ER, as demonstrated by TEM analysis
showing characteristic double membrane autophagosomes.
To date, the microtubule-associated protein Light Chain 3
(LC3), a mammalian homologue of yeast Atg8, is the widely
used marker for autophagosome: induction of autophagy
in RBAc-treated HeLa cells is supported by the conversion
of LC3BI (localized in the cytosol) to LC3BII (localized
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on autophagosome membranes) at 8 h after irradiation [79,
100].
It has been recently reported that intrinsic pathwayinduced apoptosis and ER damage-induced autophagy can
be simultaneously induced by PDT [101–103]. Interestingly,
in RBAc-PDT, the two forms (apoptosis and autophagy) are
activated independently at diﬀerent time points, ensuring
cell death when one of them is inactivated [79].
3.3. Necrosis. Necrosis or type III PCD is morphologically
characterized by cell and organelles volume swelling, cytoplasm vacuolization, plasma membrane breakdown, and
subsequent intracellular content loss resulting in an inflammatory reaction. Necrosis is considered as an accidental
and uncontrolled cell death modality, but recent evidence
indicates that it can also be regulated by specific signal
transduction pathways initiated by death domain and Tolllike receptors [104, 105]. If apoptosis is the preferential
cell death modality during PDT, a shift from apoptosis to
necrosis strictly depends on PDT dose (e.g., light dose and
PS concentration increment). Particularly, RBAc 10−5 M in
HeLa cells induces negligible necrosis only due to the absence
of apoptotic cell clearance by phagocytes. On the other hand,
limited necrotic cell death depends probably also on the
removal of ROS damage by autophagy [79].

4. Conclusions
Recent evidence indicates that PDT can evoke apoptosis,
autophagy, and necrosis, which could explain why, in some
experimental protocols, the specific inhibition of one death
mechanism is not suﬃcient to block PDT-mediated cell
death.
In the attempt to design new fluorogenic substrates useful in PDT, it is the goal to select PSs eﬃcient in inducing cell
death. The photosensitizer RB eﬃciently triggers multiple
cell death types, that is, apoptosis, autophagy, and necrosis,
occurring independently from each other. It is already well
known that RB has minimal side eﬀects, such as prolonged
photosensitivity, due to its photobleaching property [17] and
facile photocatalytic conversion [26] upon irradiation with
minimally penetrating green light [24]. This latter property
is particularly relevant for treatment of many dermatologic
conditions, such as psoriasis and actinic keratosis [106].
Recent findings suggest RB as a very promising PDT agent
since it ensures long-term cytotoxic eﬀects by inducing, at
diﬀerent time points, both apoptotic and autophagic cell
death. Moreover, considering that apoptosis is the preferred
mechanism to cell death in RBAc-PDT-treated HeLa cells,
the independent temporal activation of the diﬀerent apoptotic pathways ensures cell death when one or several of them
are inactivated. Then, the development of new therapeutic
protocols in PDT strictly depends on knowledge of the
molecular diﬀerences and cross-communication between the
diﬀerent cell death programs. For the clinical application of
PDT, it is crucial to set up the conditions inducing apoptosis
rather than necrosis. In fact, apoptotic programs entail
the rapid and safe clearance of dead cells by phagocytes;
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conversely, the removal of necrotic cells may be less eﬀective
and leads to the inflammatory response.
In addition, the clearance of killed cells is crucial for
in vivo PDT application, since a defective removal of dead
cells may be responsible for the alteration of immune system
responses leading to the onset of autoimmune diseases.
Moreover, the eﬃciency of clearance is strictly dependent
on cell death type induced. Thus, the knowledge of how
cancer cells die after PDT could also clarify the impact of
diﬀerent cell death PDT induced on the immune system
responses and therapeutic outcome. In conclusion, on the
basis of all above-reported data, RBAc is a powerful cytotoxic
PDT agent since it induces a long-lasting and time-related
cell death originating from or converging on multiple
damaged organelles, that is, mitochondria, lysosomes, Golgi
apparatus, and ER, independently from its first perinuclear
intracellular localisation (Figure 3).
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