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Impact statement

Recently, the use of photodynamic therapy
grows as an alternative treatment for
cancer, since it has a noninvasive charac-
teristic and affinity to the tumor tissue.
Accordingly, understanding the therapy’s
foci of action is important for the technique
improvement. This work aims to under-
stand the genotoxic effect triggered by the
therapy action, thus evidencing the per-
manent changes caused to the genetic
material of the tumor cell after the treat-
ment. Therefore, to increase the knowl-
edge in this study field, the methodology of
the comet assay and count of micronucle-
us formed after the therapy was adopted in
order to understand if the damage caused
to the DNA of tumor cell makes its repli-
cation process unfeasible in future gener-
ations. The study allows a better thera-
peutic approach to the cancer treatment,
making the process of association
between therapies a more effective option
during the disease treatment.

Abstract

Photodynamic therapy provides the formation of reactive oxygen species that are capable
of inducing cell death. Human laryngeal carcinoma (HEp-2) cells have been evaluated in this
study under PDT treatment. Cells were treated with photosensitizer aluminum phthalocy-
anine tetrasulfonate (AIPcS,) and irradiated with a Biopdi/Irrad-Led5 660 LED with 660 nm
wavelength, intensity of delivered light of 25 mW/cm?, power of 70 mW, fluence of 5 J/cm?
for 24 h and 48 h, and then evaluated. Cell population was not increased by PDT treatment
after the tested period. The apoptosis assay demonstrated that control groups exhibit
approximately 60% of living cells in the 24h and 48h periods, however. A significant
increase in apoptotic cells was observed after the photodynamic therapy treatments, for
both 24 and 48 h groups. Over 50% of cells were under apoptosis after photodynamic
therapy, evidencing a death process generated from the oxidative damage of the treatment.
Comet assay and micronucleus assessments, both of which evaluate genotoxicity, dem-
onstrated favorable results to damages caused by the photodynamic therapy treatment.
Thus, photodynamic therapy is proposed to damage nuclear cells and the subcellular
structure of carcinogenic cells.
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Introduction

Photodynamic therapy (PDT) is a treatment method that
employs a photosensitive dye and suitable wavelength
light in the presence of molecular oxygen. Each isolated
PDT component is harmless to cells, but their interaction
results in cytotoxic damage to tumor cells due to the for-
mation of reactive oxygen species (ROS). As a result, tumor
cells submitted to PDT suffer irreversible photodamage to
vital target subcellular structures, including the plasma, the
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cell membrane, mitochondria, lysosomes, Golgi apparatus-
es, and endoplasmic reticulum. The damage to cancer cells
and their vital subcellular structures resulting from the
action of ROS can lead to cell death by either apoptosis or
necrosis.' ™

In addition, the use of PDT in the treatment of cancer is
very attractive because of its intrinsic double selectivity, i.e.
the photosensitizer has a great tendency to accumulate in
the malignant tissue and the irradiated light is spatially
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focused onto the lesion. Another advantage of PDT is that it
does not present cumulative toxicity to the patient and no
maximum cumulative dose is known, as it occurs in other
already established treatments such as chemo- and radia-
tion therapy.®”

Photochemical reactions occur in the cell and its com-
partments, since photosensitizing tends to focus on other
cellular structures, such as mitochondria, endoplasmic
reticulum, and lysosomes. Although DNA damage has
not been decisively confirmed, some studies have clarified
the interaction between PDT and DNA damage in cells.*’
This becomes important as DNA is the most vulnerable
material in a cell and cannot be simply replaced. Damage
to the cell genetic material can happen due to spontaneous
basic hydrolysis as a result of natural stress or external
influences."*"'?

Currently, several photosensitizers, classified either as
first, second or third generation photosensitizers, are used
in PDT studies. Among them, methylene blue seems to
have DNA as its main target. Since the main characteristic
of methylene blue is having a cation, which can intercalate
with the DNA structure, especially in regions rich in guanine-
cytosine, due to its positive charge and planar geometry, it
can lead to a break and oxidative degradation of the bases via
singlet oxygen, thus causing DNA damage.'*'®

