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ABSTRACT
Metallo-phthalocyanines due to their photophysical characteristics as high yield 

of triplet state and long lifetimes, appear to be good candidates for photodynamic 
therapy (PDT). Complexes with diamagnetic metals such as Zn2+, Al3+ Ga3+ and In3+ 
meet such requirements and are recognized as potential PDT agents. Clinically, 
Photofrin® PDT in neuroblastoma therapy proved in pediatric subjects diagnosed with 
progressive/recurrent malignant brain tumors increased progression free survival 
and overall survival outcome. Our study focuses on the dark toxicity testing of a 
Chloro-Indium-phthalocyanine photosensitizer (In-Pc) upon SH-SY5Y neuroblastoma 
cell line and its experimental in vitro PDT. Upon testing, In-Pc has shown a relatively 
high singlet oxygen quantum yield within the cells subjected to PDT (0.553), and  
50 µg/mL IC50. Classical toxicological and efficacy assessment were completed with 
dynamic cellular impedance measurement methodology. Using this technology we 
have shown that long time incubation of neuroblastoma cell lines in In-Pc (over 5 
days) does not significantly hinder cell proliferation when concentration are ≤ 10 µg/
mL. When irradiating neuroblastoma cells loaded with non-toxic concentration of In-
Pc, 50% of cells entered apoptosis. Transmission electron microscopy has confirmed 
apoptotic characteristics of cells. Investigating the proliferative capacity of the in 
vitro treated cells we have shown that cells that “escape” the irradiation protocol, 
present a reduced proliferative capacity. In conclusion, In-Pc represents another 
photosensitizer that can display sound PDT properties enhancing neuroblastoma 
therapy armentarium.
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INTRODUCTION

Metal-based phthalocyanines are currently used in 
industrial applications, but these compounds have also 
properties that make them prospective photosensitizers. 
Compounds with photosensitizing properties, produce 
reactive oxygen species upon exposure to light, 
inducing apoptosis/necrosis pathways and having a 
long time history in photodynamic therapy (PDT)
[1, 2]. In cancer, PDT is already approved in several 
pathologies and the race of designing new and more 
efficient photosensitizers (PS) is on. PDT implies the 
use of three mandatory elements: light, oxygen and a 
photosensitizer [3]. Hence PDT consists in application 
of the PS, whether systemic or topical, and after a time 
interval, in low light, PS accumulates in the tumor tissue. 
Subsequently, PS’s accumulated molecules will be 
activated upon irradiation with a particular wavelength 
laser light inducing photochemical and photophysical 
processes. These processes reside in the energy transfer 
to the nearby oxygen, transfer that generates reactive 
oxygen species (mainly singlet oxygen, hydroxyl radical, 
and superoxide anions). As a consequence an oxidative 
stress induced by PDT is generated, cellular organelles 
and membranes become damaged, a process known as 
tumor photodamage. Moreover, singlet oxygen induces 
also blocking of the blood supply to the tumor, by 
microvascular acute injury and blood vessel blockage 
[4–8]. Phthalocyanines as PSs have the ability to use 
a highly conjugated delocalized π-electrons system 
and, having an increased structural flexibility, enable 
them to accommodate different substitution groups 
in the peripheral position of the Pc ring or to be the 
subject of different transition metals insertion. Metallo-
phthalocyanines (MePcs) due to their photophysical 
characteristics have high yield of triplet state and long 
lifetimes. Complexes with diamagnetic metals such 
as Zn2+, Al3+ and Ga3+ meet such requirements and are 
recognized as such [9, 10]. The insertion of heavy metals 
enhances the inter-system crossing rates. This is important 
because triplet lifetimes are significantly longer than 
singlet lifetimes, and the triplet-triplet transition has an 
enhanced absorption compared to corresponding singlet-
singlet transition [11]. 

In comparison with aluminium derivatives, the 
chemistry of indium phthalocyanines is less investigated. 
Introducing heavy metal in the complex provides increased 
quantum yields of triplet state and singlet oxygen, 
increasing hence its photodynamic properties [12]. 

Choosing indium as a central metal is important 
because in its (bio)compounds, indium holds the oxidation 
state In3+ which allows an axially chemical substitution 
forming complexes that are very promising for future PDT 
applications [13]. Chloride Indium (III) phthalocyanine 
derivatives (In-Pc) having chlorine atoms at axial positions 

and bulky peripheral substituents have a low aggregation 
capacity in solution. All these taken together make In-Pc 
worth developing as PDT agent.

We have chosen this in vitro tumor model based 
on several clinical reasons. Therapy in this type of tumor 
is limited, literature focusing on neuroblastoma (NB) 
and PDT is scarce as in the last 20 years only a dozen of 
studies have been published. 

NB is frequent in childhood and infancy, being 
the most common extracranial solid  cancer [14]. A 
therapeutical protocol with Photofrin® and light energy has 
registered in pediatric subjects diagnosed with progressive/
recurrent malignant brain tumors an increased free survival 
and overall survival [14].The age-standardized incidence 
rate (ASR) of NB in Europe steadily increases and this 
tendency owes to the incidence in infants were 52.6 cases 
per million children are reported. The reported overall 
5-year survival is 59%, although several important steps 
were taken in therapy [15]. NB is a very heterogeneous 
disease spanning a wide range of clinical evolution, from 
low-risk disease with good outcome to difficult to treat 
high-risk disease even when multi-modal therapies are 
approached [16, 17, 18, 19].

All these arguments come in favor of studying the 
possibility to use phthalocyanine’s class of photosensitizers 
and to test them in neuroblastoma cell lines. Accordingly, 
our study focuses on the dark toxicity testing of a In-Pc 
photosensitizer upon SH-SY5Y cell line and its effect in 
experimental in vitro photodynamic therapy approach in 
order to establish the safety toxicological domain and its 
anti-tumoral efficacy.

RESULTS

Physical and chemical characterization

The absorption spectrum of In-Pc in DMSO solution 
was recorded. B-band (Soret) appears in ultraviolet 
light area (300–400 nm) - around 345 nm, and a strong 
absorption in Q-band (Q-band splitting) appears in visible 
and near-infra-red light region (600–800 nm) - at 635 nm 
and 685 nm. The studied complex was tested to act upon 
the Beer’s law for concentrations ranging from 0.5 to 
7 × 10–6 mol/L In-Pc (Figure 1).

The non-aggregation status of In-Pc was confirmed 
by the absorption spectra with a single Q band with high 
molar extinction coefficient (8.5 × 104 M-1.cm-1). Chlorine 
atom on axial position prevents dimerization/aggregation 
by restraining the overlap of two/many molecules in 
solution.

