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Abstract The aim of this study was to shown that the
photosensitizer in photodynamic therapy (PDT) can con-
tribute to the dark toxicity and phototoxicity of the
tumor by binding with copper. This binding process
can remove the copper from the body, stopping angio-
genesis as well as activating the mechanisms of cell
death, such as apoptosis and necrosis. In PDT, this
coupling may be considered a new route for fighting
cancer in addition to those already known which involve
reactive oxygen species.
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Introduction

Cancer is one of the leading causes of death in world-
wide (Kohler et al. 2011). Cancer treatments, such as
surgery, radiation, cytostatic chemotherapy, and photo-
dynamic therapy (PDT), are generally insufficient to
achieve full recovery and are associated with serious
side effects. Therefore, cancer treatments, including
PDT, can be toxic.

PDT is a complementary non-invasive modality used to
treat different types of cancers of the breast, skin, pancreas,
lung, neck, brain, head, intraperitoneal cavity, and prostate
(Al-Omari and Ali 2009). At the present time, PDT is not
only approved for tumor therapy, but it is also used to treat
other diseases, including scleroderma, psoriasis, and age-
related macular degeneration (Dolmans et al. 2003). PDT
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involves the use of a photosensitizer (PS), molecular oxygen
(O,), and light to selectively destruct unhealthy tissue (Al-
Omari et al. 2004; Ermilov et al. 2004a). After PS molecule
has been activated with the appropriate wavelength of light,
it generates reactive oxygen species (ROS) consisting main-
ly of singlet oxygen ('O,) (Allison et al. 2004; Al-Omari et
al. 2011). This cytotoxic agent damages the tissue only in
the local region of the PS, resulting in well-defined damage
of the area where light is applied (Roder et al. 2004).
However, PDT is more than a localized therapy as it can
cause the release of compliment and cytokines. During PDT,
the tumor is often primarily destroyed by ROS (Allison et al.
2004; Al-Omari and Ali 2009). 'O, is considered to be the
most significant cytotoxic agent involved in PDT (Kochevar
et al. 1996; Ermilov et al. 2004b), but other ROS, such as
hydroxyl radicals (OH") and the superoxide anion (O, ),
may also contribute to the biological damage (Dolmans et
al. 2003; Allison et al. 2004; Ermilov et al. 2004a; Al-Omari
and Ali 2009, 2010; Al-Omari et al. 2011).

Two types of photodynamic (PD) mechanisms are pos-
sible in the presence of O, (Dougherty et al. 1998). In this
context, the excited PS can react with O, (mechanism
type 1I) to generate 'O, or with solvent (mechanism type
I). The type I reaction is due to either proton or electron
transfer yielding radicals. However, in the absence of
light, the cytotoxicity of PS towards cancerous cells can
also occur during so-called dark cytotoxicity (Hornung et
al. 1999; Coutier 2001; Paul et al. 2003; Ahmed et al.
2004; Wieder et al. 2006; Kuan et al. 2009), which means
that neither 'O, nor other ROS were involved in the
tumor destruction mechanisms.

The aim of this study was to reveal and underline
PD mechanisms other than those involving ROS species
(neither type I nor type II mechanisms) responsible for
destroying tumors by PS in the absence or presence of
light.
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Principles of PDT

In PDT, cancer tissue is selectively destroyed by a combi-
nation of PS (photosensitizing drug) and light in the pres-
ence of O, (Dougherty et al. 1998; Dolmans et al. 2003;
Allison et al. 2004). The PS is first allowed to accumulate in
tissue for a period that typically ranges from 3 to 96 h
(Bonnett 1995), and then the unhealthy tissue is illuminated
by a suitable wavelength through a specialized optical sys-
tem, such as an optical fiber. The PS absorbs the light,
thereby generating the ROS 'O, in the presence of O,.
This kind of ROS generation results in damage to cellular
functions and vital structures and, consequently, the direct
destruction of the tumor tissue. Accompanying effects com-
prise the destruction of the cancer-associated vasculature,
which prevents the supply of O, to the cancer, and infiltra-
tion of macrophages, leukocytes, and lymphocytes into
PDT-treated tissue due to activation of the immune response
(Gollnick et al. 2004).

