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The aim of the study was to compare the relevance of ovarian adenocarcinoma spheroids with that of a monolayer culture for 
assessing photodynamic effect of the tetrakis(4-benzyloxyphenyl)tetracyanoporphyrazine photosensitizer.

Materials and Methods. The work was performed on SKOV-3 human ovary adenocarcinoma cells grown in vitro in a monolayer 
culture and in the form of tumor spheroids obtained using culture plates with ultra-low attachment. We determined the photoinduced toxicity 
of porphyrazine on a monolayer culture using the MTT assay; the effect on the spheroids was tested by assessing the dynamics of their 
growth. Cellular uptake of porphyrazine was analyzed by confocal microscopy.

Results. Porphyrazine has a pronounced photodynamic effect on SKOV-3 cells. When exposed to light at a dose of 20 J/cm2, the 
IC50 value 24 h after exposure was 2.3 μM for SKOV-3 monolayer culture. For the spheroids, the effect manifested after a latency period: 
significant growth retardation of the treated spheroids appeared no sooner than 5 and 9 days after exposure. Notably, no decrease in the 
initial size of the treated spheroids was observed under any of the photodynamic regimes. The penetration depth of porphyrazine into 
spheroids was 50–100 μm during 24 h incubation.

Conclusion. The limited penetration of the photosensitizer into the body of spheroids and its predominant accumulation in the surface 
layers can be one of the key factors behind the significant differences in the photodynamic response between the surface and deep layers 
of a spheroid. For cells located close to the spheroid surface, the photodynamic effect is comparable to that for a monolayer culture, while 
in deeper layers, the cells remain viable and support/maintain the growth of the spheroid even under intense photo-exposure. The fact that 
the in vitro distribution is similar to the inhomogeneous accumulation of photosensitizers in tumors in vivo allows us to consider spheroids 
more relevant than a monolayer culture for studying photodynamic anti-tumor effects.
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Introduction

Photodynamic therapy (PDT) is a minimally invasive, 
rapidly developing method for the diagnosis and 
treatment of malignant neoplasms and non-malignant 
diseases. A photodynamic effect is induced by irradiating 
a photoactive dye (photosensitizer) with monochromic 
light in the presence of oxygen [1, 2]. As a result, reactive 
oxygen species (ROS) are produced, which triggers 
a chain free radical processes that cause damage to 
biomolecules and membranes. Ultimately, signaling 

pathways in the cell are activated, leading to its death 
[3]. Singlet oxygen is considered to be the main effector 
molecule in PDT [4], but other ROS, such as hydrogen 
peroxide [5], superoxide anion radical, and hydroxyl 
radical [6] play a significant role.

Chemical compounds used as photosensitizers 
can be classified into porphyrins and non-porphyrins 
[7]. Of non-porphyrin compounds, those based on 
phenothiazine dyes (e.g., methylene blue, toluidine 
blue, and Nile blue) and cyanines, as well as polycyclic 
aromatic compounds (e.g., hypericin) have been used 
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most often. Photoactive dyes with the tetrapyrrole 
structure include hematoporphyrins, protoporphyrin XI 
and the second-generation drugs: porphyrins, chlorins 
and bacteriochlorins, pheophorbides, purpurins, 
protoporphyrins, porphyrazines, phthalocyanines, etc. 
[8–12].

Compounds of the tetra(aryl)tetracyanoporphyrazines 
family are considered promising agents for PDT [13, 
14]. A unique feature of this group of photosensitizers 
is the high sensitivity of their photophysical parameters 
to viscosity. This behavior is due to the belonging 
of these compounds to the so-called fluorescent 
molecular rotors. The porphyrazines of the named 
group are characterized by intramolecular rotation of 
side radicals of the macrocycle upon photon absorbing, 
which ensures non-radiative relaxation of the excited 
state of the molecule [15]. An increasing viscosity of 
the medium interferes with the radicals rotation. This is 
manifested in a multiple increase in the quantum yield 
and fluorescence lifetime. Earlier [16], we showed 
the possibility of using compounds of this group for 
monitoring intracellular viscosity during cell response to 
PDT. In the future, the approach based on the use of the 
photosensitizers with rotor properties can become the 
basis for the development of PDT methods with real-time 
monitoring of the functional state of the irradiated tissue.