Singlet oxygen generation

We have investigated In-Pc for the singlet oxygen 
generation as the main reactive oxygen species inducing 
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damage on cell components. The complexes with non-
transition metal such as indium (III) are still insufficiently 
studied. We have used the DPBF photo-oxidation method 
to investigate the singlet oxygen formation (Figure 2) and 
to register it as singlet oxygen quantum yield (ΦΔ).For 
proving that In-Pc loaded in tumor cell that are subjected 
to irradiation is generating intracellular singlet oxygen, we 
have quantified this species in the in vitro cellular model 
(Table 1). Hence, when SH-SY5Y cells were loaded with 
In-Pc at 10 µg/mL and then irradiated, singlet oxygen was 
generated almost at the same level (0.533) with singlet 
oxygen generated in non-cellular model (0.603). When 
cells were treated with 5 mM sodium azide, a specific 
radical scavenger, we have obtained a reduction to 23% of 
the singlet oxygen generation (0.125), proving that, inside 
the cells the main generated oxygen species is singlet 
oxygen. As shown in previously published literature [20] 
singlet oxygen predominates for most photosensitizers. 
We have also shown that singlet oxygen is the primary 

reactive oxygen species generated by the excitation 
of photodynamic agents such as our In-Pc in in vitro 
experimental PDT.

Toxicological profile of In-Pc

Knowing that each cell type has particular behavior 
we have established in our system the best in vitro In-Pc 
concentration and incubation time for this particular cell 
line. We have assessed dark toxicity taking into account the 
release of lactate dehydrogenase (LDH), the proliferation 
capacity quantified both as end-point MTS reduction 
test and as dynamic impedance measurement. The entire 
procedure work flow was previously published by us in 
several approaches for various photosensitizers [21–23].

In our system, using neuroblastoma cell line, we 
have established that In-Pc starts to significantly hinder cell 
membrane only after prolonged incubation (after 24 h) and 
only at higher than 10 µg/mL concentrations (Figure 3A).

Figure 1: Absorption spectra of 1.38 × 10-4 M In-Pc in DMSO.

Figure 2: DPBF photo-oxidation due to the singlet oxygen formation of In-Pc.
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The assessment of neuroblastoma cells proliferation 
capacity shows that, at low In-Pc concentrations there are 
no statistically significant differences compared to control 
cells. We have registered a proliferation enhancement for 
cells incubated for 72 h at > 10 µg/mL In-Pc concentrations 
(Figure 3B). This result, as surprisingly it seems, was prior 
reported for MePc in other cellular systems [24] and we 
do not rule out that, at higher concentrations and longer 
incubation period, there are epi/genetic alteration that 
drive the process toward cellular proliferation. These are 
additional reasons to have the compound loading only up 
to 24 h.

In order to validate the proliferation results and 
to strengthen the dark toxicity assessment we have used 
impedance measurement of cells incubated for 5  days 
in the tested concentration range (Figure 4A, 4B).
The automated cell index (CI) shows a very interesting 
pattern developed by the cultivated neurons in presence 
of In-Pc (Figure 4B). Only after 72 h cultivation, the 
cell line displays different CI in the tested concentration 
range. 10 µg/mL concentration, further to be used in the 
experimental PDT, matches the control CI. An interesting 
situation was found at 2 µg/mL where this low In-Pc 
concentration hinders cell’s proliferation as measured by 
impedance assay.

In vitro experimental PDT

Neuroblastoma cell line loaded with 10 µg/mL non-
toxic concentration of In-Pc was subjected to experimental 
PDT as described in Material and Methods section. After 
irradiation, around 50% cells were still alive and the living 
cells were immediately cultivated for another 72 h. When 
investigating LDH release, we have registered a slight, 
non-statistically different increase of the release compared 
to control cells (Figure 5A). Although LDH release upon 
irradiation is not different, the registered proliferation 
decreases constantly upon cultivation (Figure 5B). Thus, 
after 48 h cultivation, the proliferation index has a mean 
of 0.6 compared to controls, this value being statistically 
significant compared to the proliferation of control cells 
(Figure 5B). 

When assessing the impedance measurement 
(Figure 6) as confirmation of the proliferative capacity 
of neuroblastoma cells subjected to experimental PDT, 

we have obtained a marked decrease of proliferation 
after 24 h of cultivation post-therapy. Automated CI 
obtained post-irradiation shows a 20 fold decrease in 
the cellular index for cells loaded with In-Pc after 24 h 
post-irradiation. This decrease is so marked that it can 
be registered immediately upon re-cultivation and, after 
24 h post-irradiation there were almost no cells that would 
continue to spread. As expected, we have registered also 
a 3 fold decrease of CI for non-irradiated but loaded cells. 
This last ascertain shows that even cells that “escape” the 
irradiation protocol, although alive (assessed by classical 
dye exclusion test) have a hindered proliferative capacity.

Finding out that cells have a reduced proliferative 
capacity we have investigated by light microscopy 
and transmission electron microscopy (TEM) subtle 
intracellular changes that can explain the obtained 
parameters (Figure 7). Thus semi-thin sections (700 nm 
thickness) of epon-embedded cells were stained with 
toluidine blue (Figure 7A). In contrast to control cells 
(Figure 7Aa) (normal shaped nucleus, often with 1–2 
nucleoli, normal cytoplasm), in the irradiated cells 
(Figure 7A b, c, d) presence of apoptosis was noticed: cells 
with many vacuoles, nuclei with indentations, abnormal 
distribution of chromatin at the periphery of nucleus, 
some cells with fragmentation the nucleus, shrinkage of 
cytoplasm, some apoptotic bodies and apoptotic cells in 
the late phase of apoptosis. 

Ultrathin sections (70 nm thickness) of control 
cells showed nuclei with nucleoli, normal mitochondria 
and plasmatic membrane without interruptions (not 
shown). TEM of irradiated cells showed different signs 
of apoptosis (Figure 7B), starting from early stages - 
including clusters of chromatin especially near the nuclear 
membrane, plasma membrane blebbing - to late-stages, 
with shrinkage, mitochondria with abnormal cristae, 
autophagic vacuoles, picnotic nuclei, absent nucleoli, 
apoptotic bodies. Some necrotic cells are also observed 
presenting cytoplasmic vacuolation, swollen mitochondria 
and generally disturbed organization, loss of plasma 
membrane integrity, chromatin condensation. The main 
cell changes observed by TEM in irradiated cells were 
apoptotic. Only few images of necrosis were identified. 
This means that irradiation dose was adequated, the 
balance between the two processes of cell death being in 
the favor of apoptosis. 

Table 1: Singlet oxygen generation in SH-SY5Y neuroblastoma cell line loaded with In-Pc and 
subjected to experimental PDT
Tested system ΦΔ

Non-cellular In-Pc in DMSO 0.605

Cells loaded with 10 µg/mL In-Pc and irradiated 0.533

Cells loaded with 10 µg/mL In-Pc, irradiated and treated with NaN3 0.125
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DISCUSSION

Photodynamic action in biological systems 
has some clear outlines. The accumulation degree is 
enhanced in tumor cells due to physiological differences 
in the neoplastic tissue compared to healthy one 
[25, 26]. Accumulation of the photosensitizer in the 

tumor cell depends both on the tumor type and on the 
photosensitizer properties, this accumulation taking 
place from 3 to 96 h. Then PDT can be performed with 
irradiation at a wavelength specific to the photosensitizer. 
Irradiation produces ROS, mainly singlet oxygen, 
actively destroying the tumor by inducing apoptosis or 
necrosis [27]. 