Most PSs used in PDT are cyclic tetrapyrroles (Berg et al.
2005). They have an extended conjugated p-electron system
which is responsible for a number of relevant electronic
properties in PDT. A PS has a high intersystem crossing
quantum yield and a long triplet lifetime; this results in a
high singlet oxygen quantum yield (Ermilov et al. 2005).
Various types of tetrapyrrolic compounds, such as phthalo-
cyanines, chlorins, porphyrins, and chlorins, are employed
as PSs in PDT (Berg et al. 2005).

Photophysical processes of photosensitization
Figure 1 presents the Jablonski diagram of the primary

photophysical processes involved in PDT. Upon absorption
of a photon of the appropriate energy (hv), the PS molecule is
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Fig. 1 Scheme of the primary photophysical processes of the photo-
sensitizer (PS) molecule and the photosensitized generation of singlet
oxygen ('0,). The other abbreviations are defined in the text (Section
Photophysical processes of photosensitization)
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excited from its ground state (Sy) to the first excited singlet
state (S;) or to higher excited singlet state (S,,) in which a fast
relaxation to S; often occurs (Al-Omari 2010a). The S, state
decays by a fluorescence emission pathway with rate constant
of kg or by a radiationless transition (internal conversion) with
rate constant of kjc or intersystem crossing (ISC) with a rate
constant of kjgc to the Sy or first excited triplet state (T),
respectively (Lakowicz 1999). The fluorescence quantum
yield (®g), which is an important parameter of PS, is calcu-
lated by the S;—S, transition. The ISC of the S;—T) transi-
tion is spin-forbidden. This prohibition for tetrapyrrolic
molecules is weak due to enhanced spin-orbit coupling
resulting in a high intersystem crossing quantum yield
(®1s5c) (Solovyov and Borisevich 2005). The lifetime of the
triplet state (Tr) is in micro- to millisecond range since the
transition from T, to S, is spin-forbidden. The long Tt is
needed for the following photo-induced chemical reactions,
which are in competition with phosphorescence emission
occurring at rate constant of k,. There are two types of
photodynamic reactions (Dougherty et al. 1998). An excited
PS in S; or T; can react with a solvent or substrate (type I
mechanism) or with O, (type II mechanism) to form 'O,. In
type I, hydrogen or electron transfer may occur in both di-
rections yielding radicals or radical ions.

The reactive intermediates which are generated, such as
hydrogen peroxide, hydroxyl radical (OH"), and hydroperoxyl,
also oxidate the biomolecules. This oxidation potential may
possibly result in cell death. However, these ROS simulta-
neously react with surrounding molecules, including the PS.
Consequently, the PS cannot be repeatedly activated. The
disadvantage of the type I mechanism is the low efficiency of
intermolecular reactions, which is attributed to the short life-
time of S; as well as the destruction of PS (Foote 1991). The
type Il mechanism for tetrapyrrolic PSs results in reactive 'O,
by energy transfer (kgt) from the excited triplet PS to O, (Fig.
1) (Al-Omari 2010b). An additional deactivation route of the
triplet state, one with a lower probability, is electron transfer
(ket) to O, to produce O, (Schweitzer and Schmidt 2003). It
should be mentioned that type I and type 1l mechanisms are
dependent on the concentration of O, in the close vicinity of
the PS.

Typical PSs used in PDT should have a high absorbance
between 600 and 900 nm as it is in this range where
biological tissue shows increased transmission and a high
singlet oxygen quantum yield (Allison et al. 2004).
Furthermore, it should show a low dark toxicity, which
means that PS is nontoxic without illumination.

