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Several research efforts have been focused on finding newer and more efficient photosensitizers for photody-
namic therapy (PDT). Although, it was demonstrated that riboflavin is an efficient photosensitizer for PDT, the
effect of its ester derivate, riboflavin 2′,3′,4′,5′-tetraacetate (RFTA), which has higher cellular uptake, has not
been well defined. To evaluate the cell death generated by applying RFTA as the photosensitizer in PDT in a
human cancer cell line of squamous carcinoma (SCC-13), these cells were incubated with riboflavin and its
ester derivate, RFTA followed by irradiationwith different blue light doses. Cell viabilitywas evaluated usingneu-
tral red uptake assay and cell death was evaluated using transmission electron microscopy, TUNEL assay and
annexin V-PE/7AAD double staining. The expression of caspase-3, Bax, Bcl-2, ERK 1/2 and p38MAPKwas evaluated
by Western blotting and generation of intracellular ROS and changes in anion superoxide levels were analyzed
using 2′,7′-dichlorofluorescein-diacetate and dihydroethidiumdye, respectively. RFTA-PDT generated a decrease
in cancer cell viability in a light dose–response. Treated SCC-13 cells exhibited chromatin condensation,
formation of apoptotic bodies, increases in TUNEL-positive cells, phosphatidylserine externalization and
decreased procaspase-3 and Bcl-2 protein expression and increment of ERK 1/2 phosphorylation. Moreover,
trolox abolished the effect of PDT on cell viability linking the increase in intracellular ROS levels with the cell
death observed, whereas that the pre-treatment with MEK inhibitor did not induce changes in SCC-13 cell
survival. These findings demonstrate the effects of RFTA in triggering apoptosis induced by ROS (•\O2

−) produc-
tion after visible light irradiation of squamous carcinoma cells.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) is an efficient clinical approach
employed for treatment of non-melanoma cutaneous cancer including
basal cell carcinoma and squamous cell carcinoma (SCC) [1,2]. PDT
consists of three elements: a photosensitizer (Ps) (which is a compound
applied topically or administered systemically), light (usually in the
visible range) and molecular oxygen [3]. Although, each component is
harmless by itself, together they can generate reactive oxygen species
(ROS) following the absorption of visible light by a Ps. Subsequently,
ROS are selectively accumulated into tumor cells, thereby inducing
oxidative cell damage and cell death [4]. The cell death triggered after
PDT varies according to the physical properties of the Ps employed,
the light wavelength, PDT dose and cell type [5,6].

In recent years, new compounds with PDT applications have been
developed [7]. However, only a few Ps including α-aminolevulinic
z).
acid (ALA) and its methyl ester derivative have been approved for use
in clinical assays and in the treatment of some diseases, such as precan-
cerous cutaneous lesion and non-melanoma skin cancer [8]. In this
regard, new photosensitizers with PDT applications are currently
being evaluated in an attempt to improve photophysical and photobio-
logical properties [9,10]. Riboflavin (RF), known as vitamin B2, has been
described to play an important biological role as a photochemical sensi-
tizer, as it participates in numerous biological oxidation reduction reac-
tions of a wide range of substrates [11,12]. When RF is photoactivated
by visible radiation and in the obtained triplet-excited state, it can inter-
act directly with a substrate to generate radical intermediates and ROS
such as superoxide anion, hydroxyl radical and hydrogen peroxide. In
addition, photoactivated RF can transfer energy to molecular oxygen,
thus generating singlet oxygen by a different mechanism [12,13]. In
fact, the use of RF in PDT has been described as an efficient inductor of
several processes such as cell death, ROS production, as well as MAPK
activation [14–18]. However, due to the hydrosoluble profile of RF, its
incorporation in various tissues is low; therefore many studies have
used RF ester derivatives with higher hydrophobicity in an attempt to
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increase bioavailability [15]. In particular, the riboflavin 2′,3′,4′,5′-
tetraacetate (RFTA) retains the photosensitizing properties of RF [19],
exhibiting nearly identical absorbance spectra [20]. Thus the present
study was focused on the ability of RFTA to promote a higher cellular
uptake to provide a significant photochemical activity.

PDTprovokes cell death through variousmechanisms [21,22], which
can be classified according to different criteria: morphological appear-
ance, enzymatic features, immunological characteristics, and functional
aspects [23]. It is well known that necrosis is accompanied by the
progressive loss of the cytoplasmic membrane integrity, leading to
local inflammation [24,25]. On the other hand, some lines of evidence
indicate that PDT-induced cell death (mainly through apoptotic events)
is devoid of inflammation, as has been observed in many tumor cell
lines after PDT for different photosensitizers [26,27]. The molecular
mechanism of apoptosis may involve various signaling pathways and
is dependent of the modulation of a variety of proteins including mito-
gen activated protein kinases (MAPKs) [28]. Notably, the activation of
MAPKs by PDT has been reported in several cell lines using different
photosensitizers [29,30]. However, it is still unknown whether the
activation of MAPKs can be triggered after PDT using RF or RFTA.