Figure 3: Viability and proliferation of SH-SY5Y cell in presence of In-Pc. (A) Viability of cell lines in presence of 0–20 µg/mL  
In-Pc (LDH quantification test from SH-SY5Y cell culture’s supernatants expressed as index of LDH release) p < 0.05 starting with 2 µg/mL;  
(B) Proliferation capacity of cell lines in presence of In-Pc in the range 0–20 µg/mL (MTS quantification test for SH- SY5Y cell culture’s 
supernatants presented as proliferation index); p < 0.05 at higher than 2 µg/mL concentration and only after 72 h of incubation.
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The most frequently used cell line matching 
neuroblastoma tumor is SH-SY5Y. The majority of PDT 
published studies regarding neuroblastoma cell line are 
concentrated on 5-aminolevulinic acid (5- ALA) as a 
photosensitizer [28]. This PS is actively engulfed in 
the first 6–8 h and then more slowly until 12 h [29]. 
Neuroblastoma cells are sensitive to 5-ALA PDT 
destruction in comparison to other cell lines [30]. On 
the contrast, other recent studies have shown that in 
comparison to other cell lines, carboxylated porphyrins 
are accumulating in a lesser extent in SH-SY5Y [28] 
which are less sensitive to ALA/MAL-PDT [31]. 
Balancing through these reports we have embarked 

in the study of In-Pc as possible future PDT drug in 
neuroblastoma.

Studies regarding the effect of central metal atom on 
the photodynamic activity of phthalocyanine dyes go back 
more than 25 years ago. MePcs display quantum yields for 
O2

− generation ranging from 10–5 (Zn-phthalocyanine) to 4.2 
× 10–4 (Ga-phthalocyanine) [32]. Moreover it was shown that 
the efficiency of generating O2

− was apparently uncorrelated 
with the dyes’ phototoxicity [32]. In our system we have 
shown that singlet oxygen was generated almost at the same 
level with singlet oxygen generated in non-cellular model, 
showing that singlet oxygen was the primary reactive oxygen 
species generated through in vitro experimental In-Pc-PDT.

Figure 4: Impedance measurement of SH-SY5Y cell in presence of In-Pc. (A) 5 days continuous registration of 2,000 cells/
well control cells (red), 10 µg/mL In-Pc (green); 50 µg/mL In-Pc (blue); representation of cell index normalized to 2 h as mean ± SD 
representation of each cell index; p < 0.05 between control/10 µg/mL concentration and 50 µg/mL concentration. (B) Cellular index for 
impedance measurements represented as automated CI for 2, 24, 48, 72 and 120 h of SH-SY5Y cultivation (p < 0.0001 comparing CI for 
120 h cultivation for all tested concentrations).
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Data regarding PDT usage of In-Pc does not abound. 
Thus, there is only a recent study reporting an efficient 
in vitro killing (> 60%) of A549 lung cells by In-Pc 
PDT [33]. In our neuroblastoma model, In-Pc actively 
destroyed 50% of the cells and hindered the proliferation 
of the remaining ones. This observation relies probably 
on more profound intra-cellular mechanisms that are 
deeply affected upon irradiation. The effect can be due 
to the well-known glioblastoma characteristic, namely 
the constitutive activation of the NF-κB, key regulator of 
various physiological processes such as cell proliferation 
or apoptosis. As data regarding PDT with In-Pc for 

glioblastoma are still missing, we can only extrapolate 
that NF-kB modulation could improve the efficacy of  
In-Pc-PDT as it was already published for ALA-PDT [34].

Cells subjected to PDT could undergo apoptosis 
or necrosis depending on the applied light dose, as in 
general a low light dose can induce a massive apoptosis 
while a high dose of light preferentially leads to massive 
necrotic effects [35]. As it is known that singlet oxygen 
targets among other biomolecules, nucleic acid bases 
[20], we can ascertain that the apoptotic mechanisms 
that were highlighted by us reside mainly on singlet 
oxygen generation upon experimental PDT. We 

Figure 5: Viability and proliferation of SH-SY5Y cell in presence of 10 µg/mL In-Pc and after experimental PDT (Hg 
lamp 375 nm with an interferential filter = 680 nm, at a distance of 30 cm; average irradiance 7 × 103 J/m2.s). (A) LDH 
release upon experimental PDT; (B) proliferation index upon experimental PDT; p < 0.005 for irradiated cells after 24 and 48 h post-
irradiation.
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always aim to induce apoptosis in our experimental 
approaches as apoptosis generates no deleterious side 
effects compared with necrosis which is mostly seen 
as a disadvantageous mechanism. Necrosis can lead to 
an uncontrolled extracellular release of biomolecules 
inducing an inflammatory milieu in the nearby tissue 
[36]. Moreover, apoptosis is important in inducing an 
immunogenic character of tumor cell as PDT leads to 
activation of an antitumor immune response by which 
some tumor cells are destroyed via cytotoxic T cells [33]. 
As a consequence, it is of great importance to know the 
underlying action mechanism of a new drug upon tumor 

cells killing in order to improve a certain therapeutic 
protocol [37, 38– 40]. By our PDT experimental procedure 
we could induce mainly apoptosis in SH-SY5Y cells. 
In- Pc induced in neuroblastoma cell line extensive 
apoptotic damage as investigated by TEM, as recently 
proven with other MePc in HeLa cells [41]. Another 
interesting issue in NB tumor is that it has a complex form 
of differentiation. Thus advanced cellular differentiation 
directly influences the susceptibility of NB to PDT. Hence 
hematoporphyrin uptake by undifferentiated SH-SY5Y cell 
line is lower by comparison with differentiated cells, but 
more susceptible to PDT-induced oxidative stress killing. 

Figure 6: Impedance measurement of SH-SY5Y cell loaded with 10 µg/mL In-Pc and after experimental PDT (Hg 
lamp 375 nm with an interferential filter = 680 nm, at a distance of 30 cm; average irradiance 7 × 103 J/m2.s). (A) 
Impedance measurement during 24 h post-irradiation of SH-SY5Y cells loaded with 10 µg/mL In-Pc. CI normalized at 1h post seeding in 
xCelligence E16 plates; (B) automated cellular index of irradiated cells loaded with 10 µg/mL In-Pc  and subjected to experimental PDT 
after 24 h of cultivation.



Oncotarget69726www.impactjournals.com/oncotarget

Undifferentiated cells are subjected to cycle arrest at G2/M 
phase, mitochondrial apoptotic pathway activation, and 
sustained phosphorylation of Akt/GSK-3β and ERK when 
subjected to ROS-generated by PDT [42]. The fact that 
one can modulate using PDT intracellular signalling that 
can enhance apoptotic pathways like in other brain tumor 
[43, 44] seems a good, clinically-friendly future approach. 