It must also be considered that ROS can cause damage to
macromolecules, such as lipids, as well as to proteins and
even DNA, thus furthering the redox imbalance in the cell
signaling pathways. As a result, the interaction between
monochromatic light and the photosensitizer induces a
series of photophysical and photochemical processes that
produces ROS in large numbers at the end of type-I and -II
reactions. A sequence of cytotoxic oxidative events then
occurs in cell organelles (mitochondria, lysosomes, the
cell membranes and nucleus), where ROS interacts with
almost any molecule, leading to chemical modifications
that impede the normal functioning of the cell through
damage to the cell membrane, DNA, and other structures.
Furthermore, an important biological consequence of the
oxidation of proteins is the subsequent oxidation of DNA
by the peroxides formed. Thus, the initial generation of
peroxides and their interaction with nuclear proteins,
such as histones, can also promote subsequent DNA
damage. 5712171

Therefore, the purpose of the present study was to
evaluate the effect of PDT using aluminum phthalocyanine
tetrasulfonate, a second generation photosensitizer, in cancer
cell line HEp-2, for better understanding the damage
caused by ROS to cell DNA. Special attention was paid to
cytotoxicity, especially genotoxicity, 24h and 48h after the
PDT treatment.

Materials and methods

Cell culture

HEp-2 (human laryngeal carcinoma ATCC - CCL - 23) cells
were obtained from the Paul Ehrlich Technical Scientific
Association Cell Bank (Associacao Técnico Cientifica Paul
Ehrlich - Banco de Células do Rio de Janeiro UFR] - R]) and
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cultured in 25 cm? bottles at 37°C under 5% CO? in DMEM
(Dulbecco’s modified Eagles medium - Thermo Fisher
Scientific, Gibco, Waltham, Massachusetts, EUA) supple-
mented with 10% fetal bovine serum (Thermo Fisher
Scientific, Gibco, Waltham, MA, EUA) and 1% penicillin
and streptomycin (Thermo Fisher Scientific, Invitrogen,
Waltham, MA, EUA).

Photosensitizer

Aluminum  phthalocyanine tetrasulfonate  (AIPcS,)
(Porphyrin Frontier Scientific, Logan, UT, USA) was dilut-
ed in phosphate-buffered saline (PBS) at a concentration of
5 uM and kept in the dark at 4°C until use.?

PDT in cells

The culture medium was removed 24h after plating
(1 x10° cells/mL per well) in a 24-well plates and the
wells were washed twice with PBS to avoid interference
with the treatment. Next, 200 pL of the 10 pM pre-
prepared AIPcS4 solution was added in and the cells
were incubated for 1h at 37°C under 5% CO, in the dark.
At the end of this period, the AIPcS, solution was removed
and the cells were washed again twice with PBS to remove
the excess photosensitizer; 200 uL. of PBS were then added
to each well for the irradiation process. The LED device,
Biopdi/IRRAD-LED 660 nm (Biopdi, Sao Carlos, Sao Paulo,
Brazil), used for PDT irradiation consists of 54 LEDs,
each individual LED has 70 mW of power, emitting in 660
+5nm, and covering an area of 150 cm?. The power density
of delivered light was 25 mW/ cm?, and the exposure time
was 3 min and 20 s, totalizing the fluence of 5 J/ cm?.
The power density was calculated according to the
following formula: (54 x 70)/ A =1, and the fluence was cal-
culated according to the following one: I (W/cm?) x t (s) =
F (J/ecm?).*' After irradiation, PBS was discarded and
500 pL of DMEM culture medium supplemented with
10% fetal bovine serum was added to the wells. Cells
were maintained at 37°C under 5% CO, in the dark.
Thus, two groups were investigated: Control group (not
submitted to PDT) and the treatment group, submitted
to PDT.*

Viability assay

Using a protocol adapted for the viability assay, non-
adhered cells were discarded from the culture plate by
washing with PBS at 37°C. Adhered cells were then incu-
bated with 100 pL of crystal violet solution for 4 min at
room temperature. At the end of incubation, the plate
was washed with water to remove excess dye and 200 pL
of elution solution (SDS - sodium dodecyl sulfate) were
added for incubation for 1h before reading using a
SpectraCount - Packard 570nm spectrophotometer. The
whole process was carried out in the dark. Data collected
were statistically analyzed.”