Traditionally, new photoactive compounds are 
tested using monolayer cell cultures. Such cultures 
have a number of undoubted advantages: they are 
easily produced and maintained, and they enable the 
investigator to monitor individual cells in the culture. 
However, two-dimension monolayer cultures do not 
reflect some significant features of real tumors because 
the latter have a three-dimensional structure. For 
example, a tumor is characterized by gradients of gases, 
nutrients, and catabolites, as well as the presence of 
non-tumorous cells and extracellular matrix. This specific 
microenvironment determines the heterogeneity of a 
tumor in terms of metabolism, gene expression and 
resistance to therapeutics [17, 18].

Due to the above circumstances, three-dimensional 
(3D) in vitro models of tumors are becoming more 
common: from spherical conglomerates of tumor cells 
(spheroids) to complex multicomponent models that 
include (in addition to tumor cells) cellular components 
of the tumor stroma as well as the extracellular matrix 
[19, 20]. The structural similarity of 3D models to real 
tumors implies their higher relevance compared to 
monolayer cultures. To date, a number of studies have 
been published that show the importance of 3D structure 
in vitro in the molecular processes triggered in lung 
and colon carcinomas in response to photodynamic 
treatment and, as a consequence, in the sensitivity 
of cells to PDT [21, 22]. No such studies pertaining to 
ovarian adenocarcinoma have been reported.

The aim of the study was to compare the relevance 
of ovarian adenocarcinoma spheroids with that of a 
monolayer culture for assessing photodynamic effects of 

the tetrakis(4-benzyloxyphenyl)tetracyanoporphyrazine 
photosensitizer.

Materials and Methods
Preparation of human ovarian adenocarcinoma 

SKOV-3 spheroids. In this study, we used a cell line of 
human ovarian adenocarcinoma SKOV-3 (ATCC catalog 
number HTB-77). Cells were cultured in a CO2 incubator 
(5% CO2, 37°C) using the McCoy’s 5A growth medium 
containing 1.5 mM glutamine (HyClone, USA) with the 
addition of 10% fetal calf serum (HyClone). Versen’s 
solution (PanEco, Russia) was used to detach cells from 
the substrate. 

To obtain spheroids, a suspension of SKOV-3 cells 
was plated on 96-well round-bottom plates with ultra-low 
attachment (Ultra-Low Attachment Microplate; Corning, 
USA) at 500 cells per well and cultured for 3 days until 
well-shaped cell conglomerates were formed [23]. During 
the long-term cultivation of spheroids, the medium was 
replaced every 7 days to maintain cell viability. 

Viability of SKOV-3 cells in a monolayer after 
photodynamic treatment. We used a novel photoactive 
compound of the family of porphyrazines — tetrakis(4-
benzyloxyphenyl)tetracyanoporphyrazine (hereinafter, 
porphyrazine), synthesized at the G.A. Razuvaev 
Institute of Organometallic Chemistry, Russian Academy 
of Sciences (Nizhny Novgorod) [24]. 

SKOV-3 cells were plated on two 96-well culture 
plates at 2000 cells per well. In 24 h, the growth medium 
was replaced with serum-free McCoy’s 5A medium 
containing porphyrazine at 0.1 to 10 μM; the cells were 
further incubated for 4 h in a CO2 incubator. Then, the 
porphyrazine containing medium was replaced with fresh 
serum containing medium. After that, one of the plates 
was irradiated with a LED-light source at a wavelength 
of 615–635 nm and a dose of 20 J/cm2 [25]. At this time, 
the second culture plate (control) was kept in the dark. 
Then, the cells in both plates were incubated for 24 h 
and their viability was estimated using the MTT assay 
[26]. To that end, the medium was replaced with fresh 
medium containing MTT at 0.5 mg/ml (Alfa Aesar, Great 
Britain) and incubated for another 4 h. Then, formazan 
crystals formed from MTT were dissolved in dimethyl 
sulfoxide (PanEco); the optical density of the resulting 
samples was measured at λ=570 nm using a Synergy 
MX plate spectrophotometer (BioTek, USA). The 
relative cell viability was presented as the ratio of optical 
densities of treated and untreated samples. Based 
on the obtained data, the IC50 value of porphyrazine 
was calculated by nonlinear regression using the four-
parameter dose-effect model in GraphPad Prism 6.0 
(GraphPad Software).