Dark toxicity

As already mentioned, after the PS is excited by light of the
appropriate wavelength, 'O, and/or other ROS species are
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formed; these are the direct toxic agents responsible for cell
destruction in PDT. However, many researchers have reported
on the dark toxicity of PSs in the absence of illumination. These
results suggest that 'O, and other ROS species should not be
involved in the process of tumor destruction. In this framework,
Coutier (2001) observed the dark toxicity of 5,10,15,20-tetrakis
(m-hydroxyphenyl) chlorin (mTHPC) with 500-um diameter
Colo 26 spheroids. The sensitizations with 10 pgmL ™' of
mTHPC in the absence of illumination led to about 50 % cell
survival. The dark cytotoxicity of m-THPC has also been
observed in carcinoma cells of the human breast and in
Chinese hamster fibroblasts (Hornung et al. 1999). In another
study Ahmed et al. (2004) reported that the insertion of glyco-
syl units in a quaternized mono-pyridyl-triphenyl-porphyrin
derivative resulted in a decrease in dark cytotoxicity, compared
with cationic porphyrins with no glycosyl moieties. These
authors proposed an increase in targeting because of the inclu-
sion of the sugar residues. Paul et al. (2003) found that pheo-
phorbide a incubated with Jurkat cells was cytotoxic in the
dark. Moreover, dark cytotoxicity was found for compounds
of pheophorbide, human serum albumin, and pheophorbide
(Kuan et al. 2009). Wieder et al. (2006) reported the dark
toxicity of phthalocyanines covalently bound to biomolecules.
In that study, a dark toxicity for PS compounds was observed
when the PSs were present above certain concentrations.

These studies provide examples of the dark toxicity of
many PSs in addition to their phototoxicity. The conclusion
that can be drawn is that neither 'O, nor ROS species
(which are formed only in the presence of light) are involved
in the dark toxicity activities against cancerous cells but that
other mechanisms should exist. At the mechanistic level,
damage to the enzymes, plasma membrane, and cytoplasmic
organelles, as well as to nuclear structures and enzymes, has
been observed following the exposure of cells to PDT
(Kessel 1986; Moan 1986). The mechanistic action of
PDT in experimental cancer therapies is thought to comprise
direct damage to tumor vessels and direct killing of tumor
cells (Selman et al. 1984; Henderson et al. 1985). A better
understanding of the mechanism by which the destruction
occurs is needed in order to design the best drugs.

The role of copper in stopping tumor growth

Copper is an essential trace metal for humans and animals.
The amount of copper in an organism is strictly regulated
(Labbe and Thiele 1999). Angiogenesis, which is the growth
of new blood vessels from pre-existing ones, is essential for
supplying blood to cancers and therefore for tumor growth,
metastasis, and invasion (Eatock et al. 2000). It has been
demonstrated that cancers lacking a blood supply do not
grow larger than 1-2 mm® (Ryan and Wilding 2000). The
processes involved in angiogenesis that require copper as a

necessary cofactor are the stimulation of endothelial growth
by tumor cytokine generation, migration of endothelial cells
mediated by integrins, and degradation of extracellular ma-
trix proteins by metalloproteinases (Daniel et al. 2004).
High levels of copper have been found in many kinds of
human cancers of the brain, colon, lung, breast, and prostate
(Kuo et al. 2002).

Some anti-copper drugs have been tested in vivo (Brem
1999), of which the copper chelator of tetrathiomolybdate
(TM) is the most important. It has been found that TM is
effective in deactivating the growth of mammary tumors in
lung metastatic carcinoma in C557BL6/J mice and in
HER2/neu transgenic mice (Khan et al. 2002; Pan et al.
2002). These findings enhance the notion that copper con-
trol can be applied as an anticancer strategy.

Pyrrolidine dithiocarbamate (PDTC) and clioquinol (CQ)
have been found to be capable of binding nitrogen with
copper, forming new complexes that have apoptosis-
inducing activities in tumors and are proteasome inhibitors
(Kenyon et al. 2005), but which do not affect normal/non-
transformed breast cells. Further, tumor breast cells and
premalignant cells which contain high concentrations of
copper are sensitive to treatment with CQ or PDTC alone
(Kenyon et al. 2005). In order to explain this behavior, these
authors suggested that targeting elevated copper should be
cancer specific and that the formation of a complex of an
active antitumor proteasome inhibitor between PDTC or CQ
and tumor cellular copper is a new strategy that has a great
potential in breast cancer therapies.