Mitochondrial activity assay

Mitochondrial activity was evaluated by the colorimetric
MTT [(bromide 3-4,5-dimethylthiazol-2-yl) -2,5-
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difeniltetrazoliol] (Sigma) assay. After PDT, 100 uL of MTT
solution (5 mg/mL) were added to the wells and incubated
for 2h at 37°Cin 5% CO,. After this period, cells were incu-
bated with 200 pL of DMSO (dimethyl sulfoxide) for 30 min
under stirring and the absorbance was measured at 570 nm
(SpectraCount - Packard spectrophotometer). The whole
process was carried out in the dark. Data collected were
statistically analyzed.?!

Apoptosis assay

The analysis of apoptosis and necrosis is performed by
image cytometer Tali® with Apoptosis Kit, enabling the
identification of apoptotic cells and discrimination of apo-
ptotic from necrotic and live cells after the PDT treatment in
24h and 48h periods. The kit stains apoptotic cells with
green Annexin V - Alexa Fluor® 488, necrotic cells with
both red propidium iodide and green Annexin V - Alexa
Fluor® 488, and does not stain live cells (Invitrogen™
Tali™ Image-based Cytometer).*

Comet assay

HEp-2 cells were cultured in 24-well plates with cell den-
sity of 1x 10° for 24h and 48h after the PDT treatment.
Briefly, the cells were detached with trypsin/0.25% EDTA
(Thermo Fisher Scientific, Gibco, Waltham, Massachusetts,
EUA), 200 pL/well for 3 min, centrifuged (3000 r/min/
5min), resuspended in 200 puL 0.5% low-melting point
agarose (Thermo Fisher Scientific, Gibco, Waltham,
Massachusetts, EUA) at 37°C and transferred to newly pre-
pared slides with 1.5% agarose (Thermo Fisher Scientific,
Gibco, Waltham, Massachusetts, EUA). The slides were
immersed in a fresh cold (4°C) lysis solution (2.5 M NaCl,
100 mM Na2 EDTA, 10 mM Tris-HCI, pH 10-10.5, 1% Triton
X-100 and 10% DMSO) for 1h and next placed in an elec-
trophoresis chamber, which was then filled with freshly
prepared alkaline buffer at 4°C (300 mM NaOH and
1mM EDTA, pH 13). Electrophoresis was performed at
300 mA and 25 V for 30 min. Next, the slides were posi-
tioned horizontally and washed three times (5 min each
time) with 0.4 M TRIS -HCI, pH 7.5. Finally, 30 pL of ethid-
ium bromide (20 pg/mL) were added to each slide. All
the analysis steps were conducted away from direct light
to prevent additional DNA damage. Images were acquired
with an epifluorescence microscope (Leica Epifluorescence
Microscope DMLB with a Leica DFC310FX model camera).
Ten randomly selected fields were photographed and
100 randomly selected cells per group (n=3) were ana-
lyzed. Comet images were automatically analyzed using
the OpenComet analysis software and statistically ana-
lyzed. The data obtained in the comet assay were percent-
age DNA in the comet tail, which shows tail DNA content
as a percentage of comet DNA content, and Olive Moment,
which shows a product of percent DNA in the comet tail
and the distance between intensity-weighted head and tail
centroids. These data were chosen based on Gyori et al.?®
who explained the OpenComet software. The comet assay
protocol was described by Singh et al. and used with a
minor modification described in Silva and performed by
Carvalho et al.**%®

Micronucleus assay

The micronucleus assay protocol used was described by
Tian et al. and performed by Carvalho et al.?** HEp-2
cells were cultured in 24-well plates with a cell density of
1% 10° and evaluated in periods of 24 h and 48 h after the
PDT treatment was performed as described above. After
the PDT treatment, the groups were exposed to
Cytochalasin B (Thermo Fisher Scientific, Invitrogen,
Waltham, MA, EUA); 24 h after the PDT treatment, the con-
trol groups, control for the formation of micronuclei, and
the treatment group were exposed to 200uL of
Cytochalasin B at a concentration of 3 ug/mL to interrupt
cell division and facilitate the visualization of micronuclei.
Then, the cells were washed with PBS twice and fixed in
4% paraformaldehyde in phosphate buffer for 10h at
room temperature. The cells were washed again with PBS
and incubated with 200pL DAPI (4/,6-Diamino-2-
Phenylindole, Sigma/Aldrich, St. Louis, MO, EUA) in
300 M phosphate buffer for 10 min at room temperature.
The micronucleus experiments were performed in tripli-
cate. The EMS group was included in this assay as a
Control group for micronucleus formation. This new
group was made up of cells treated with Ethyl methanesul-
fonate (EMS - Thermo Fisher Scientific, Invitrogen,
Waltham, MA, EUA) as a genotoxic agent at a concentration
of 6uM.***! The number of cells with micronuclei was
counted in a fluorescence microscope (Leica Fluorescence
Microscope DMIL) coupled with a Leica camera model
DFC310FX to capture images and with Leica Application
Suite V3 software. Images were captured in 10 different
fields of each well, totaling 30 fields per experimental
group. The micronucleus frequency per 100 cells presented
by the PDT, EMS, and Control groups was counted after
24h and 48h (1 =8). Analyses were conducted in double-
blind test for the confirmation of the number of micronuclei
in the images. The criteria used to identify micronuclei
were those defined by Fenech,* Nersesyan et al.,*® and
Titenko-Holland.?* After collection, the data were statisti-
cally analyzed.