Taking into account the above finding, we took advantage of a
human cancer cell line of squamous carcinoma (SCC-13) to evaluate
the potential occurrence of cell death induced by RFTA-based PDT, as
well as to elucidate potential mechanisms. Given that the PDT is a
clinical approach employed to treat non-melanoma cutaneous cancer,
we hypothesize that RFTA could also be applied to treat shallow skin
lesions such as SCC in situ.

2. Materials and Methods

2.1. Photosensitizers

The photosensitizers used in this study were RF (Sigma-Aldrich, St.
Louis, USA) and RFTA, which was obtained as previously described
[19] with modification of the synthetic procedure [31]. Briefly, 0.5 g of
RF was mixed with 100 mL of (CH3CO)2O:C2H4O2 (1:1), and then
1 mL of HClO4 was added and the mixture was refluxed for 3 h at 40
°C. The reaction was cooled to 0 °C, after 200 mL of cold deionizer
water was added and extracted three times with 25 mL CHCl3. The
organic phase was washed with 25 mL of cold water followed by
25 mL of a cold saturated NaCl solution. The solvent was evaporated at
50 °C and the product recrystallized four times in CH3OH:H2O (17:3).
Finally, RFTA was diluted in 1% (v/v) acetone–high glucose Dulbecco's
modified Eagle's minimal essential medium (DMEM; Sigma-Aldrich,
St. Louis, USA).

2.2. Cell Culture

The human cell lines SCC-13 obtained from SCC of the facial epider-
mis [32], and HaCaT an immortalized line of human epidermal
keratinocytes were generously supplied by Universidad Nacional de
Río Cuarto, Córdoba, Argentina. The SCC-13 and HaCat cells were
cultured in DMEM supplemented with 1% of glutamine, penicillin 100
units/mL, streptomycin 10 mg/mL (Sigma-Aldrich, St. Louis, USA), 10%
fetal bovine serum (FBS; Gibco), and 1% of sodium pyruvate 100 mM
(Invitrogen, Carlsbad, CA). These cultures were maintained at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air. Cells were cultured
for 3 days with a confluence of 70%, and then submitted to different
experimental protocols.

2.3. Photodynamic Treatment

SCC-13 cells were treated with RF and RFTA (50–200 μM) for 3 h to
determine the non-toxic dose for the Ps. Next, cells were irradiated by
employing a monochromatic light source (446 nm) with a multi-LED
system (incoherent light) at irradiation doses of 4.5, 9 and 18 J/cm2,
and then maintained in DMEM containing 10% serum for 6, 12 or 24 h.

2.4. Cell Viability Assay

To analyze the Ps uptake by the HaCat and SCC-13 lines, cells were
incubated with RF and RFTA for 3 h and the fluorescence intensity was
evaluated by flow cytometry (FaCScan; Ortho Diagnostic System,
Raritan, NJ) with an Ar-ion 488 nm laser for the excitation of green
fluorescence, and data analysis was carried out using FlowJo software
(Tree Star, Inc. Ashland, OR). A neutral red uptake assaywas used to de-
termine cell viability. After 24 h of treatment, theHaCat and SCC-13 cells
were incubated with 0.08% neutral red (Merck KGaA, Darmstadt,
Germany) for 2 h at 37 °C, and then washed with phosphate-buffered
saline (PBS). The dye incorporated by viable cells was eluted by incubat-
ing with cold solubilization buffer (50% ethanol 96%; 49% deionized
water, 1% glacial acetic acid) for 10 min. The optical density was
measured at 540 nm, and the cell viability was calculated based on the
difference of the optical density between the treatment and control
group. The values obtained from control cultures were recorded as
representing 100% of cell viability, and the results of the treatment
were expressed as a percentage of these control cell values. Additional-
ly, in order to inhibit the ROS production, cells were pre-treated with
the antioxidant Trolox (20 μM, Sigma-Aldrich, St. Louis, USA) for 3 h
before PDT. Also, with the aim to evaluate ERK 1/2 participation, the
MEK inhibitor PD 098059 (50 μM, Sigma-Aldrich, St. Louis, USA) for
1 h before PDT was used.

2.5. SCC-13 Cell Proliferation

Immunocytochemical detection of bromodeoxyuridine (BrdU) was
used to label the proliferating cells in the S-phase of the cell cycle.
After 24 h of the treatment, the cells were incubated with BrdU
(3 mg/mL) for 3 h. Then, cells attached to the glass coverslips were
fixed with 4% formaldehyde for 30 min at room temperature (RT),
washed in PBS, and permeabilized with 0.5% Triton X-100 for 10 min.
Non-specific immunoreactivity was blocked with 1% PBS–BSA for
30min at RT, and the cells were incubated overnight with amonoclonal
antibody against BrdU (Amersham; Buckinghamshire, England) at 4 °C
in a wet chamber. After that, the cells were incubated with biotinylated
anti-mouse IgG diluted 1:100 for 30 min at RT (GE Healthcare; Buenos
Aires, Argentina). The coverslips were washed with PBS and then
incubated with avidin–biotin peroxidase complex (ABC; Vector;
Burlingame, USA). Immunoreactivity for BrdU was visualized with 3,3-
diaminobenzidine tetrahydrochloride (DAB) as a chromogen. A total
of 1000 cells were examined in randomly chosen fields of each glass
slide, in order to establish the percentage of immunoreactive cells for
BrdU. Three coverslips were analyzed for each group, derived from the
same cell preparations. The coverslips were then mounted on glass
slides with glycerol, with controls having the same protocol applied,
but omitting the BrdU antibody.