Furthermore, in the flow of preclinical research, 
establishing an animal model for experimental PDT in 
NB would be the next step for In-Pc as future therapeutic 
agent. Hence, the chorioallantoic membrane of fertilized 
chicken eggs is a simple model for studying PDT-induced 
effects using in  vivo  microscopy [45]. Advancing in 
animal models one can imagine that mouse strains (e.g. 

Figure 7: Imagistics of neuroblastoma SH-SY5Y cell line subjected to experimental PDT with 10 µg/mL In-Pc (Hg lamp 
375 nm with an interferential filter = 680 nm, at a distance of 30 cm; average irradiance 7 × 103 J/m2.s). (A) Semi-thin 
sections. Control cells (a). The most of cells have a normal shaped nucleus with 1-2 nucleoli, surrounded by cytoplasm. Irradiated cells 
(b, c, d).  The presence of apoptosis: cells with vacuoles (compact arrows), nuclei with indentations, abnormal distribution of chromatin 
at the periphery of nucleus (stars), late phases of apoptotic cells (arrows), apoptotic bodies (triangles), shrinkage of cytoplasm (white 
arrows). (Light microscopy, 60 × magnification with immersion.) (B) TEM images: apoptosis and necrosis are present in irradiated 
cells. The observed apoptotic changes (a-f) are: clusters of chromatin especially near the nuclear membrane (a, c, f), identated nuclei (b), 
plasma membrane blebbing (c), shrinkage (a, f), mitochondria with abnormal cristae (h), autophagic vacuoles (e), picnotic nuclei (c), 
absent nucleoli, apoptotic bodies (d). Necrosis (g-i) is present by cytoplasmic vacuolation, swollen mitochondria and generally disturbed 
organization, loss of plasma and nuclear membrane integrity, chromatin condensation.
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BALB/c or C57BL/6), are commonly used for in vivo 
models for PDT in melanoma, fibrosarcoma, lymphoma, 
or malignant glioma [46]. The PS concentration to be 
used in in vivo models should be tailored according to 
animal used, for instance in a study regarding PDT with 
ALA in rat glioma model (BT4C multicellular tumor 
spheroids) ALA was intra-peritoneally delivered in a 
dose of 125 mg/kg. Thus, the PS dose is to be tailored 
depending on animal model and should be correlated with 
other parameters essential for PDT efficacy, such as the 
rate of light delivery [47]. Also the nature of solvent used 
for PS administration is another factor to be considered, 
as the major downside of many potential PS is their low 
solubility in water and respectively in biological fluids 
[48]. An ideal delivering formula for PS should guarantee 
a stable dispersion of PS in aqueous systems, a lowermost 
quantity of adjuvants while therapeutic dosage of PS at 
tumor site remaining unaffected. By tradition, DMSO 
is preferred for obtaining PS soluble and stable in water 
and biological media [49]. Our In-Pc formula for in 
vitro assessment of SH-SY5Y was prepared taking into 
account the nature of PS, a stock solution in DMSO was 
prepared and further working solution in serial dilution in 
cell culture media was obtained, hence the final DMSO 
concentration in the tested In-Pc range doses was under 
1% (v/v), avoiding a toxicity which DMSO could exhibit 
in certain experimental conditions according to other 
published reports [50].

The further thorough investigations regarding In-Pc  
in cancer treatment are necessary as data concerning this 
type of PS in cancer therapeutics area do not abound as 
we already pointed out. Such fine explorations could 
be expanded both at biological and chemical level, 
this avenue being a tempting and pristine new one 
assessment in PDT field. Thus, at biological level our 
study discloses new possibilities for testing its efficacy 
in other cancers types such as malignant melanoma 
[51] or breast cancer [52], generally accessible tumors 
for delivering a particular PS in a targeted manner. In 
addition, the chemistry approaches of In-Pc prevails 
over its biological assessments and reach new levels by 
exploring for instance PEGylated poly(d,l-lactide-co-
glycolide) nanoparticles loaded with In-Pc in an attempt 
to increase the PDT efficacy using MCF7 breast cancer 
cell line [52]. Coupling In-Pc with antibodies could be 
another approach, a still insufficiently explored path 
in the quest for improving targeted delivery. Hence 
binding PS to specific tumor - antigens generates 
“photo-immunoconjugates” that could become 
nowadays an attractive strategy in PDT [53]. Studies 
could be expanded beyond cellular membrane as 
interaction of various Pc with DNA structures become 
an actual endeavor that could be extended also to 
metallated Pcs [54].

MATERIALS AND METHODS

Photosensitizer

Chlorine Indium (III) phthalocyanine (Aldrich 
Chemicals, USA) was purified by the sublimation 
technique using nitrogen gas as the carrier, and 
characterized by specific techniques as follows:1H NMR 
(d, Hz): 9.65 and 8.47 (8H). FTIR (KBr) (cm−1): 2950, 
1716, 1631, 1557, 1458, 1261, 1184, 1096, 1018, 971, 
850, 805, 747, 551. UV–Vis λmax (nm): 615, 561, 428  
(in NMP). MS: (m/z) (FAB+) 951. Elemental analysis for 
C60H60N4InCl, Calc.: C, 72.98; H, 6.12; N, 5.67. Found: C, 
72.85; H, 6.03; N, 5.72%.

1H NMR spectra were recorded at Bruker Avance-III 
spectrometer with 600.13 MHz frequency. Spectra were 
acquired at T = 298 K, in CDCl3. Chemical shifts were 
measured relatively to internal standard (tetramethylsilane, 
δ = 0.00 ppm).

UV-vis absorption spectra were recorded in 250– 900 
nm spectral regions with SPECORD M400, Carl Zeiss 
Jena spectrophotometer with double beam and equipped 
with a microprocessor. Quartz cuvettes with 0.5–2 cm 
optical path lengths and containing 1 ml of cell suspension 
each were used. The structure of the tested photosensitizer 
is presented in the Supplementary Material.

Singlet oxygen generation

The applied method uses singlet oxygen scavengers 
or quenchers. 1,3-diphenylisobenzofuran (DPBF) is 
known to be an exclusive and standard quencher in organic 
solvents. As soon as singlet oxygen is generated, it can be 
trapped in this singlet oxygen quencher. The disappearance 
of the quencher can be spectroscopically determined in air 
(no oxygen bubbled) using the relative method, reported 
by literature [55]. For all our measurements ZnPc has been 
used as reference [56] and DPBF as chemical quencher [57]:

where:

ΦΔ
Stdis the singlet oxygen quantum is yield for 

the standard, e.g. ZnPc; R DPBFand RDPBF
Stdare the DPBF 

photodegradation rates in the presence of a sensitizer 
under investigation and the standard respectively; Iabs and 
IStd

abs are the rates of light absorption by the sensitizer 
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and standard, respectively; ∆A, Dt, V and ε are change 
in absorbance, in irradiation time, volume and molar 
absorption coefficient; A is the fraction of absorbed light; 
I is the light intensity; S is the irradiated cell area (cm2); 
NA is Avogadro’s constant (mol-1).