Statistical analysis

The viability assay data distribution was normal
(Kolmogorov-Smirnov test) and statistical analysis was
performed using a parametric test (test f). The comet
assay  data  showed  non-normal  distribution
(Kolmogorov-Smirnov test) and statistical analysis was
performed using a nonparametric test (Mann-Whitney
test). The micronucleus assay data distribution was
normal (Kolmogorov-Smirnov test) and statistical analysis
was performed using the parametric tests (ANOVA, fol-
lowed by the Tukey test).

All data were analyzed in software GraphPad Prism 6.0
(GraphPad Inc., La Jolla, CA). No statistical adjustment was
applied to the samples. The viability and micronucleus
assay data were expressed as means =+ standard deviation
and the comet assay data were expressed as minimum,
maximum, and median values. Statistical significance was
set at 0.05.
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Figure 1. Cell viability verified by crystal violet assay 24 h (a) and 48 h (b) after exposure of HEp-2 Human Laryngeal Carcinoma (ATCC — CCL-23) to PDT. Cell viability,
compared to the Control group, was analyzed by DNA staining with crystal violet (CV). Statistically significant differences between the PDT groups are indicated with

different superscript letters (n =6, test t, a and b, P < 0.0001, ¢, P=0.0005).
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Figure 2. Mitochondrial activity was verified by MTT assay 24 h and 48 h after
exposure of HEp-2 human laryngeal carcinoma (ATCC - CCL-23) to PDT.
Statistically significant differences between the PDT groups are indicated with
different superscript letters (n =6, test t, a and b, P < 0.0001). In the intragroup
comparison, there was no statistical difference in the control group and PDT in
periods 24 h and 48 h.

Results

Viability assay

Results obtained in the colorimetric assay with violet crys-
tal evidenced the effect of PDT on cancer cells over 24h
(Figure 1(a)) and 48 h (Figure 1(b)). The results showed sta-
tistically significant difference between the Control and the
PDT groups in both periods studied (P <0.0001).
Additionally, the PDT group presented a statistical differ-
ence between the 24- and 48-h periods (P = 0.0005) (Figure 1
(a) and (b)).

Mitochondrial activity assay

According to the MTT results, the effect of PDT on cancer
cells over 24h and 48h (Figure 2) was evidenced. The
results showed statistically significant difference between
the Control and the PDT groups in both periods studied
(P <0.0001). Additionally, Control and PDT groups did not
present the statistical difference between themselves for
both 24h and 48 h periods (Figure 2).
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Figure 3. The type of cell death was verified through the Tali apoptosis assay kit,
after exposure of HEp-2 human laryngeal carcinoma (ATCC - CCL-23) to PDT
using the Tali equipment, image-base cytometer. The control group has a rate of
approximately 60% of living cells, 15 to 20% of dead cells and approximately
20% of apoptotic cells in the periods of 24 h and 48 h. However, the PDT group
has a rate of approximately 20% of live cells, 25% of dead cells and approxi-
mately 60% of apoptotic cells in the 24-h period. In the 48 h, the PDT group had
20% live cells, 10% dead cells and approximately 70% apoptotic cells (1 =7). (A
color version of this figure is available in the online journal.)