Growth of SKOV-3 spheroids after photodynamic 
treatment. Spheroids SKOV-3 were incubated in serum-
free McCoy’s 5A medium containing porphyrazine in the 
same concentrations as for the monolayer. After 4 h, 
the medium was replaced with serum-supplemented 
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medium; then, the photodynamic treatment was 
performed under the same conditions as for the 
monolayer culture. After the exposure, the spheroid 
cultures were maintained in a CO2 incubator for 9 days.

Images of spheroids were obtained daily by using 
an Axiovert 200 inverted microscope and an EC Plan-
Neofluar 10×/0.3 M27 objective lens (Carl Zeiss, 
Germany). Microscope AxioVision LE software was used 
to determine the size of spheroids. Spheroid volume 
(V, μm3) was calculated according to equation V=a·b2/2, 
where a is the larger diameter (μm) and b is the smaller 
diameter (μm). The volume of each spheroid at each 
time point was presented as percent of the volume on 
the day of treatment. Based on the obtained data, the 
IC50 value of porphyrazine was calculated by nonlinear 
regression using the four-parameter dose-effect model 
in GraphPad Prism 6 (GraphPad Software). 

Penetration of porphyrazine into SKOV-3 cells. 
To study the distribution of porphyrazine in cells of the 
monolayer culture, SKOV-3 cells were plated on glass-
bottom Petri dishes (Eppendorf, Germany) at 200,000 
cells per dish. In 24 h, the growth medium was replaced 
with serum-free McCoy’s 5A medium containing 
porphyrazine at concentrations of 1 or 10 μM; the cells 
were incubated for 4 h at 37°C and 5% CO2. Spheroids 
were treated the same way and then incubated for 1, 4 
or 24 h. The incubation periods were chosen based on 
preliminary results showing that in vivo porphyrazine 
was almost completely eliminated from the tumor 24 h 
after its intravenous administration.

After incubation, the cells were washed with PBS, 
fixed with 4% formaldehyde in PBS for 15 min in the 
dark, and then washed twice with PBS. Images of cells 
in monolayer and spheroids were obtained using an Axio 
Observer Z1 LSM 710 NLO Duo confocal microscope 
(Carl Zeiss, Germany) with C-Apochromat 63×/1·20 W 
Korr M27 and EC Plan-Neofluar 20×/0.50 M27 lenses, 
respectively. To excite the fluorescence of porphyrazine, 
a laser with λ=594 nm was used, and fluorescence was 
recorded at 600–693 nm. 

Results
Porphyrazine photodynamic effect on human 

ovarian adenocarcinoma cells. The porphyrazine 
compound studied in this work is a photosensitizer with 
a wide absorption band in the red spectral region and 
fluorescence with the emission maximum at 670 nm 
[24]. The high lipophilicity of this compound ensures 
its entry and distribution in the plasma membrane and 
intracellular membranes.

To analyze its cytotoxicity for the monolayer culture of 
SKOV-3 cells, the standard MTT assay was used. We 
found a significant decrease in cell viability resulted from 
photodynamic effect of porphyrazine at concentrations 
of 0.1–10.0 μM at an irradiation dose of 20 J/cm2; 
24 h after irradiation, the IC50 value was calculated 
as 2.3 μM (Figure 1, red curve). Notably, in the dark, 
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Figure 1. Relative viability of SKOV-3 cells cultured in a 
monolayer at varying concentrations of porphyrazine in 
the dark and 24 h after irradiation with light of 615–635 nm 
at a dose of 20 J/cm2

Mean values ± standard error of the mean are shown (n=3)
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Figure 2. Growth of spheroids without irradiation (control) 
and after irradiation in the presence of 2.0 or 5.0 μM 
porphyrazine
Data are presented as mean ± standard error of the mean; 
*  statistically significant difference from the control; p<0.05, 
Dunnett’s test (n=4–6)

no toxicity of this compound was observed (Figure 1, 
black curve). Earlier [27], it was shown that for A-431 
human epidermoid carcinoma cells, the IC50 value of 
porphyrazine under similar irradiation conditions was 
significantly lower: 0.68 μM. The difference may be due 
to a relatively high resistance of SKOV-3 cells to this 
photosensitizer.

