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Melanoma is a highly aggressive skin cancer that requires new approaches for its management. Low-level laser
therapy, currently named photobiomodulation therapy (PBM), has been used to improve different conditions but
its effects and safe use on melanoma remain unexplored. Herein, we investigated the PBM impact on melanoma
cells differing by pigmentation using near-infrared (NIR) and red lasers in vitro. In vivo, we evaluated the effects
Preclinical of the red laser on melanoma-bearing mice. Amelanotic (SK-MEL-37) and melanotic (B16F10) cells were exposed
Red laser in vitro to a NIR (780 nm, 40 mW) or a red laser (660 nm, 40 mW) in 3 different light doses: 30, 90, and 150 J/
VEGF cm? and responses were assessed regarding mitochondrial activity, invasiveness, migration, and VEGF produc-
tion. In vivo, melanoma-bearing mice received the red laser delivering 150 J/cm? directly to the tumor on 3
consecutive days. Mice were monitored for 15 days regarding tumor progression and mouse survival. We noticed
that amelanotic cells were unresponsive to NIR light. In contrast, NIR irradiation at 30 J/cm? promoted an in-
crease in the invasiveness of pigmented cells, even though all light doses have inhibited cell migration. Regarding
the red laser on pigmented cells, the highest light dose (150 J/cm?) decreased the VEGF production and
migration. In vivo, melanoma-bearing mice treated with red laser showed smaller tumor volume and longer
survival than controls. We conclude that PBM appears to be safe for amelanotic non-pigmented melanoma but
triggers different responses in melanotic pigmented cells depending on light parameters. Additionally, a high
dose of red laser impairs the invasive behavior of melanoma cells, probably due to the decrease in VEGF syn-
thesis, which may have contributed to tumor arrest and increased mouse survival. These findings suggest that red
laser therapy could be a new ally in the supportive care of melanoma patients.

1. Introduction

Skin cancer is the most common cancer worldwide and can be mel-
anoma or nonmelanoma [1]. Melanoma is a malignant lesion affecting
melanocytes, i.e., melanin-producing cells, whose function consists in
the coloring and defense of the skin against ultraviolet (UV) radiation
[2]. Its incidence is estimated at 133.000 new cases each year according
to the World Health Organization (WHO) [3].

The main environmental risk factor for this neoplasm development is

exposure to UV radiation. However, the origin of this disease is also
related to genetic factors, such as genetic susceptibility from the host
and family history [4,5]. The neoplasm is characterized by a lesion of
irregular edges presenting asymmetric variation, colour diversity, and
diameter increase. This type of cancer is highly curable if detected at
early stages [5,6]. On the other hand, this condition represents the most
aggressive and deadliest form of skin cancer, which is associated with its
great metastatic potential [2].

Frequently, malignant melanoma can be misdiagnosed due to its
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different clinical presentation and similarity to various benign-looking
melanocytic and non-melanocytic lesions [7]. Additionally, amelanotic
melanomas are a rare subtype of melanoma that present a harder
diagnostic challenge. They have a higher mitotic rate, frequent ulcera-
tion, higher tumor stage, and lower survival than pigmented mela-
nomas, often being confounded for benign spots, scars, or cysts [8].

The features of the tumor, such as location, stage, and genetic profile,
in addition to the patient's general health and age, are related to the
melanoma treatment options, which could be surgery, chemotherapy,
targeted therapy, and, more recently, immunotherapy. These therapies
can be administered as single agents or in combination [9]. Surgery is
the most common treatment for this condition and, even for melanomas
at early stages, this procedure is invasive leaving hideous scars. Conse-
quently, the surgery can cause social disorders and directly influence the
patient's quality of life and recovery from treatment [6,9].

Light-based technologies to fight cancer have promoted great inter-
est worldwide due to the search for less invasive forms of treatment.
Photodynamic therapy (PDT) is the most common and has been used
since the 80's to treat different types of solid cancers [10]. Low-level
laser therapy, also termed photobiomodulation therapy (PBM), on the
other hand, uses only light (usually red or near-infrared (NIR) from la-
sers or LEDs) to produce physiological functions with no heating to cells
and tissues [11]. PBM has been used to promote ulcer healing [12],
recover spinal cord injury [13], alleviate acute pain [14], etc. PBM is also
applied to mitigate adverse side effects resulting from conventional
cancer therapies such as oral mucositis, radiodermatitis, and lymphe-
dema [15]. However, PBM's effects on cancer are unclear as it appears to
exert stimulatory, inhibitory, or even no influence [16,17]. Light pa-
rameters such as wavelength and radiant exposure (or light dose) are
key factors to trigger target cell signaling pathways and outcomes [18].
Besides, the cell type could also play a role in the photobiological
response.

Due to the use of PBM as support of care in cancer patients and the
possibility of PBM practitioners unintentionally irradiating undiagnosed
amelanotic melanoma, which is non-pigmented and can resemble other
skin cancers, we have been motivated in investigating the impact and
safety of PBM using a near-infrared (NIR) and a red laser on B16F10 and
SK-MEL-37 lineages, which exhibit the presence and absence of
pigmentation, respectively [19]. We focused our attention on the ability
of PBM to influence cell metabolic activity (MA) depending on nutri-
tional growth conditions, vascular endothelial growth factor (VEGF)
production, invasiveness, and migration. We also verified the cell
response to different light doses. As a result, we conducted an in vivo
study applying the red laser directly to the tumor originating from a
melanin-producing cell line (murine) on melanoma-bearing C57BL/6
mice.