A total of 1000 cells were examined by lightmicroscopy in randomly
chosen fields of each coverslip, in order to establish the percentage of
immunoreactive cells for BrdU. Three coverslips were analyzed for
each group, derived from the same cell preparations. Experiments
were replicated at least three times with separate batches of cell
preparations.

2.6. Morphological Changes

The cells attached to the glass coverslips were incubated with RF or
RFTA for 3 h, before being irradiatedwith 4.5 or 9 J/cm2. After 12 or 24 h,
cells were fixed with 4% formaldehyde for 30 min at RT, permeabilized
with 0.5% Triton X-100 for 10 min, and stained with 200 μM
Hoechst33258 (Molecular Probes) for 10 min at RT. Finally, the cells
were observed using a Zeiss Axiovert 135 fluorescence microscope.
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2.7. Ultrastructural Analysis

After 24 h of the treatments, SCC-13 cells were detached with
TrypLE™ Express, washed, and centrifugated at 1000 rpm for 3 min.
Then, the pellets were fixed by immersion in Karnovsky mixture con-
taining 2% (v/v) glutaraldehyde and 4% (v/v) formaldehyde in 0.1 M
cacodylate buffer plus 7% sucrose. After fixation, cells were washed
with 0.1 M cacodylate buffer and post-fixed with 1% osmium tetroxide
(Sigma-Aldrich, St. Louis, USA) in the same buffer for 1 h. Subsequently,
the pellets were dehydrated in a graded acetone series and embedded
in Araldite resin (Electron Microscopy Sciences, Hatfield, PA). Thin sec-
tions were cut with a diamond knife on a JEOL JUM-7 ultramicrotome
(Nikon, Tokyo, Japan), stained with uranyl acetate and lead citrate, and
examined using a Zeiss LEO 906-E electron (Oberkochen, Germany).

2.8. In Situ Detection of DNA Fragmentation

The apoptotic nature of cell death was confirmed by TUNEL using an
In Situ Cell Death Detection Kit (POD; Roche Molecular Biochemicals,
Mannheim, Germany), following the steps recommended in the
manufacturer's instructions. Briefly, SCC-13 cells attached to the glass
coverslips were fixed with 4% formaldehyde and permeabilized with
0.1% Triton X-100 for 2 min on ice. Cells were then incubated with a
reaction mixture containing biotinylated nucleotides and terminal
deoxynucleotidyl transferase (TdT) at 37 °C for 1 h. After incubation
with the converter-POD solution for 30 min at 37 °C, the substrate
DAB was added, and observations were made microscopically (Zeiss
Axiostar plus). At least 20 randomly selected microscopic fields were
examined with images obtained using an Axiocam ERc5s Zeiss digital
compact camera. The percentage of TUNEL positive cells was calculated
by counting at least 3000 cells per culture for at least three independent
cell cultures.

2.9. Analysis of Apoptosis by Flow Cytometry

Following PDT, cells were collected from the monolayer with
TrypLE™ Express. To detect phosphatidylserine externalization, SCC-
13 were suspended in 200 μL binding buffer (100 mM HEPES, pH 7.4,
140 mM NaCl, 2.5 mM CaCl2). The apoptotic analysis was performed
using annexin V-PE and 7AAD according to the manufacturer's instruc-
tions (BD Pharmingen, USA). After 15min of annexin V incubation at RT
in darkness, 7AAD was added to the samples. Finally, the samples were
analyzed by flow cytometry.

2.10. Western Blot Analysis

For the quantification of protein expression, Western blot analysis
was performed as previously described [33]. The cultured cells SCC-13
were lysed with SDS-stopping solution (4% SDS, 2 mM EDTA, and
50mMTris, pH 6.8), and the lysateswere boiled for 5min and then cen-
trifuged (10,000 ×g at 4 °C for 10 min). Protein content was estimated
by Lowry assay. The same amount of protein (50 μg per lane) for each
sample was electrophoresed in 10% SDS-PAGE minigels, before being
transferred to nitrocellulose membranes using a semidry blotting
apparatus (1.2 mA/cm2; 1.5 h). The membranes were blocked with 5%
bovine albumin (BSA) in Tris-buffered saline (TBS) (10 mM Tris,
150mMNaCl, pH 7.5), and the targets were detected after overnight in-
cubationwith specific antibodies diluted in TBSwith tween (TBS-T) that
contained 2% BSA in a 1:1000 dilution of anti-Bax, anti-Bcl-2 (Biolegend,
St. Diego, CA, USA) and anti-caspase-3 (Santa Cruz, CA, USA); 1:2000
anti-phospho ERK 1/2 (Sigma-Aldrich, St. Louis, USA); 1:10,000 anti-
phospho p38MAPK(Millipore, Billerica, MA, USA) and total-p38MAPK,
and 1:40,000 anti-total-ERK 1/2 (Sigma-Aldrich, St. Louis, USA).
Membranes were incubated for 1 h at RT with horseradish peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse secondary antibodies
(Millipore, Billerica, MA, USA) to detect the phosphorylated sites or
the total form of the targets, with reactions being developed using
chemiluminescence substrate (LumiGLO, Cell Signaling Technology,
Beverly,MA, USA). All of the incubation stepswere followed bywashing
three times with TBS-T (10 mM Tris, 150 mM NaCl, 0.1% Tween-20,
pH 7.5). Each membrane was incubated with anti-β-actin antibody
(1:2000; Santa Cruz, CA, USA) to verify that equal amounts of protein
for each sample were loaded into the gel. The phosphorylation level
was determined as a the ratio of the optic density (OD) of the phosphor-
ylated band and the OD of the total band, with the bands being quanti-
fied using Scion Image® software, which is a derivative of NIH Image
(Frederick, MD, USA). All other reagents were of analytical grade.