Apoptosis assay

The results obtained with the evaluation of apoptosis using
the Tali equipment, image-base cytometer, indicated that
the control group had approximately 60% of living cells,
15 to 20% of dead cells, and approximately 20% of apoptotic
cells in the periods of 24h and 48h (Figure 3). However,
PDT group had a rate of approximately 20% of live cells,
25% of dead cells, and approximately 60% of apoptotic
cells after 24 h. After 48 h, PDT group had also 20%
live cells, 10% dead cells, and approximately 70% apoptotic
cells (Figure 3).

Comet assay

PDT caused DNA damage to the cells. The percentage of
DNA in the comet tail and the Olive Moment data was
significantly higher in the PDT group than in the Control
group (P <0.0001) at 24 h (Tables 1 and 2). However, at 48 h,
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the percentages of DNA in the comet tail and the Olive
Moment data were not significantly different between the
PDT and the Control group (P=0.9956 and P =0.2067,
respectively) (Tables 1 and 2). Additionally, the Control
group presented a statistically significant difference in the
percentage of DNA in the comet tail (P < 0.0001) and in the
Olive Moment data (P =0.0002) between the 24- and 48-h
periods (Figure 4).

Micronucleus assay

Various materials can cause damage to DNA, which results
in formation of micronuclei, small structures close to the

Table 1. Comet assay analysis of DNA damage in HEp-2 human laryn-
geal carcinoma (ATCC — CCL-23) cells submitted to PDT and
Control group.

24-h Comet assay 48-h Comet assay

Tail DNA %

Groups Control PDT Control PDT
Average 20.4% 64.14 45212 51.91
Median 6.282% 88.12 22.23% 49.66
Standard deviation ~ 30.57 40.18 41.54 43.84
Minimum 0.0 0.0 1.174 1.131
25% percentile 3.093 13.98 7.976 5.773
75% percentile 15.75 98.02 97.60 97.96
Maximum 100.0 100.00 100.00 100.00
Sample size (n)° 300 300 300 300
P 0.0001 0.9956

Note: DNA in the comet tail shown as a percentage of comet DNA content. The
data represent the minimum, maximum, and median values of 100 randomly
selected cells per group of the three independent experiments (n =3 per group).
Mann-Whitney test, *P < 0.0001, significantly different from the Control value.
@Statistical difference between the 24- and 48-h period Control group

results (P < 0.0001).

(n)PConsidering the number of cells analyzed in each group.

PDT: photodynamic therapy.

Table 2. Comet assay analysis of DNA damage in HEp-2 human laryn-
geal carcinoma (ATCC — CCL-23) cells submitted to PDT and
Control group.

24-h Comet assay 48-h Comet assay

Olive moment

Groups Control PDT Control PDT
Average 5.238% 12.50 10.472 19.85
Median 0.8375% 8.978 4.335% 8.768
Standard deviation = 25.58 19.68 156.57 33.53
Minimum 0.0 0.0 0.07042 0.0
25% percentile 0.2679 0.8044 1.011 1.006
75% percentile 2.712 17.16 13.10 25.45
Maximum 385.2 193.7 58.00 261.7
Sample size (n)° 300 300 300 300
P <0.0001 0.2067

Note: The Olive Moment shows a product of percentage of DNA in the comet
tail and the distance between the intensity-weighted centroids of the head and
tail. The data represent the minimum, maximum, and median values of 100
randomly selected cells per group of the three independent experiments (1 =3
per group). Mann-Whitney test, *P < 0.0001, significantly different from the
Control value.

@Statistical difference between the 24- and 48-h period Control group

results (P=0.0002).

(n)PConsidering the number of cells analyzed in each group.

PDT: photodynamic therapy.

cell nucleus. Since EMS is a substance known to cause
micronucleus formation, it is used as a standard for positive
Control.

Comparison of the Control and the PDT groups and the
Control and EMS groups revealed a difference between the
micronucleus frequency values, both at 24h (P =0.0005
and P <0.0001, respectively) and 48h (P <0.0001 and
P <0.0001, respectively) (Figure 5(a)). The results also
showed that there was a statistical difference between the
Control and the EMS groups in both periods studied (24 h,
P <0.0001 and 48 h, P <0.0001). Furthermore, a significant
increase in micronucleus frequency was observed in the
Control (P=0.0152) and the EMS (P=0.0003) groups
when the 24 h and 48 h period results were compared; how-
ever, the PDT group showed no statistic difference in these
periods (P =0.2640) (Figure 5(a) and (b)).