Photodynamic effect of porphyrazine on 
spheroids of human ovarian adenocarcinoma. To 
obtain SKOV-3 spheroids, we used round-bottom plates 
with ultra-low attachment. On day 3 after the cells were 
plated, they formed spheroids shaped as dense rounded 
conglomerates with a clearly defined border.
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The efficacy of the photodynamic action of 
porphyrazine on spheroids was assessed by their 
growth rate. In the absence of photodynamic treatment, 
the relationship close to linear between the spheroid 
size and the time of incubation was observed for 9 
days after their formation (Figure 2). The deviation 
from the exponential growth typical of cell cultures 
can be explained by the limited transport of nutrients 
and gases into the spheroid, as well as by the limited 
outflow of catabolites; these factors cause a slowdown 
in cell growth and division and increase the proportion of 
resting cells instead [17, 28].

During the treatment with porphyrazine and 
subsequent irradiation (20 J/cm2), a dose-dependent 
inhibition of spheroid growth was observed (for the 
sake of simplicity, the graphs in Figure 2 illustrate 
only two concentrations of porphyrazine — 2.0 and 
5.0 μM). In contrast to the monolayer culture, the effect 
of porphyrazine on spheroids manifested after some 
latent period. Thus, no change in the growth rate was 
detected 24 h after the irradiation (Figure 3, burgundy 
bars), while on days 5 and 9 of incubation, there were 
significant differences in size between the treated 
and non-treated spheroids (Figure 3, red and pink 
bars). Microphotographs of spheroids taken on day 
9 after photodynamic treatment also show that at high 
concentrations of porphyrazine, spheroids loosen, lose 
their clear outline and become surrounded by debris, 

which is most likely due to cell death in the outer layers 
of the spheroid.

It should be noted that under none of the regimes of 
photodynamic exposure we observed a decrease in the 
initial size of the treated spheroids. It can be assumed 
that even after irradiation, a substantial population 
of viable cells exists in the spheroids and it ensures 
continued survival of the spheroid. Thus, Figure 3 shows 
that the spheroid growth was at least 40% of control, 
even under conditions leading to almost complete cell 
death in a monolayer culture. At the same time, the 
calculated IC50 values on days 5 and 9 of incubation 
were 3.5 and 1.8 μM, respectively, which is close to the 
IC50 value for the cell monolayer 24 h after irradiation.

The relationship between the 3D structure of 
spheroids and their resistance to photodynamic damage 
is ambiguous. According to some reports, no significant 
differences were found between spheroids and 
monolayer cultures in their sensitivity to photodynamic 
damage in the presence of a ruthenium-based hybrid 
nanophotosensitizer [29] or organic nanoparticles 
containing chlorin e6 [30]. Most researchers, however, 
hold a point of view that tumor cells are more resistant 
to photodynamic effects when they are cultured as 
a 3D model [22, 31, 32]. As possible reasons for 
high resistance, the low photosensitizer penetration 
into cell mass is often considered. Among other 
mechanisms, there are hypoxic conditions caused by 
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Figure 4. Accumulation of porphyrazine in SKOV-3 cells in a 
monolayer:
confocal microscopy of cells (a) in control (in the absence of 
porphyrazine); (b) after 4 h of incubation in the presence of 1.0 μM 
porphyrazine; images were obtained in the porphyrazine fluorescence 
channel (left) and in transmitted light (right); bar — 20 μm

а

b

Figure 5. Accumulation of porphyrazine in SKOV-3 spheroids:
confocal microscopy of spheroids in control (in the absence of porphyrazine) and after 1, 4 or 24 h of incubation in the presence of 
1.0 or 10.0 μM porphyrazine; images were obtained in the porphyrazine fluorescence channel (left) and in transmitted light (right); 
bar — 100 μm

         1 h                                                                  4 h                                                                24 h

Control

1.0 μM

10.0 μM

the rapid consumption of oxygen during the 
photodynamic reaction, increased expression 
of proteins — ABC transporters that actively 
pump the chromophore out of tumor cells [22], 
as well as the recently shown inhibition of 
genes of several pro-apoptotic proteins [21].