2.11. Reactive Species Detection

Intracellular reactive species (RS) production was detected using
CM-H2DCFDA (Invitrogen, USA), according to the manufacturer's in-
structions. Briefly, tumor cells were incubated with 50 μM RF or RFTA
for 3 h, and for the last hour cells were exposed to dye (2.7 μM) at 37
°C in darkness to allow the incorporation and activation of the dye.
Then, irradiation was performed with different doses (4.5 or 9 J/cm2),
and the free dye was removed. After 2 h of incubation, attached cells
were visualized and photographed using a fluorescence microscope or
harvested with TrypLE™ Express (Gibco, New York, USA) for analysis
by flow cytometry. The mean fluorescence intensity was used as an
index of the ROS level.

2.12. Superoxide Anion Generation

Superoxide anion (•O2
−) cytoplasmic production from PDT in SCC-13

cells was determined by using fluorescent dye dihydroethidium (DHE;
Sigma, St. Louis, Mo). This assay is based on the reduction of ethidium
by a O2

− to a fluorescent compound [34]. After 6 h of RF or RFTA-PDT,
cells were incubated with 10 μM DHE in HBSS for 30 min at 37 °C in
darkness. After being rinsed with HBSS, the DHE fluorescence intensity
in 24-well plates was measured with excitation at 488 nm and an
emission at 585 nm, using a fluorimetric microplate reader (TECAN
Group Ltd., Grödig, Austria).

2.13. Statistical Analysis

The statistical analysis was carried out using three replicates
measured from three independent cell cultures. Data were analyzed
using GraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego, CA). A Student's t-test and a one-way ANOVA followed by
the Tukey post-hoc testwere performed for statistical analyses. Alterna-
tively, treatments vs. light intensity, or cell type vs. treatment vs. light
intensity interactions were analyzed by two or three-way ANOVA
followed by the Bonferroni post-hoc test. Results are expressed as
mean ± S.E.M. and the differences were considered significant when
p b 0.05.

3. Results

3.1. SCC-13 Cell Viability Mediated by Photosensitizers With or Without
Irradiation

The UV–visible spectra of the RF and RFTA for the SCC-13 cells
cultured in DMEM complete medium, exhibited a peak at 374–371
and in the blue visible region at 446–447 nm, respectively (Fig. 1A). In
addition, the uptake of RF and RFTA by HaCat and SCC-13 cells was
analyzed, the results indicated that, in HaCat cells, themaximumfluores-
cence intensity (MFI) did not shift after RF and RFTA incubation, while in
tumoral cells an increase inMFIwas detected after photosensitizer treat-
ment, suggesting a higher uptake of PS in SCC-13 cells (Fig. 1B). Next, to
determine the effect of the photosensitizers on SCC-13 cell viability, the
neutral red uptake colorimetric assay was carried out. SCC-13 cells



Fig. 1. Cell viability mediated by photosensitizers with or without irradiation. (A) Absorbance spectra from 300 nm to 700 nmof RF and RFTA in DMEM culturemedium (50 μM) at pH 7.4.
(B) Photosensitizer uptake by HaCat and SCC-13 cells after 3 h of incubation. (C) PS dose–response curve of SCC-13 cell viability after RF and RFTA incubation in darkness (*p b 0.05;
**p b 0.01 and ***p b 0.001, vs. control). (D) Light dose-dependent effect on HaCat and SCC-13 cell survival after RF and RFTA incubation (50 μM) followed by blue irradiation. Data are
represented as cell survival % of control and expressed as mean ± S.E.M. Two or three-way ANOVA, followed by Tukey post-hoc test (···p b 0.001 RF or RFTA in SCC-13 cells vs. HaCat
cells; ***p b 0.001 RFTA vs. RF in SCC-13 cells). (E) Quantification and representative microphotograph of BrdU uptake (nucleus in brown) in control and treated cells. Data are expressed
as number of BrdU-labeled cells (% of control: absence of PS and light exposure). Two-way ANOVA, treatment (RF vs. RFTA) [F1.25=57.88; p b 0.0001]. Bonferroni post-hoc test: **p b 0.01
and ***p b 0.001 RFTA vs. RF at the same light intensity condition. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of this article.)
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were incubated with RF or RFTA at different concentrations (25, 50, 100,
150 and 200 μM) for 3 h in darkness. As shown in Fig. 1C, neither RF nor
RFTA at a low concentration (50 μM) caused a significantly decrease in
cell viability. However, when the cells were incubated with RF or RFTA
at a high concentration (150 μM), cell survival decreased by 20.7% ±
0.75 and 25.02% ± 6.03, respectively, compared to control. Therefore,
based on this cell viability concentration-dependent, the dose of 50 μM
was selected for further experiments.