Discussion

In the present study, cancer cells (HEp-2) were responsive
to the treatment. The cell viability assay, mitochondrial
activity assay, apoptosis assay, comet and micronucleus
assay results demonstrated the interaction of the LED
light with the photosensitizer (AIPcS,) and oxygen in
ROS production, which caused damage to the cancer cells.

Although PDT was very efficient in reducing cancer
cells, there may be some disadvantages in its use, such as
the difficulty in quantifying and localizing the photosensi-
tizer. Moreover, the slow accumulation and heterogeneity
response of the photosensitizer in the tumor tissue may
influence the irradiation process, and consequently the
PDT.*>?® In addition, the period of incubation and concen-
tration of the administered photosensitizer, without moni-
toring, are important parameters to be considered. Another
fact to be evidenced is the late elimination and of some
photosensitizer by the organism, remaining months in
the skin.”?®

Thereby, cell viability by the violet crystal assay is per-
formed based on a colorimetric quantitative method with
the aid of a spectrophotometer, in which the colorimetric
density indicates the number of cells present in the count-
ing area;” therefore, analyzing the data obtained for the
PDT treatment in cancer cells, it is possible to evidence
the difference between the Control and PDT groups, since
the PDT treatment causes direct and intense damage to
cancer cells and their structures through the action of
ROS, resulting in a decrease in the cell population, as con-
firmed by the cell viability.

Moreover, it can be inferred that the PDT treatment
not only decreased the cancer cell population, thus serv-
ing as a test that proves cell death, but also allowed
the quantification of the viability of the cancer cells.
The violet crystal test employs a basic dye that has
the ability to interact with and incorporate
negatively charged cellular structures, such as DNA and
plasma membrane.

Thus, recent studies Xin et al., Gijsens et al., and Castilho-
Fernandes et al. have demonstrated the importance of using
AlPcS, photosensitizer conjugated or encapsulated in gold
particles or liposomes carriers, indicating the increased
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Figure 4. The formation of the comet was verified with comet assay after 24 h and 48 h exposure of HEp-2 Human laryngeal carcinoma (ATCC - CCL-23) to PDT. (A

color version of this figure is available in the online journal.)
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Figure 5. Micronucleus (MN) frequency in HEp-2 human laryngeal carcinoma (ATCC - CCL-23) cells PDT, EMS and Control groups per 100 cells after 24 h (a) and 48
h (b). Statistically significant difference between PDT, EMS ,and Control groups indicated with superscript letters (n = 8; ANOVA, Tukey Test; a, c, d, and f P < 0.0001;

b, P=0.0005; g, P=0.0152; h, P=0.0003).

efficiency of the photosensitizer on cell viability when
compared with free administration of AlPcS4.**2
These applications are result of a new generation of photo-
sensitizers, synthesized in order to increase efficiency by
acting specifically on the selected targets. However, it is
crucial to fully comprehend the action of the second gener-
ation of drugs and their mechanisms that involve the pho-
totherapeutic process of PDT, so that the treatment is
employed with maximum efficiency, without having nega-
tive effects like Firczuk et al., Korbelik et al., and Casas et al.,
describe with the studies on resistance to PDT in cancer
cells.*>*

In this way, comparing the results of the crystal
violet test, Xin et al*® verified that conjugated drugs
have a greater phototherapeutic effect than the free photo-
sensitizer, reducing the population of cells in the clonogenic
test. However, our results demonstrate that AlPcS4 in its
free form has high efficiency, reducing the population of

HEp-2 cells to less than 30% of survivors. However, both
studies were performed using different cell lines, being
therefore one of the reasons for the divergent results,
since each lineage has its own metabolism. In addition, it
can be seen that in the experiments of Xin et al., PDT was
performed using the wavelength of 635nm, which lies far
from the Q peak (675nm) as demonstrated by the very Xin,
can contribute to inefficiency of PDT using AIPcS4 in its
free form.*’

Moreover, Gijsens et al. and Castilho-Fernandes et al.
used the mitochondrial activity assays to evaluate the
novel drugs synthesized using AlPcS4. In both studies,
the obtained results are similar to the one described by
Xin et al., because they demonstrate that conjugated or
encapsulated drugs were more effective than the free
form of the photosensitizer; however, in our study the effi-
cacy of free drug compared to the control group is highly
evident.*0™*
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Mitochondrial activity assay is performed with the
reduction of the MTT salt, being absorbed by the cells and
converted inside the mitochondria into formazan crystals.*®