Accumulation of porphyrazine in 
human ovarian adenocarcinoma cells in 
a monolayer culture and in spheroids. In 
a search for a possible mechanism behind 
the resistance of spheroids to photodynamic 
treatment, we analyzed the accumulation of 
porphyrazine in SKOV-3 cells cultured as a 
monolayer or as 3D spheroids.

Using confocal microscopy, we found that 
over the course of 4 h, porphyrazine intensively 
accumulated inside SKOV-3 cells in the 
monolayer culture, where it stained intracellular 
membranes, presumably, the Golgi apparatus 
and endoplasmic reticulum (Figure 4).

In spheroids, this process developed much 
slower (Figure 5). During the first few hours, 
only the surface cell layers demonstrated 
the detectable level of fluorescence. After 
24 h incubation in the presence of 1.0 μM 
porphyrazine, the dye penetrated to a depth 
of ~50 μm into a spheroid of 400–450 μm in 
diameter. At a concentration of 10.0 μM of 
porphyrazine, a more intense fluorescence was 
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detected in all parts of the spheroid; however, even in this 
case, the bulk of the fluorescent signal was recorded at 
depths not exceeding 100 μm.

Most of the currently used photosensitizers have 
molecular weights of 1–2 kDa. A large number of cell-
cell and cell-matrix contacts in the 3D structure of tumors 
restrict diffusion of compounds having medium and high 
molecular weights; such compounds do not penetrate into 
the tumor tissue deeper than 100–150 μm [33, 34]. These 
penetration depths were determined in 3D in vitro tumor 
models exposed to various photosensitizers [32, 35]. 
According to our data, the accumulation of porphyrazine 
mainly in the surface cell layers can explain the 
significantly different photodynamic effects on the surface 
as compared to the deep layers of the spheroid. For cells 
located close to the surface, the photoinduced toxicity 
of porphyrazine is comparable to that for a monolayer 
culture, resulting in comparable IC50 values. The deeper 
layers with low accumulation of the photosensitizer are 
characterized by low sensitivity to irradiation. The cells in 
these depths remain viable and provide continued growth 
of the spheroid even after an intense exposure.

The limited penetration of photosensitizers from the 
blood into the tumor tissue in vivo is the reason for their 
inhomogeneous distribution, which ultimately reduces 
the efficacy of photodynamic therapy. It should be kept 
in mind that intravenously administered photosensitizers 
form complexes with blood plasma proteins, mainly 
with albumin and lipoproteins, and in this form are 
transported through the circulation [36]. Extravasation of 
photosensitizers, their diffusion through the extracellular 
matrix, and interaction with cells also occur by virtue 
of their complexes with proteins, which may slow the 
distribution even more. One of the proposed approaches 
to solving the problem is to use vehicles capable to 
increase the tissue penetration of photodynamic agents. 
Liposomes, organic and hybrid nanoparticles, membrane-
based vesicles have been tried for this role [27, 32, 35, 
37]. The advantages of such carriers are expected to 
increase the efficacy of photodynamic therapy.

Conclusion
Response of ovarian adenocarcinoma cells to 

photodynamic treatment mediated by a photosensitizer 
from the tetra(aryl)tetracyanoporphyrazines group 
depends on the conditions of cell cultivation. In the case 
of tumor spheroids, their three-dimensional structure 
ensures the preservation of partial cell viability and 
continuing growth of spheroids even under intensive 
photodynamic exposure. The high photo-resistance of 
these cells is mainly due to the limited penetration of the 
photosensitizer into the spheroid, not exceeding 100–
150 μm. The in vitro distribution of photosensitizers in 
the model spheroids is similar to their inhomogeneous 
accumulation in tumors in vivo; therefore, we consider 
spheroids as a model more relevant to this kind of 
research than a cell monolayer. Using tumor spheroids 

and other 3D models of tumor growth in vitro will allow 
us to better assess the therapeutic efficacy of potential 
drugs and provide a tool for testing approaches to 
improve  PDT efficacy.
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