In order to evaluate the effect of the Ps on the cell viability after
irradiation, SCC-13 and HaCat cells were incubated with RF or RFTA
(50 μM) for 3 h, followed by irradiation with a light dose ranging from
4.5 to 18 J/cm2. As shown in Fig. 1D, there was a significant interaction
between treatment and light intensity [two-way interaction: F6,60 =
52.37; p b 0.001] aswell as between cell type, treatment and light inten-
sity [three-way interaction: F6,60= 16.34; p b 0.001], indicating that the
hazardous effects of increasing light intensities, which are dependent
on treatments (control, RF or RFTA), were significantly different
between the two cell types. The HaCat and SCC-13 cell survival percent-
ages diminished significantly in a light-dose dependent manner for
both Ps, compared to control. As expected, the decrease in SCC-13 cell
survival was more remarkable than in HaCat cells, indicating that
tumoral cells were more sensitive to PDT. In addition, in SCC-13 cells,
RFTA-PDT was more effective in decreasing cell survival when com-
pared to RF treatment (Fig. 1D).

Considering that PDT applied to SCC-13 cells induced a decrease in
cell viability, the proliferative rate (uptake of BrdU) was analyzed.
After RFTA-PDT treatment, a decrease in the uptake of BrdU percentage
of SCC-13 cells was observed for all light doses employed (Fig. 1E).
These results clearly indicate that RFTA presented a higher capacity for
decreasing cell proliferation than RF, regardless of the light intensity.

3.2. Characterization of Cell Death by Morphological Features

To determine whether the decrease in cell viability induced by PDT
was caused by an increase in apoptosis, the morphological features
were analyzed. SCC-13 cells were incubated with RF or RFTA (50 μM–
3 h), irradiated with 9 or 18 J/cm2 and incubated for an additional
24 h. Non-irradiated cells exhibited morphological characteristics
similar to control cells whereas for irradiated tumoral cells after RF or
RFTA exposure, nuclei with apoptotic characteristics such as clumps of
hypercondensed chromatin and nuclei fragmentation were observed
(Fig. 2A).

In order to explore the ultrastructural morphological changes trig-
gered after treatments, SCC-13 cells were examined by TEM (Fig. 2B).



Fig. 2. Morphology of SCC-13 cells. (A) Representative micrographs from control and PDT-treated cells showing morphological nuclear changes by fluorescence microscopy; Inset:
apoptotic cells. Scale bar: 8 μm. (B) Transmission electron micrograph of SCC-13 cells. Control cells in normal media (a and e) and non-irradiated cells treated with RF (b) or RFTA (f).
Cells treated with RF-irradiation 9 J/cm2 (c), 18 J/cm2 (d), RFTA-irradiation 9 J/cm2 (g) or 18 J/cm2 (h). Scale bar: 2 μm.
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The RF or RFTA treatments were unable to induce any modifications at
the plasmatic or nuclear membranes when irradiation was omitted,
similar to control cells. However, after PDT with RF (9 and 18 J/cm2)
or RFTA (9 J/cm2), the cells exhibited alterations at the nucleus and
cytoplasm, showing a progressive nuclear membrane disruption and
condensed chromatin at the nuclear periphery, as well as the formation
of apoptotic bodies. In addition, some RFTA-treated cells exposed to
18 J/cm2 also showed the development of clear small cytoplasm vacu-
oles, dilated organelles and the progressive loss of the cytoplasmic
membrane integrity, characteristics similar to those in necrotic cells
(Fig. 2B-h). For this reason, the dose of 9 J/cm2 was selected in the
following assays to evaluate apoptotic cell death.

3.3. Apoptotic Cell Death Induced by PDT

To complement the study of apoptosis performed by morphological
approaches, flow cytometry analysis of the annexin V-PE and 7AAD
markers was carried out. As shown in Fig. 3A, in control cells apoptosis
values of 5.38% and 4.87% corresponded to the early and late stages
of apoptosis, respectively, with similar results being observed in RF-
treated cells after PDT. However, in RFTA-exposed cells which were
irradiated with 9 J/cm2, the total percentage of apoptosis increased to
around 37.84%, with a more significant occurrence of early apoptosis
(28.88%).
To obtain more information concerning the involvement of apopto-
sis, the biochemical features were analyzed with TUNEL assay. SCC-13
cells were incubated with RF or RFTA (50 μM) for 3 h, irradiated with
9 J/cm2 and then incubated for an additional 24 h. The results showed
that in RF and RFTA-stimulated cells, this index was 6.14% and 8.67%
respectively (Fig. 3B). These data may indicate that RFTA exhibited a
higher capacity for stimulating apoptosis compared to RF, regardless
of the light intensity.

The expression of Bax, Bcl-2 and procaspase-3, proteins related to ap-
optosis, was also analyzed by immunoblotting. As shown in Fig. 3(D–E),
the treatments with RFTA decreased the expression of procaspase-3
(p b 0.05) and inhibited the expression of the antiapoptotic protein
Bcl-2, compared to controls (p b 0.05). However, the expression of Bax
did not exhibit a significant variation after PDT.