As a control for singlet oxygen intracellular 
generation upon photoactivation, SH-SY5Y cells 
were treated with sodium azide (NaN3) 5 mM prior to 
irradiation. 5 mM NaN3 concentration is lower than the 
toxic level (10 mM) [58], and all the solutions have been 
used after only 1–1.5 h after preparation, in order to avoid 
azide toxicity [59].

Cell line and maintenance

SH-SY5Y, human neuroblastoma cell line, was 
obtained and authenticated from ECACC (ECACC 
catalogue no. 86012802). Cultivation was performed 
using 1:1 mixture of ATCC-formulated Eagle’s Minimum 
Essential Medium (Catalog No. 30–2003), and F12 
Medium, added with 10% foetal bovine serum (FBS), 
1% penicillin and 1% streptomycin (Invitrogen, CA). The 
cells were seeded in low density, maximum 1 × 104/cm2 
and kept in air (95%), carbon dioxide (CO2) 5% at 37°C.
Cells were counted, viability registered and re-seeded 
in new flasks for further cultivation when reaching  
80–90% confluence.  Cell counting and live cell 
registration was done throughout cultivation and 
experimental procedures described herein using an 
automated counter - Countess II Automated Cell Counter 
(Thermo Fisher Scientific).

Experimental irradiation

Cell cultures were incubated in In-Pc for 24 h 
in the dark at 37°C and afterward washed 2 times in 
culture medium for removal of free photosensitizer. 
Trypsinized cell cultures were resuspended at 3 × 105 
cells/mL concentration in cell culture medium. Cell 
suspensions were irradiated with an Hg medium pressure 
lamp (375 W), Romlux, Romania. A 600 nm glass cut 
off filter (Schott) and a water filter were used to filter 
off ultraviolet and infrared radiations respectively. 
Illumination was carried out on 20 mL samples in a 
Petri dish (100 × 15 mm) using a medium pressure Hg 
lamp (375 nm) with an interferential filter = 680 nm, at 
a distance of 30 cm (average irradiance 7 × 103 J/m2.s). 
An interference filter (Intor, 680 nm with a band width 
of 40 nm) was additionally placed in the light path before 
the sample. Light intensities were measured with a 
power meter with detector incorporated (ICPE). During 
irradiation, the cell suspension was constantly stirred. 
After irradiation, cells were washed 2 times in culture 
medium for removal of cell debris generated during 
irradiation and subjected to further testing. 

Evaluation of cellular parameters in 
experimental PDT

Cell membrane integrity was quantified using 
extracellular lactate dehydrogenase (LDH) release with 
standard Cytotox96 Non-Radioactive Cytotoxicity Assay 
kit (Promega Corporation). The level of LDH released 
in cellular supernatant was determined by measuring the 
optical density recorded at 490 nm (OD 490 nm).

Cell metabolism was evaluated using standard 
CellTiter 96AQueous One Solution Cell Proliferation 
kit (Promega Corporation) that is based on MTS as 
a tetrazolium compound [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] and an electron coupling reagent 
(phenazineethosulfate - PES). PES has enhanced 
chemical stability, which allows it to be combined with 
MTS to form a stable solution. The quantity of formazan 
product as measured by the amount of 490 nm absorbance 
is directly proportional to the number of living cells in 
culture. The absorbance of each sample was recorded with 
an ELISA plate reader. Results are expressed as optical 
density recorded at 490 nm (OD 490 nm).

Real-time monitoring of cell response using 
impedance technology was performed on collagen I 
(Sigma C7661) 5 μg/mL in 0.1 M NaHCO3 coated E-16 
plates (Roche, Penzberg Upper Bavaria, Germany, 
catalogue no.05469830001), compatible with RCTA-
DP system (Roche Applied Science). Using our already 
published general impedance protocol [60, 61] 2,000 
neuroblastoma cells were plated in each well and readings 
were collected at 1 minute intervals for 72  hours and 
the results reported as normalized Cell Index (CI) to the 
time just before compound addition. The assay system 
expresses impedance in arbitrary CI units. Each situation 
was quadruplicated. When cell treatments were performed, 
normal cell media was replaced with media containing the 
phthalocyanine at each indicated concentration.

Statistics

3 separate experiments were performed and samples 
were used in triplicates/quadruplicates. The presented 
results are the mean ±SD of these 3 experiments.  For 
proliferation (MTS test) or LDH release tests cellular 
index was calculated by dividing individual OD for actual 
samples to each appropriate cell controls. For impedance 
measurement each sample was quadruplicated and 
xCELLigence Real-Time  Cell Analyzer Software that 
is incorporated in the RCTA-DP system, automatically 
calculates mean ±SD for each sample. Statistical analysis 
was carried out with SPSS software, using OneWayAnova 
test of variance followed by post-hoc Bonferroni 
correction. Statistical significance was reached for 
p value < 0.01.
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Transmission electron microscopy (TEM)

For conventional TEM, control and subjected 
to PDT, neuroblastoma cells were pelleted down 
and immediately fixed with a fresh solution of 2.5% 
glutaraldehyde/paraformaldehyde in phosphate buffer 
saline (PBS), 2 hours at room temperature. After washing 
in PBS the cell pellets were post-fixed in 1% osmium 
tetroxide in Sorensen buffer, 1 h at room temperature. 
Embedding was done in Epon812 after the dehydration 
in successive concentration series of ethanol (50, 70, 90 
100%) [62]. Semi-thin sections (700 nm) were stained 
with toluidine blue 1% and examined under a light 
microscope (Nikon TS 100 Eclipse Inverted Microscope) 
with a 60× oil immersion objective. Ultrathin sections 
were cut at 70 nm with a Leica EM UC7 ultramicrotome 
and were stained with uranyl acetate and lead citrate 
and examined with a transmission electron microscope  
(FEI Tecnai F20).

CONCLUSIONS

In contrast to radiation therapy, PDT is a non-
ionizing radiation that can be applied repeatedly without 
the known cumulative long-term complications. The 
possibility to use diamagnetic MePc for PDT as therapy of 
invasive brain tumor adds new players in the therapeutical 
approach of this disease. We have tested In-Pc as future 
PDT agent to be developed in brain tumor therapy. This 
PS displays good toxicological behavior and upon specific 
light activation, it actively triggers singlet oxygen inducing 
massive and long-term apoptosis in tumor cells. As it has a 
chemically maneuverable structure, future to be developed 
direction can be the combination of nanoparticles with 
diamagnetic MePc [63] in order to enhance penetrability 
in tumor that reside upon brain blood barrier. This possible 
new drug relies is the fact that there are still no efficient 
therapy for children's NB, and as chemo-resistant tumor 
cells develop, this new agent can target a particular cell 
subpopulation.  Acknowledging that in neuroblastoma, 
inhibitors of pro-tumoral signalling pathways [64, 65] 
or specific anti-tumoral receptor activators [66] or drugs 
that trigger angiogenesis [67] can add to the therapeutical 
armentarium, we can imagine future agents that have 
complex biological behavior [68]. As such, for the future 
therapy a triad comprising a carrier nanoparticle, the 
photosensitizer and a compound interacting with specific 
receptors/specific vasculogenesis markers/intracellular 
signalling pathways can hinder, taken as a whole, the 
complex pro-malignant processes.