Interaction of PSs with copper

Copper is an essential cofactor in the synthesis of a number
of enzymes involved in physiological processes in the hu-
man body. In their study on light-emitting molecular de-
vices, Amendola et al. 2006 used fluorescent sensors for
monitoring copper concentration in vitro and/or in vivo.
There authors observed that upon binding with copper, the
several fluorescent sensors being tested were found to un-
dergo fluorescence enhancement or quenching fluorescence.

Porphyrins (tetrapyrrolic PSs) have been intensively used
as PSs due to their property of tunable fluorescence emis-
sion, high absorption coefficients in the visible region, and
high stability against light and chemical reactions (Purrello
and Gurrieri 1999). Deviprasad and D’Souza (2000) ob-
served that at the moment of the coupling interaction be-
tween copper and a porphyrin compound, the fluorescent
sensor 5-[p-N,NO-bis(2-pyridyl)amino]phenyl-10,15,20-tris
(p-methoxyphenyl) porphyrin zinc exhibited great selectiv-
ity for ionic copper (Cu®") and showed fluorescence
quenching with an “on-off” type switching property. The
fluorescence of that PS was retrieved by adding a EDTA
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disodium solution to the reaction. Fluorescence quenching
was also observed when the acetone solution of pheophytin-
a was mixed with an aqueous solution of Cu*" (Hu et al.
2009). The fluorescence quenching in that study was used as
a method to quantify the concentration of Cu®" by measuring
the fluorescence intensity of the pheophytin a solution. On the
other hand, fluorescence enhancing was observed for the
supramolecular self-assembly of the porphyrin—fluorescein
hybrid with copper(Il) compounds of the 5-(p-amino-phe-
nyl)-10,15,20-triphenylporphyrin system (Lu et al. 2004).
Furthermore, in another study, upon adding various metal ions
(e.g., Na**, Cr >, Mg2+, Fe?’, Mn?", Ni**, Agt, Zn*", Co*",
Cd**, Hg*", and Cu®") to zinc porphyrin—dipyridylamino
solutions, only copper showed a high selectivity to the PS,
causing quenching of the fluorescence signal upon binding
with the PS (Weng et al. 2007). Copper plays an essential role
in tumor progression and development (Di Vaira et al. 2004).
Pan et al. (2002) noticed elevated levels of copper in several
types of human tumors and that copper, but not other metals,
was the essential cofactor for cancer angiogenesis. Metal
chelators have been successfully used to suppress metastasis,
angiogenesis, and tumor growth (Ding et al. 2005).

Pyropheophorbide-a derivatives (tetrapyrrolic PSs) were
developed as anticancer drugs for applications in PDT, and
the role pyropheophorbide-a methyl ester (PPME) has been
investigated (Al-Omari et al. 2008; Al-Omari and Al-Noaimi
2010). The tumor selectivity of anticancer drugs is an impor-
tant therapeutic issue (Brewer 2001). Therefore, it is important
to distinguish between the normal and cancerous cells by
developing selective anticancer drugs.

Al-Omari and Al-Noaimi (2010) recently reported on the
interaction of 19 different metal ions, among which only
copper was capable to bind with PPME. This association,
which was represented by the fluorescence quenching of
PPME, occurred in the presence and absence of the light.
One possible conclusion that can be drawn from these findings
is that cancer tissue with an elevated concentration of copper
can be targeted selectively by PPME following its injection
into the body. This indicates that PPME has dark toxicity and
phototoxicity due to the binding of copper—in addition to its
phototoxicity that results from the formation of ROS species
upon illumination (Al-Omari and Ali 2009, 2010).