3.4. Intracellular Reactive Species Production After PDT

The analysis of DCF-DA fluorescence intensity showed that control
cells irradiated with 4.5 or 9 J/cm2 light doses did not exhibit any
increase in the intracellular reactive species (RS) levels. Nevertheless,
ROS production rose in the presence of both Ps, compared to control,
when cells were exposed to the 9 J/cm2 dose (Fig. 4A). Moreover,
there was a significant Ps-light intensity interaction [F4,18 = 4.07; p =
0.0159], indicating that the effects of the compounds on ROS generation



Fig. 3. SCC-13 cell death mechanism induced by photosensitizers with or without irradiation. (A) Flow cytometry contour plots of annexin V-PE/7AAD stained SCC-13 cells. The lower
left quadrant (PE-A−/7AAD−) represents viable cells, while the lower right (PE-A+/7AAD−) and upper right (PE-A+/7AAD+) quadrants show apoptotic and necrotic cells and late
apoptotic cells, respectively. (B) Representative microphotograph and TUNEL-positive cell quantification (nucleus in brown; scale bar: 8 μm.). Data are expressed as number of TUNEL-
positive cells (% of control: absence of PS and light exposure) and shown asmean± S.E.M. Two-way ANOVA, treatment (RF vs. RFTA) [F1.11 = 11.95; p= 0.0054]; as well as a significant
[F1,11 = 5.69; p = 0.036] main effect of light intensity (4.5 vs. 9.0 J/cm2), Bonferroni post-hoc test: **p b 0.01. (C, D, E) Representative blots of the changes in the expression of cell death
markers (caspase-3, Bcl-2 andBax)when cellswere treatedwith RF and RFTAphotodynamic treatment (9 J/cm2). Theβ-actinwas used as loading control. *p b 0.05 indicates the statistical
difference from controls by two-wayANOVA, followed by Tukey post-hoc test. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of
this article.)
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depended on the light intensity, indicating significant differences com-
pared to control at the same light intensity.

As PDT produced an increase in RS levels, the cytoplasmic.•O2
− levels

were evaluated using the redox-sensitive fluorescent probe DHE. A
significant rise in.•O2

− generation, 6 h after PDT,was observed compared
to irradiated cells without Ps and to treated cells with Ps in darkness
(Fig. 4B). Furthermore, there was a significant Ps-light intensity interac-
tion [F2,30 = 15.11; p b 0.0001], indicating that the effects of the
compounds on.•O2

− generation depended on the light intensity.
In addition, in order to evaluate if the reactive oxygen species could

be involved in the decrease of cell viability, the antioxidant Trolox
(20 μM) was used. The results obtained showed that the percentage of
viable SCC-13 cells pre-treated with Trolox was higher than in cells
treated with PDT without the antioxidant (Fig. 4C).
3.5. Cell Death Induced by RFTA-PDT Involves the Activation of ERK 1/2
Protein Kinase

The above results indicated that RFTA-PDT induced cell death by
increasing the intracellular ROS levels. Moreover, it is well known that
reactive oxygen species are capable of inducing MAPK activation in dif-
ferent cell types [35,36]. Therefore, to investigatewhether the activation
of ERK 1/2 and p38MAPK may have been involved in apoptosis induced
by RFTA-PDT, the phosphorylated and total form of ERK 1/2 and
p38MAPK were analyzed by Western blotting. Although the phosphory-
lation of p38MAPK did not exhibit a significant interaction between Ps
and irradiation (Fig. 5A), a significant increase in phosphorylated ERK
1/2 (p b 0.05) was detected in cells treated with RF and RFTA after
light irradiation (9 J/cm2) (Fig. 5B).



Fig. 4. Reactive species production in SCC-13 cells mediated by photosensitizers with or without irradiation. (A) Representative microphotograph and measurement of DCF-DA
fluorescence intensity after PDT in SCC-13 cells after treatment with RF or RFTA and irradiation using different blue light doses (4.5 or 9 J/cm2). Two-way ANOVA, control vs. RF vs.
RFTA [F2,18 = 10.99; p = 0.0008], as well as effect of light intensity: 0 vs. 4.5 vs. 9.0 J/cm2, [F2,18 = 19.75; p b 0.0001]. Bonferroni post-hoc test: **p b 0.01 and ***p b 0.001 vs. control
at the same light intensity condition. (B) Representative microphotograph and quantification of DHE fluorescence intensity after PDT. Two-way ANOVA, control vs. RF vs. RFTA
[F2,30 = 19.2; p b 0.0001], as well as effect of light intensity: 0 vs. 4.5 vs. 9.0 J/cm2, [F1,30 40.34; p b 0.0001]. Bonferroni post-hoc test: **p b 0.01 and ***p b 0.001 vs. control at the same
light intensity condition. Data are expressed as number of arbitrary fluorescence units, % of control and expressed as mean ± S.E.M. (C) Cell survival after PDT in Trolox pre-treated
SCC-13 cells (20 μM). Data are represented as cell survival percentage of control and expressed asmean± S.E.M. Student's t-test: *p b 0.05, RF or RFTAwith Trolox vs. RF or RFTAwithout
Trolox at 9 J/cm2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