ACKNOWLEDGMENTS AND FUNDING

Authors Mircea Tampa and Clara Matei received 
financial support through POSDRU/159/1.5/S/141531 
financed from the European Social Fund through 

Sectorial Operational Programme Human Resources 
Development 2007–2013 and Young Researchers Grant 
no. 33884/11.11.2014 and 33897/11.11.2014 financed by 
”Carol Davila” University of Medicine and Pharmacy, 
Bucharest. 

Authors Monica Neagu and Carolina Constantin 
received funding support through UEFISCDI research 
project PCE-ID-2011-3-0918. 

All the conducted research was performed according 
to the principles of the Declaration of Helsinki. 

CONFLICTS OF INTEREST 

No potential conflicts of interest were disclosed by 
the authors.

REFERENCES

1.	 Leznoff CC, Lever APB. Phthalocyanines properties and 
applications, vol. 1, New York: VCH Publishers Inc., 1989.

2.	 Ion RM. Photodynamic Nanomedicine Strategies in 
Cancer Therapy and Drug Delivery, In: Advances in 
Bioengineering, Pier Andrea Serra (Eds.), Intech, 253–287. 
ISBN 978-953-51-2141-1, 2015.

3.	 Ion RM. The Use of Phthalocyanines and Related 
Complexes in Photodynamic Therapy, In Photosensitizers 
in Medicine, Environment, and Security, T. Nyokong,  
V. Ahsen (Eds.), Springer, 315–349. ISBN 978-90-481-
3870-8, 2012.

4.	 Matei C, Tampa M, Ion RM, Neagu M, Constantin C. 
Photodynamic properties of aluminium sulphonated 
phthalocyanines in human dysplazic oral keratinocytes 
experimental model. Dig J Nanomater Bios. 2012; 
7:1535–1547. 

5.	 Frackowiak D, Waszkowiak A, Ion RM, Wiktorowicz K, 
Cofta I, Manikowski H. The interaction of phthalocyanines 
with stimulated and resting human peripheral 
blood mononuclear cells. ActaBiochim Pol. 2001;  
48:257–269. 

6.	 Frackowiak D, Wiktorowicz K, Planner A, Waszkowiak A, 
Ion RM. The phthalocyanines applications in photodynamic 
therapy investigated by time-resolved and steady-state 
photothermal methods. Int J Photoenergy. 2002; 4:51–56.

7.	 Tampa M, Matei C, Popescu S, Georgescu S-R, Neagu M, 
Constantin C, R-M Ion. Zinc Trisulphonated Phthalocyanine 
Used in Photodynamic Therapy of Dysplastic Oral 
Keratinocytes. Rev Chimie. 2013; 64:639–645.

8.	 Cubbedu R, Canti G, D’Andrea C, Pifferi A, Taroni  P, 
Toricelli AJ. Effects of photodynamic therapy on the 
absorption properties of disulphonated aluminum 
phthalocyanine in tumor-bearing mice. J Photochem 
Photobiol.B.  2001; 60:73–78.

9.	 Frackowiak D, Ion RM, Waszkowiak A. Spectral properties 
of phthalocyanines oriented in stretched polymer films. 
J Phys Chem B. 2002; 106:13154–13160.



Oncotarget69730www.impactjournals.com/oncotarget

10.	 Frackowiak D, Planner A, Ion RM, Wiktorowicz K. 
Incorporation of dye in resting and stimulated leukocytes. 
In: Near-Infrared Dyes for High Technology Applications. 
NATO ASI SERIES, Daehne S, Resch-Genger U, Wolfbeis 
OS (Eds.), Kluwer Academic Publishers, Dordrecht/Boston/
London, 1998; 52:87–114.

11.	 Perry JW, Mansour K, Marder SR, Perry KJ, Alvarez D, 
Choong I. Enhanced reverse saturable absorption and 
optical limiting in heavy-atom-substituted phthalocyanines. 
Opt Lett. 1994; 19:625–627.

12.	 Wöhrle D, Shopova M, Müller S, Milev AD, 
Mantareva  VN, Krastev KK. Liposome-delivered 
Zn(II)-2,3-naphthalocyanines as potential sensitizers for 
PDT: synthesis, photochemical, pharmacokinetic and 
phototherapeutic studies. J Photochem Photobiol. B. 1993; 
21:155–165.

13.	 Durmuş M, Ahsen V. Water-soluble cationic gallium(III) 
and indium(III) phthalocyanines for photodynamic therapy. 
J Inorg Biochem. 2010; 104:297–309.

14.	 Photodynamic Therapy (PDT) for Poor Prognosis 
Recurrent/Refractory Malignant Brain Tumors - A Phase I 
Study. ClinicalTrials.gov Identifier: NCT01682746

15.	 Spix C, Pastore G, Sankila R, Stiller CA, Steliarova-
Foucher E. Neuroblastoma incidence and survival 
in European children (1978–1997): Report from the 
Automated Childhood Cancer Information System project. 
‎Eur J Cancer. 2006; 42:2081–2091.

16.	 Bénard J, Raguénez G, Kauffmann A, Valent A, Ripoche H, 
Joulin V, Job B, Danglot G, Cantais S, Robert T, Terrier-
Lacombe MJ, Chassevent A, Koscielny S, et al. MYCN-
non-amplified metastatic neuroblastoma with good 
prognosis and spontaneous regression: a molecular portrait 
of stage 4S. Mol Oncol. 2008; 2:261–271.

17.	 Maris JM, Hogarty MD, Bagatell R, Cohn SL. 
Neuroblastoma. The Lancet 2007; 369:2106–2120.  

18.	 Johnson E, Dean SM, Sondel PM. Antibody-based 
immunotherapy in high-risk neuroblastoma. Expert Rev 
Mol Med. 2007; 9:1–21. 

19.	 Friedman GK, Castleberry RP. Changing trends of research 
and treatment in infant neuroblastoma. Pediatr Blood 
Cancer. 2007; 49:1060–1065. 

20.	 Redmond RW. Photophysics and Photochemistry in 
Photodynamic Therapy, In: Advances in Photodynamic 
Therapy: Basic, Translational, and Clinical, Michael R. 
Hamblin and PawelMroz (Eds.), Artech House, Boston and 
London. 2008; 41–58.