A new route in PDT for tumor destruction based
on PS—copper interaction

There are two types of fluorescence quenching of PSs, name-
ly, static and dynamic quenching (Lakowicz 1999; Al-Omari
and Al-Noaimi 2010). The static quenching of fluorescence
occurs in the dark in the absence of light, while dynamic
quenching requires the PS to be excited by light. In both of
these types of fluorescence quenching, the fluorescence,
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physical, and/or chemical processes have to occur between
the PS and other molecules or ions for the quenching to occur
(Dolmans et al. 2003; Al-Omari et al. 2004; Allison et al.
2004). The interaction binding between Cu®" and PPME is an
example of such processes (Al-Omari and Al-Noaimi 2010).
In this study the static and dynamic quenching of fluorescence
were found for the association interaction between Cu®" and
PPME. Actually, since this coupling was assured (Al-Omari
and Al-Noaimi 2010) and PPME causes a dark cytotoxicity
against tumors (Almeida et al. 2004), the static quenching
should take part under the condition of dark cytotoxicity.
More general, the mechanism of static quenching between
PS and copper probably contributes to the dark toxicity
against the cancerous cells. This should be taken into consid-
eration when looking for the explanations for the dark cyto-
toxicity of PS, especially as neither 'O, nor ROS species
contribute to the dark cytotoxicity. Consequently, in contrast
to the usual interpretation of the dark toxicity that is based on
guesswork in many cases, it can be suggested that in PDT,
dark cytotoxicity is attributed to the binding of copper with
PS. Moreover, even in the presence of light, when the photo-
toxicity of PS is known to result from the generation of 'O,
and/or other ROS species, the coupling of PS with copper
should also be considered as contributing to the phototoxicity
via the mechanism of dynamic quenching.

What are the implications of these findings?

The recent progress of clinically effective angiogenesis in-
hibitors has resulted in initiating research on the combina-
tion of PS-PDT with such (anti-)angiogenic targeted
treatments (Ben-Hur et al. 1988). Clinical trial results have
been promising, causing a revival in the field of PS-PDT
(Fabbrini et al. 2006). Such combination therapies can help
to inhibit cancer recurrence.

Tumor angiogenesis not only provides a target for com-
bination therapy, but it is responsible for the altered tumor
vasculature with endothelial cells which have adapted to the
increased metabolic requirements of the cancer cells (Ben-
Hur et al. 1988; Dellian et al. 1995). The molecular make-up
of tumor cells is altered by this activated tumor endothelium
(van Beijnum et al. 2006), providing targets for selective
delivery of such drugs as PSs (Folli et al. 1994). The
selective targeting of the tumor vasculature by the binding
of PSs to molecules or antibodies which conjugate to
markers of this angiogenic endothelium is a challenge
(Folli et al. 1994). The aim of such methods is to increase
PDT efficacy while reducing healthy tissue toxicity
(Yarmush et al. 1993). The processes of angiogenesis needs
copper as an necessary cofactor (Daniel et al. 2004).

These findings improve our understanding of how PS,
through its binding with copper in PDT, contributes to the
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dark cytotoxicity and phototoxicity of the tumor. The binding
of copper with PS can result in the removal of copper from the
body (Fig. 2), thereby contributing to the cessation of angio-
genesis (Al-Omari and Al-Noaimi 2010). This new concept is
important in PDT because PSs can be used to trap vital copper
being moved outside of the cell during angiogenesis.
Therefore, the PDT process stops the growth of the tumor.
Furthermore, the apoptotic mechanism of cell death can start
with the coupling with copper in copper-binding proteins.

Based on these implications, we suggest that researchers
and clinicians should alter their thinking that PDT 'O, and
ROS species are the only factors directly responsible for
tumor destruction, and consider that the binding of PS with
copper can also contribute to this destruction.

Where are the binding sites of the copper—PS association?

It has been reported that there is a dark cytotoxicity when
the amino group of some PSs binds on the periphery of the
PS molecule and that this dark toxicity is absent when the
amino group is removed (Poland and Knutson 1982; Rancan
et al. 2005). In another study (Weng et al. 2007), the binding
site was also defined at the peripheral ring where the nitro-
gen atom is located. This behavior can be explained by
defining the reaction of coordinate bond as follows:

Cu’* + N — [CuN]** (1)

Here, the nitrogen atom is shared covalently by one of its
two nonbonding electrons with an empty orbital of Cu®". As a
result, copper is bound to the PS molecule on the periphery
where the nitrogen atom is positioned; therefore, PS becomes
cationic with charge of 2e (e is the electron charge). Since