451A.V. Juarez et al. / Journal of Photochemistry & Photobiology, B: Biology 153 (2015) 445–454
In addition, in order to analyze if the reactive oxygen species could
be involved in the activation of ERK 1/2, the antioxidant Trolox
(20 μM) was used. The incubation with Trolox partially inhibited the
phosphorylation of ERK 1/2 in RF-PDT (p = 0.042 and p = 0.0275 re-
spectively) and ERK 2 in RFTA-PDT (p = 0.0262) when compared to
cells treated with PDT without the antioxidant (Fig. 5C). Next, taking
into account that the ERK 1/2 could be participate in the cell death
after PDT, a pre-treatment with the MEK inhibitor (PD 098059) was
carried out. As shown in Fig. 5D, the cell viability after RF or RFTA-PDT
with inhibitor remained similar to observedwith PDTwithout inhibitor.

4. Discussion

Recently, significant research efforts have been focused on finding
newer and more efficient photosensitizers for PDT. One of the critical
steps to identify an efficient Ps for PDT is to determine its selectivity
and capacity to accumulate in target cells [37]. The present study dem-
onstrates the efficacy of the RF ester derivative, RFTA, as a photosensitiz-
er in PDT which was able to induce cell death in squamous carcinoma
cells (SCC-13), thus revealing apoptosis to be the primary type of cell
death induced by ROS (•O2

−) production and likely to involve p-ERK 1/2
activation.

Although there have been very few investigations using RF in PDT to
treat cancer [38], it has been selected as a Ps in other types of studies due
to its photosensitizing properties [14,39,40]. However, since riboflavin
is a hydrosoluble vitamin, it is poorly incorporated into cells. Thus we
chose to analyze the effects of RFTA because of its higher incorporation
in the SCC-13 cell line and its incapability to induce toxicity in darkness
in the range of concentrations lower than 50 μM, as demonstrated in our
experimental conditions.

Light sources for exciting photosensitizers, including laser, light-
emitting diodes andmany other types of visible light, play an important
role in improving PDT efficacy. Ps may become activated by one or sev-
eral types of light, as the optimal light effect depends on the excitation
peaks of the photosensitizer drug used and the target tissue [8]. Another
important characteristic of the light employed in PDT is its penetration
into the tissue, which varies according to wavelength, with the depth
of light penetration in the tissue increasing with longer wavelengths
[41]. A specific wavelength (446 nm) in the visible spectrum, which is
known to excite RF and RFTA, was used to photoactivate both Ps, and
photoactivation with different energy densities. An important charac-
teristic of a Ps in PDT is also its preferential accumulation in target
tissues and the rapid clearance from normal tissues, thus maximizing
the selectivity of therapy [7,42]. The Ps uptake by SCC-13 cells was
higher than in normal keratinocytes cells, indicating that PDT with RF
and RFTA could be effective for treating tumoral cells.

The light dose–response curve showed that the phototoxic effect on
cells increased with light dose, being higher in SCC-13 than in HaCat
cells, suggesting that tumoral cells were more sensitive to PDT. It was
noteworthy that in the RFTA treatment, the phototoxic effect was



Fig. 5. Phosphorylated p38MAPK and ERK 1/2 protein expression analysis in SCC-13 cells mediated by photosensitizers with or without irradiation. (A) Representative blot of immunore-
activity of phospho-p38MAPK, total-p38MAPK in SCC-13 cells treated with RF and RFTA alone or irradiated with 9 J/cm2. (B and C) Representative blot of phospho-ERK 1, total-ERK 1,
phospho-ERK 2, total-ERK 2 immunoreactivity in SCC-13 cells with or without Trolox exposition (20 μM). The phosphorylated level was determined by computer-assisted densiometry
as a ratio of theO.D. of the phosphorylated band and theO.D. of the total band,with the data being expressed as percentage of the control.β-Actinwas used as the control for loading. Two-
way ANOVA, following by Tukey post-hoc test: *p b 0.05 vs. control at the same light intensity condition without Trolox. Student's t-test: *p b 0.05, RF or RFTA with Trolox vs. RF or RFTA
without Trolox at 9 J/cm2. (D) Cell survival after PDT in PD 098059 pre-treated SCC-13 cells (50 μM). Data are represented as cell survival percentage of control and expressed asmean±
S.E.M.
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greater at the highest light dose compared with RF. Furthermore, it has
been previously described that RF is susceptible to photodegradation,
while RFTA is substantially more photostable than RF, since the half-
life of RFTA photodegradation is ~30 times longer than that of RF [20].
Despite RFTA and RF being able to absorb light at nearly the same rate,
RFTA might be more efficient than RF as a photosensitizer in PDT for
superficial skin diseases, as this wavelength presents a low penetration
in the tissue [41].
PDT can induce cell death in culture through several mechanisms
[21,22]. In this investigation, irradiated RF and RFTA induced cell
death mainly by an apoptotic mechanism in the SCC-13 cells, revealed
by the characteristic condensation of the chromatin. Moreover, the
increased phosphatidylserine externalization and higher number of
TUNEL-positive cell, after RFTA-PDT confirmed the occurrence of apo-
ptotic cell death. This treatment also generated ultrastructural changes
similar to those described for cells undergoing apoptosis, including
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chromatin condensation, cell and nuclear shrinkage and membrane
blebbing [24].