The oxidative damage generated from the interaction of
excited molecular oxygen induces cells to become unviable,
as singlet oxygen reacts with subcellular structures for its
molecular stabilization, and in this way;, it reacts with cell
membrane, mitochondria, lysosomes and nucleus, causing
deleterious damage at reaction sites compromising cell
integrity.>"47~4

This oxidative process can be observed using the apo-
ptosis assay, as the triggered stimulus for this type of cell
death occurs from an internal damage in the cell.
Consequently, the results evidenced by the viability and
mitochondrial activity tests are confirmed by the data
obtained with the apoptosis assay, as the control groups
exhibited approximately 60% of living cells in the 24 and
48-h periods. However, the PDT groups demonstrated an
expressive increase of apoptotic cells reaching over 50% of
cells in both periods evidencing the death process from the
oxidative damage of the treatment.

According to Xin et al., PDT raises the process of apopto-
sis and necrosis. Results are similar to those obtained with
the apoptosis assay, as the PDT can generate reactive spe-
cies inside and outside the cells, depending only on the
presence of photosensitizers and molecules such as
oxygen, triggering a process of signaling cell death with
the presence of markers such as Caspase 3, as described
by Nonaka et al. **°

Oxidative damage to DNA bases results in lesions
caused by its reaction with ROS. These lesions may occur
due to direct oxidation of nucleic acids, which may lead to
breaks in one of the DNA strands (single strand break) or
single breaks at positions approximately symmetrical in
two DNA strands (double strand break). In addition,
simple breaks can lead to double breaks during cell
replication.”!

Continuing the DNA damage study, according to Glei
et al.” the comet assay allows the analysis of evident
damage to the genetic material of cells. The comet assay
principle is that cell lysis exposes the genetic material to
agarose gel, after which an electric potential difference is
applied, thus causing the DNA to fragment. This drag can
be measured by the OpenComet plug-in for the Image ]
software, which analyzes multiple parameters, as shown
by Glei et al.”®> However, three measures are given to
assess DNA damage, percentage of DNA in the tail, tail
moment, and Olive Moment. In the present study, we
used the percentage of DNA in the tail and Olive
Moment. The percentage of DNA in the tail gives the tail
DNA content as a percentage of comet DNA content, and
the Olive Moment is a product of the tail DNA and the
distance between the intensity-weighted centroids of the
head and tail; thus, being an arbitrary unit.>?

Analysis of the results obtained in the comet assay given
in Tables 1 and 2 showed that in both the percentage of
DNA in the comet tail and the Olive Moment genetic mate-
rial cell integrity was not compromised, since the Control
group expressed a median of 6.282% DNA in the comet tail
in the observation period of 24h in contrast to the PDT

group with 88.12%. These data were confirmed when the
Olive Moment at 24h was analyzed. When the Control
group was compared to the PDT group using the Olive
Moment, it was statistically different. These data can sug-
gest that the degree of toxicity generated instantly after
PDT has a sharp relevance to the damage to the genetic
material of cells exposed to the PDT treatment; the ROS
reacts not only with active organelles, such as mitochondria
and reticules, but also affects the cell as a whole, damaging
the nuclear membrane and even its DNA.>*

After 48 h, the Control group also presented an increase
in relation to the 24-h period. The cell data median was
even 22.23% smaller than that of the PDT group, and the
percentage DNA median of the comet tail was 49.66%. Such
analysis was again confirmed by the Olive Moment when
both groups were compared. It is worth noting that the
degree of damage to the genetic material in the PDT
group decreased, but it is necessary to correlate the treat-
ment time with the cell cycle in question. Cells tested for
48 h were no longer the same as the cells that suffered direct
damage under 24h of analysis, since the eukaryotic cell
cycle lasts approximately 24 h.>*

The last test used to confirm the interaction between
PDT and DNA damage in cancer cells, the micronucleus
assay, allows analyzing genotoxicity and DNA damage
caused during the cell interphase. It is an important test
as an alternative to the karyotype in the identification of
possible loss of chromosomal material. Moreover, the
micronucleus counting method is easy to apply, since the
cell is parked during the interphase layer and the DAPI dye
easily binds to the genetic material. The images are
acquired by fluorescence microscopy and the micronuclei
formed are counted. 2>~

Comparison of Control and PDT and EMS and PDT data
at 24 h revealed differences in micronucleus frequency at 48
h; the difference remained statistically significant.
Comparison of the Control group, without any treatment,
and the EMS group, the positive Control for micronucleus,
revealed a difference in the two periods analyzed.