Cell
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PS-Protein-Cu®
Caspase
activation Protemn
cleavage
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Removing
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Fig. 2 Generalization of the mechanisms of cell death in photodynam-
ic therapy to account for copper—PS binding. £R Endoplasmic reticu-
lum, PDT photodynamic therapy

these PSs were reported to have dark cytotoxicity (Rancan et
al. 2005; Weng et al. 2007), it can be concluded that static
quenching, which is a physical process, can, at least partially,
underlie this cytotoxicity. For many cases of coupling when
static quenching occurs in the absence of light, the dynamic
quenching of coupling also occurs in the presence of light
(Lakowicz 1999; Al-Omari and Al-Noaimi 2010). Hence, the
phototoxicity of copper coupling with PS should also be
present in addition to that results from the traditional routes
of phototoxic agents in PDT.

Alternatively, some PSs do not have nitrogen atoms on
their periphery, rather they have oxygen atoms (Al-Omari
2010a; Al-Omari and Ali 2009, 2010; Al-Omari et al. 2011).
The oxygen atom can contribute by one of its two pairs of
nonbonding electrons with an empty orbital of Cu®" to form
the dative covalent bond as follows:

Cu’* 4+ 0 — [CuO)** (2)

Thus, copper is coupled to PS by an oxygen atom on its
periphery; consequently, the PS becomes cationic with a
charge of 2e. The static and dynamic coupling of copper with
the PS of peripheral oxygen has been reported (Lakowicz
1999; Al-Omari and Al-Noaimi 2010). The PS molecule of
that study was PPME and it was incubated with different types
of cancer cells; both dark cytotoxicity and phototoxicity were
observed (Almeida et al. 2004). If we correlate the results of
the reference study (Al-Omari and Al-Noaimi 2010) with
those from another study (Almeida et al. 2004), it might be
deduced that in addition to ROS causing the death of cancer
cells, the binding of copper to PPME can also cause, at least
partially, the death of cancer cells. Generally, whenever the
binding between PS and copper is achieved, it should be taken
into consideration that this coupling can be responsible, at
least partially, for the dark toxicity and phototoxicity.

Generalization of the mechanism of the cell death
in PDT to account for copper-PS binding

The well-documented mechanisms of cell death in PDT
(Poland and Knutson 1982; Almeida et al. 2004) can be
summarized as follows (Fig. 2). Generated free radical attacks
on the cellular membrane cause a loss of membrane integrity
followed by necrotic death. A similar attack on the endoplas-
mic reticulum leads to an increase in intracellular Ca>", which
can by the activation of calcineurin induce apoptosis, resulting
in the dephosphorylation of the pro-apoptotic bcl-2-associated
death promoter (BAD) protein. BAD then migrates to the
mitochondria and induces the release of cytochrome c,
following which high intracellular Ca®" and cytochrome
c activate the caspase cascade, resulting in DNA cleavage and
damage to intracellular proteins.
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Based on the above discussion and findings of Al-Omari
and Al-Noaimi (2010), the aforementioned mechanisms of cell
death can be generalized by adding a new mechanism that
includes (Fig. 2) the binding of copper with PS outside of the
cell during angiogenesis. This binding of copper stops the
process and removes copper from the body. Moreover, the
apoptotic mechanism of cell death could start in the cell through
the coupling with copper in copper-binding proteins (Fig. 2).

Conclusions

We have shown that in PDT, binding of the PS with copper
may contribute to the dark cytotoxicity and phototoxicity of
the tumor. Copper may be part of the dark toxicity, but it may
also be specific to a certain PS. As the same receptors are on
normal tissues/vasculature, dark toxicity may also easily occur
in normal tissues. Therefore, PS in PDT is designed to selec-
tively target the diseased tissue. The coupling of copper by PS
means that this process could remove the copper from the
body thereby stopping tumor angiogenesis. Furthermore, the
mechanism of cell death, such as apoptosis and necrosis, can
start by the coupling of copper with PS in copper-binding
proteins. It is also possible that dark toxicity can also be due to
more factors than just copper.

We should change our thinking about 'O, and ROS
species being the only responsible factors in PDT for tumor
destruction, but rather that the binding of PS with copper
can also contribute this destruction.

Conflicts of interest None.
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