In general, the activation of caspase pathways is essential to produce
apoptotic morphological and biochemical changes [43]. Therefore, to
investigate further themechanisms involved in RFTA-PDT induced apo-
ptosis in SCC-13 cells, we examined the expression of the procaspase-3,
Bcl-2 and Bax proteins in a caspase-dependent pathway by Western
blot. The decreased expression of procaspase-3 and Bcl-2 in RFTA-PDT
treated-cells led us to speculate that the down regulation of these mol-
ecules could have been responsible for the occurrence of the apoptosis
observed. Unexpectedly, the expression of Bax was not modified
in these tumoral cells after PDT when compared to control cells, as
reported in other studies [44,45]. Moreover, a possible contribution of
additional proapoptotic molecules cannot be discarded in this process,
as described by other investigators [46,47]. In our study, when the
light dose was increased to 18 J/cm2 in cells treated with RFTA, cell
death was induced through events related to the necrotic morphology,
which involved rupture of the plasma membrane with the subsequent
release of cytoplasmic constituents and the absence of chromatin
condensation [48]. Based in these results it is possible to postulate that
an efficient induction of apoptosis in vivo by tissue irradiation after
RFTA administration should be carried out with low light doses, thereby
preventing the stimulation of the immune system or induction of anti-
tumor immune reactions that occur when necrosis is induced [24].

When activated photosensitizers transfer energy to molecular
oxygen, they generate ROS, which interact with biologic substrates
triggering different cellular responses. Some studies have reported
that overproduction of ROS causes cell damage and promotes not only
necrosis, but can also activate signaling pathways involved in apoptosis
[49–51]. Consequently, to evaluate whether the generation of intracel-
lular ROS could be involved in the mechanism of cell death, we
employedDCF-DA andDHE. It has been reported that the light exposure
of RF in the presence of molecular oxygen can generate ROS strong
enough to elicit toxic insults or injuries, leading to photodamage and
even cell death [13,14]. Although, ROS levels were increased in the
SCC-13 cells treated by PDT, this response was higher in RFTA-treated
cells, suggesting that this Ps could be potentially used as an efficient
generator of intracellular ROS, such as.•O2

−. Based on these results and
in an attempt to confirm the involvement of ROS in cell viability, the
antioxidant Trolox was used before PDT application. These results
supported the contribution of ROS production in increasing SCC-13
cell death. Related to this, the photoactivation of Ps derivatives has
been described in ROS formations, which act as primary messengers
that trigger multiple signaling pathways leading to cell death [52].

Themechanisms involved in programmed cell death induced by PDT
could be related to the activation of MAPKs [53]. In fact, it is known that
MAPKs play important roles in a variety of cellular processes, such as
cell proliferation and apoptosis [54], and it has been demonstrated
that ROS can induce the activation of p38MAPK pathways in various cell
models, causing cell death in several cell types [52,55,56]. Although, in
the present study, PDT with RF and RFTA increased the ROS levels, the
p38MAPK phosphorylation was unchanged in treated cells, suggesting
no direct relationship between compound exposure and irradiation
with the modulation of p38MAPK activity in SCC-13 cells. Moreover, it
has been reported that ERK 1/2, one of the more ubiquitous signaling
enzymes, activated in response to anticancer compounds such as
cisplatin, piperlongumine and by ROS playing role in the mechanism
of cell death [57,58].

In linewith this previous report, our results indicate that ERK 1/2 ac-
tivation, observed after PDT, may be due an increment of intracellular
ROS levels, since after employing the antioxidant Trolox it was observed
a partial inhibition of ERK 1/2 phosphorylation in response to PDT. It has
been recognized that antioxidants can attenuate MAPK–ERK activation,
suggesting that ROS may modulate these kinases [59]. In addition,
aiming to analyze the involvement of ERK phosphorylation in the
PDT-induced cell death we employed the MEK inhibitor PD 098059.
Under our experimental conditions, the pre-treatmentwithMEK inhib-
itor did not induce changes in SCC-13 cell survival, suggesting that ERK
1/2 phosphorylation represents a consequence of exposure to RFTA +
light, but that this event does not necessarily represent the cause of
cell viability loss. Noteworthy, there are studies in others cells types
showing ERK activation as mechanism of protection from apoptotic
death after oxidative stress [60,61] as well as ERK activation involved
in the mechanism of cell death [57,58]. However, our result indicates
that ERK 1/2 activation was not associated with either cellular damage
induced by PDT or some protective mechanism.

In summary, our study demonstrates that RFTA trigger apoptosis in
SCC-13 cells after visible light irradiation (9 J/cm2) and suggests that
ROS (•O2

−) productionmight be involved in this effect. It is worth noting
that this postulated mechanism might provide significant insights into
RFTA-PDT and lead to new therapeutic strategies to treat proliferative
superficial skin diseases in vivo. Furthermore, as this mechanism was
not associated with necrosis, thus avoiding inflammation and damage
do not affect the surrounding healthy tissue.
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