21.	 Vieira Ferreira LF, Ferreira DP, Oliveira AS, Boscencu R, 
Socoteanu R, Ilie M, Constantin C, Neagu M. Synthesis, 
photophysical and cytotoxicity evaluation of A3B type 
mesoporphyrinic compounds. Dyes and Pigments. 2012; 
95:296–303.

22.	 Boscencu R, Ilie M, Socoteanu R, Oliveira AS, 
Constantin  C, Neagu M, Manda G, Ferreira LFV. 
Microwave Synthesis, Basic Spectral and Biological 

Evaluation of Some Copper (II) Mesoporphyrinic 
Complexes. Molecules. 2010; 15:3731–3743.

23.	 Boscencu R, Socoteanu R, Ilie M, Oliveira AS, 
Constantin C, Vieira Ferreira LF. Synthesis, spectral and 
biological evaluation of some mesoporphyrinic Zn (II) 
complexes. Rev Chimie 2009; 60:1006–1011. 

24.	 Rück A, Heckelsmiller K, Kaufmann R, Grossman N, 
Haseroth E, Akgün N. Light-induced apoptosis involves 
a defined sequence of cytoplasmic and nuclear calcium 
release in AlPcS4-photosensitized rat bladder RR 1022 
epithelial cells. J Photochem Photobiol. 2000; 72:210–216.

25.	 Patrice T, Moan J, Peng Q. An outline of the history of PDT. 
In: Photodynamic Therapy; Patrice T, Ed., Royal Society of 
Chemistry: Cambridge, UK. ISBN: 978-0-85404-306-4, 2003.

26.	 Moor ACE, Ortel B, Hasan T. Mechanisms of Photodynamic 
Therapy. In: Photodynamic Therapy, Patrice T. Ed., Royal 
Society of Chemistry: Cambridge, UK. ISBN: 978-0-
85404-306-4, 2003.

27.	 Mroz P, Yaroslavsky A, Kharkwal GB, Hamblin MR. Cell 
Death Pathways in Photodynamic Therapy of Cancer. 
Cancers. 2011; 3:2516–2539.

28.	 Barron GA, Valentine R, Moseley H, Brancaleon L, Hill C, 
Woods JA. Porphyrin profile in four human cell lines after 
supplementation with 5-aminolaevulinic acid and its methyl 
ester. Photodiagnosis Photodyn Ther. 2013; 10:654–663. 

29.	 Wu SM, Ren QG, Zhou MO, Peng Q, Chen JY. 
Protoporphyrin IX production and its photodynamic effects 
on glioma cells, neuroblastoma cells and normal cerebellar 
granule cells in vitro with 5-aminolevulinic acid and its 
hexylester. Cancer Lett. 2003; 200:123–131

30.	 Barron GA, Moseley H, Woods JA. Differential sensitivity 
in cell lines to photodynamic therapy in combination 
with ABCG2 inhibition. J Photochem Photobiol B. 2013; 
126:87–96.

31.	 Ishikawa T, Kajimoto Y, Inoue Y, Ikegami Y, Kuroiwa T. 
Critical role of ABCG2 in ALA-photodynamic diagnosis 
and therapy of human brain tumor. Adv Cancer Res. 2015; 
125:197–216. 

32.	 Ben-Hur E, Carmichael A, Riesz P, Rosenthal I. 
Photochemical generation of superoxide radical and the 
cytotoxicity of phthalocyanines. Int J Radiat Biol Relat Stud 
Phys Chem Med. 1985; 48:837–846.

33.	 Maduray K, Odhav B. The in vitro photodynamic effect 
of laser activated gallium, indium and iron phthalocyanine 
chlorides on human lung adenocarcinoma cells. J 
Photochem Photobiol B. 2013; 128:58–63.

34.	 Coupienne I, Bontems S, Dewaele M, Rubio N, 
Habraken  Y, Fulda S, Agostinis P, Piette J. NF-kappaB 
inhibition improves the sensitivity of human glioblastoma 
cells to 5-aminolevulinic acid-based photodynamic therapy. 
Biochem Pharmacol. 2011;81:606–616. 

35.	 Mroz P, Yaroslavsky A, Kharkwal GB, Hamblin MR. Cell 
Death Pathways in Photodynamic Therapy of Cancer. 
Cancers. 2011; 3:2516–2539.



Oncotarget69731www.impactjournals.com/oncotarget

36.	 Bacellar IOL, Tsubone TM, Pavani C, Baptista MS. 
Photodynamic Efficiency: From Molecular Photochemistry 
to Cell Death. Int J Mol Sci. 2015; 16:20523–20559.

37.	 Soriano J, Villanueva A, Stockert JC, Cañete M. Regulated 
Necrosis in HeLa Cells Induced by ZnPc Photodynamic 
Treatment: A New Nuclear Morphology. Int J Mol Sci. 
2014; 15:22772–22785. 

38.	 Grasso S, Carrasco-García E, Rocamora-Reverte L, Gómez-
Martínez A, Ferragut JA, Menéndez-Gutiérrez MP, Mayor-
López L, Tristante E, Martínez-Lacaci I, García-Morales P, 
Miguel S. Cell Death and Cancer, Novel Therapeutic 
Strategies, In  Apoptosis and Medicine, Tobias M. Ntuli 
(Eds.), ISBN 978-953-51-0701-9, 2012.

39.	 Lauber K, Ernst A, Orth M, Herrmann M, Belka C. Dying 
cell clearance and its impact on the outcome of tumor 
radiotherapy. Front Oncol. 2012; 1–16. 

40.	 Pattani VP, Shah J, Atalis A, Sharma A, Tunnell JW. 
Role of apoptosis and necrosis in cell death induced by 
nanoparticle-mediated photothermal therapy. J Nanopart 
Res. 2015; 17:20–30.

41.	 Machacek M, Cidlina A, Novakova V, Svec J, Rudolf E, 
Miletin M, Kučera R, Simunek T, Zimcik P. Far-red 
absorbing cationic phthalocyanine photosensitizers: 
Synthesis and evaluation of the photodynamic anti-cancer 
activity and the mode of cell death induction. J Med Chem. 
2015; 58:1736–1749. 

42.	 Lee CI, Perng JH, Chen HY, Hong YR, Wang JJ. 
Undifferentiated Neuroblastoma Cells Are More Sensitive 
to Photogenerated Oxidative Stress than Differentiated 
Cells. J Cell Biochem 2015; 116:2074–2085. 

43.	 Cruceru ML, Neagu M, Demoulin J-B, Constantinescu SN. 
Therapy Targets in Gliobastoma and Cancer Stem Cells: 
Lessons from Hematopoietic Neoplasms. J Cell Mol Med. 
2013; 17:1218–1235.

44.	 Pistol Tanase C, Neagu M, Albulescu  R. Key signaling 
molecules in pituitary tumors. Expert Rev Mol Diag. 2009; 
9:859–877.