A significant increase in micronuclei frequency was also
noticed in the Control and EMS groups when the 24 h and
48 h periods were compared, in contrast to the PDT group,
which did not present any difference between the periods.

Therefore, the cells can choose one of two strategies -
first, to repair the damages caused to its DNA or even tol-
erate such damages, or, second, to remove the cell popula-
tion by killing the cells. Besides causing damage to diverse
cell structures and mainly to the DNA of cancer cells, the
production of ROS by PDT provides a cell cycle malfunc-
tion scenario, as evidenced by the increase in the number of
micronuclei formed (tentative repair and damage tolerance
scenario) and also cell death, as evidenced by the decrease
in the cell population in the violet crystal test (cell
death scenario).'?

Although apoptosis and the MN assays showed a cer-
tain visual similarity, their overall biochemical spectra dif-
fered, since apoptosis is a typical form of cell death
characterized by cell shrinkage, dramatic rearrangement
of the cell nucleus, organized cleavage into 200-300 and
30-50 kb pieces, and final fragmentation of the cell into
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Figure 6. lllustration about the action mechanism of photodynamic therapy in DNA damage proposed.

membrane-cleated vesicles. However, the MN did not pre-
sent these characteristics, since the cell DNA cleavage
occurred in a random and disproportionate manner, and
there was no general cell structural change.

It is known that DNA repair is closely intertwined with
the regulation of the cell cycle, transcription, and replica-
tion and that in part these mechanisms use common fac-
tors. Therefore, if lesions are not removed, they can lead to
death or result in the incorporation of mutations into the
genome and their transmission to future generations.’!

Furthermore, in the study of cells it is known that phys-
iological mechanisms such as cell proliferation and death
are needed for the maintenance of the cell population.
However, it can be also pointed out that cancer cells present
fundamental changes in the genetic control of cell division,
resulting in unrestricted cell proliferation and loss of genet-
ic quality between stem cells and daughters.”® Moreover,
inactivation of tumor suppressor genes such as pRb and
p53 results in the dysfunction of proteins that normally
inhibit cell cycle progression. As also noted in the literature,
deregulation of the cell cycle associated with cancer occurs
by mutation of important proteins at different levels of the
cell cycle.'**®

The effect of PDT-produced ROS and the resulting
damage to several subcellular components has been corre-
lated with cell cycle phases. Analysis of the comet assay

results suggests that ROS causes damage to the DNA of
cancer cells specifically in the DNA synthesis phase of the
cell cycle (S), when the DNA of the cell is duplicated, being
thus more exposed to possible damages. Therefore, it may
be suggested that the comet assay evidences the damage
caused by ROS, which is observed in the comet tail drag.
This scenario demonstrates the fact that cancer cells lack
additional controls or checkpoints and correction of DNA
damage, causing damage to the genetic material of cells
surviving the PDT treatment.'>>!%25-60

In response to the DNA damage, the checkpoints nor-
mally disrupt the cell cycle to provide time for DNA repair.
However, as the target of the damage caused by ROS is a
cancer cell, the checkpoints are not so efficient in the cor-
rection of the damages caused by PDT, because these points
are positioned before the cell enters the S phase (Gl
checkpoint-S) or after DNA replication (G2 checkpoint-
M). Therefore, it is possible to observe the formation of
micronuclei as a result of the damage caused to the
cancer cell DNA, which is evidenced by the micronucleus
assay and thus demonstrating the genotoxicity of the treat-
ment to cancer cells.'*****% The mechanism proposed for
the action of PDT in DNA damage is illustrated in Figure 6.

Finally, PDT is a cytotoxic treatment, as demonstrated by
the violet crystal assay, and that it can also be considered
genotoxic, as evidenced by the comet and micronucleus
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assays. Thus, photodynamic therapy presents an interest-
ing potential for the treatment of cancer cells, resulting in
damage to several cell compartments, one of which is the
DNA of the cancer cells.
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