45.	 Hornung R, Hammer-Wilson MJ, Kimel S, Liaw  LH, 
Tadir  Y, Berns MW. Systemic application of 
photosensitizers in the chick chorioallantoic membrane 
(CAM) model: photodynamic response of CAM vessels 
and 5-aminolevulinic acid uptake kinetics by transplantable 
tumors. J Photochem Photobiol. B. 1999; 49:41–49.  

46.	 Santos SilvaJr Z, Bussadori SK, Porta Santos Fernandes K, 
Huang Y-Y, Hamblin MR. Animal models for photodynamic 
therapy (PDT) Biosci Rep. 2015; 35:e00265.

47.	 Angell-Petersen E, Spetalen S, Madsen SJ, Sun CH, Peng Q, 
Carper SW, Sioud M, Hirschberg H. Influence of light fluence 
rate on the effects of photodynamic therapy in an orthotopic 
rat glioma model. J Neurosurg. 2006;104:109–117. 

48.	 Konan YN, Gurny R, Allemann E. State of the art in 
the delivery of photosensitizers for photodynamic 
therapy.Journal of Photochemistry and Photobiology 
B-Biology. 2002;66:89–106.

49.	 Baba K, Pudavar HE, Roy I, Ohulchanskyy TY, Chen Y, 
Pandey R, Prasad PN. A new method for delivering a 
hydrophobic drug for photodynamic therapy using pure 
nanocrystal form of the drug. Mol Pharm. 2007; 4:289–297.

50.	 Galvao J, Davis B, Tilley M, Normando E, Duchen MR, 
Cordeiro MF. Unexpected low-dose toxicity of the universal 
solvent DMSO. FASEB J. 2014; 28:1317–1330. 

51.	 Barbugli PA, Alves CP, Espreafico EM, Tedesco AC. 
Photodynamic therapy utilizing liposomal ClAlPc in 
human melanoma 3D cell cultures. Exp Dermatol. 2015; 
24:970– 972. doi:10.1111/exd.12815

52.	 Souto CAZ, Madeira KP, Rettori D, Baratti MO, 
Rangel  LBA, Razzo D, da Silva AR. Improved 
photodynamic action of nanoparticles loaded with indium 
(III) phthalocyanine on MCF-7 breast cancer cells. 
J Nanopart Res. 2013; 15:1879. 

53.	 Pereira PMR, Korsak B, Sarmento B, Schneider  RJ, 
Fernandes R, Tomé JPC. Antibodies armed with 
photosensitizers: from chemical synthesis to photobiological 
applications. Org Biomol Chem. 2015;13:2518–2529. 

54.	 Yabaşa E, Bağdab E, Bağdac E. The water soluble ball-type 
phthalocyanine as new potential anticancer drugs. Dyes and 
Pigments; 2015; 120:220–227.

55.	 Durmuş M,  Nyokong T. Synthesis, photophysical 
and photochemical studies of new water-soluble 
indium(III) phthalocyanines. Photochem Photobiol Sci. 
2007;6:659–668.

56.	 Ogunsipe A, Chen J, Nyokong T. Photophysical and 
photochemical studies of zinc(II) phthalocyanine 
derivatives—effects of substituents and  solvents. New J 
Chem. 2004; 28:822–827.

57.	 Osifeko OL, Durmuş M, Nyokong T. Physicochemical and 
photodynamic antimicrobial chemotherapy studies of mono- 
and tetra-pyridyloxy substituted indium(III) phthalocyanines. 
J Photochem Photobiol A. 2015, 301:47–54. 

58.	 Franco R,  Panayiotidis MI, Cidlowski JA. Glutathione 
Depletion Is Necessary for Apoptosis in Lymphoid Cells 
Independent of Reactive Oxygen Species Formation. J Biol 
Chem. 2007; 282:30452–30465.

59.	 Leary SC, Hill BC, Lyons CN, Carlson CG, Michaud D, 
Kraft CS,  Ko K,  Glerum DM,  Moyes CD. Chronic 
treatment with azide in situ leads to an irreversible loss of 
cytochrome c oxidase activity via holoenzyme dissociation. 
J Biol Chem. 2002; 277:11321–11328.

60.	 Cruceru ML, Enciu AM, Popa AC, Albulescu R, Neagu M, 
Tanase CP, Constantinescu SN. Signal transduction 
molecule patterns indicating potential glioblastoma therapy 
approaches. Onco Targets Ther. 2013;6:1737–1749. 

61.	 Tampa M, Matei C, Caruntu C, Constantin C, Neagu M. 
Cellular impedance measurement – novel method for  
in vitro investigation of drug efficacy. FARMACIA. 2016; 
3:430–434.

62.	 Schrand AM, Schlager JJ, Dai L, Hussain SM. Preparation 
of cells for assessing ultrastructural localization of 



Oncotarget69732www.impactjournals.com/oncotarget

nanoparticles with transmission electron microscopy. 
Nature Protocols. 2010; 4:744–757. 

63.	 Ion RM, Fierascu RC, Neagu M, Constantin C, Stavaru C. 
Porphyrin (TPP)–Polyvinylpyrrolidone (PVP)–Fullerene 
(C60) Triad as Novel Sensitizer in Photodynamic Therapy. 
Science of Advanced Materials. 2010; 2:223–229. 

64.	 Chaturvedi NK, McGuire TR, Coulter DW, Shukla A, 
McIntyre EM, Sharp JG, Joshi SS. Improved therapy for 
neuroblastoma using a combination approach: superior 
efficacy with vismodegib and topotecan. Oncotarget. 2016; 
7:15215–15229. doi: 10.18632/oncotarget.7714.

65.	 Taschner-Mandl S, Schwarz M, Blaha J, Kauer M, 
Kromp F, Frank N, Rifatbegovic F, Weiss T, Ladenstein R, 
Hohenegger M, Ambros IM, Ambros PF. Metronomic 
topotecan impedes tumor growth of MYCN-amplified 
neuroblastoma cells in vitro and in vivo by therapy 
induced senescence. Oncotarget. 2016; 7:3571–35786. doi: 
10.18632/oncotarget.6527.

66.	 Rodríguez-Hernández CJ, Mateo-Lozano S, García M, 
Casalà C, Briansó F, Castrejón N, Rodríguez E, Suñol M, 
Carcaboso AM, Lavarino C, Mora J, de Torres C. Cinacalcet 
inhibits neuroblastoma tumor growth and upregulates 
cancer-testis antigens. Oncotarget. 2016; 7:16112–16129. 
doi: 10.18632/oncotarget.7448.

67.	 Tadeo I, Bueno G, Berbegall AP, Fernández-Carrobles MM, 
Castel V, García-Rojo M, Navarro S, Noguera R. Vascular 
patterns provide therapeutic targets in aggressive 
neuroblastic tumors. Oncotarget. 2016; 7:19935–19947. 
doi: 10.18632/oncotarget.7661.

68.	 Gammon JM, Dold NM, Jewell CM. Improving the 
clinical impact of biomaterials in cancer immunotherapy. 
Oncotarget. 2016; 7:15421–15443. doi: 10.18632/
oncotarget.7304.