2. Materials and Methods
2.1. Cell Culture

The SK-MEL-37 amelanotic cutaneous melanoma cell line originated
from a malignant melanoma of a rectal tumor. The B16F10 cell line was
established from a primary cutaneous mouse C57BL/6 melanoma that
produces melanin. B16F10 and SK-MEL-37 cells were cultured in RPMI
1640 medium (Vitrocell, Brazil) supplemented with fetal bovine serum
(FBS), 100 U/mL penicillin (Sigma, USA), and 100 pg/mL streptomycin
(Sigma, USA). The cells were maintained at 37 °C in a humid atmosphere
containing 95% air and 5% carbon dioxide (CO). The culture medium
was changed once every 2 days. After the cells reached 70% confluence
they were trypsinized using 0.25% trypsin (Sigma, USA) and then
centrifuged at 300 g for 300 s and plated for the assays. The cell cultures
were submitted to cell metabolism, VEGF synthesis, invasiveness, and
migration assays.
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2.2. Photobiomodulation Protocol

The PBM was performed with a laser (Twin Flex Evolution, MMOp-
tics Ltda, Brazil) emitting at A = 780 nm and/or 660 nm with an output
power of 40 mW, and irradiance of approximately 1 W/cm?. The irra-
diation was performed 24 h after the cell seeding into a 96-well plate. A
volume of 200 pL corresponding to a height of 0.8 cm was submitted to
light doses of 30 (G30), 90 (G90), and 150 (G150) J/cm?. Control cells
(GO) were not irradiated. The cells were irradiated uniformly upwards so
that the laser tip (0.04 cm?) was placed in direct contact with the middle
of the bottom of the plaque to irradiate a single well. The plates were
covered with a black card and the wells around the irradiated one were
left empty to prevent light scattering during laser irradiation. Temper-
ature changes were monitored by positioning a thermometer in the well
when the highest light doses were used.

For the invasion assay, the irradiation was done directly in the pellet
formed at the bottom of the centrifugation tube, on the same day of the
cell seeding. The conic tube was also covered with a black card. For the
migration assay, we used 6-well plates. In this case, the laser tip uni-
formly scanned the well. The PBM parameters are summarized in
Table 1.

2.3. Metabolic Activity (MA)

Melanoma cells of both cell lines were seeded at the final concen-
tration of 5 x 10° cells per well in ideal nutritional condition (10% FBS)
or deficit nutritional condition (5% FBS). Twenty-four-h after laser
irradiation, 20 pL of MTT (3-(4,5-dimethylthiazol-2-y)-2,5-
diphenyltetrazolium-bromide) (Sigma, USA) were added at the con-
centration of 5 mg/mL [20]. The cells were incubated in an atmosphere
comprising 5% CO2 at 37 °C for 3 h. The formazan crystals (colorimetric
product) were solubilized with 100 pL of dimethyl sulfoxide (DMSO).
The optical density was read in a microplate reader (Spectramax M4,
Molecular Devices, USA) at A = 570 nm following 30 min from the
solubilization of the crystals.

2.4. VEGF Measurement

Melanoma cells of both cell lines were cultured under starvation (5%
FBS) and seeded in 96-well plates at a density of 5 x 10 cells per well, in
triplicate. These cells were submitted to irradiation twenty-four-h later.
Then, 24 h after irradiation the culture supernatants were collected and
stored at —20 °C for later VEGF measurement.

VEGF synthesis was assessed by using specific ELISA kits (Sigma,
USA) following the manufacturer's instructions. The absorbance was
read in a microplate reader (SpectraMax, Molecular Devices, USA) using
a 450 nm filter.

2.5. Transwell Cell Invasion Assay

Transwell cell invasion assay was carried out with a Transwell sys-
tem (Corning, USA) composed of an insert (upper chamber) placed in
the culture wells (lower chamber) of 24-well plates divided by an 8pm
pore size filter. One hundred-pL of Matrigel (Corning, USA) was diluted
in FBS-free RPMI following the manufacturer's instructions and applied
on the top of the filter in the upper chamber. Six-hundred-pL of RPMI

Table 1
Parameters used for irradiation of pigmented (B16F10) and amelanotic (SK-
MEL-37) melanoma cells.

Group Exposure time (s) Energy (J) Radiant exposure (J/cm?)
GO 0 0 0

G30 30 1.2 30

G90 90 3.6 90

G150 150 6 150
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with 10% FBS was added to the bottom well.

Following the irradiation of the cells in the pellets at the bottom of
the Eppendorf tubes, irradiated and non-irradiated cells were resus-
pended in a serum-free medium and 1 x 10° cells/well were added to
the upper compartment of the Transwell chamber. Culture plates were
incubated in an atmosphere comprising 5% CO2 at 37 °C for 24 h. Then,
non-migrated cells were removed from the upper compartment while
migrated cells were fixed in 4% paraformaldehyde and methanol and
stained with violet crystal. Migrated cells represented by streaked purple
cells were counted in an inverted microscope (AE31, Motic, Canada)
directly on the plate with the aid of a cell counter.

2.6. Migration Assay

The pigmented cell line (treated and non-treated) was seeded in a 6-
well plate at a density of 2 x 10° cells/well in triplicate at two different
moments. At the time cells reached confluence, a scratch was performed
to disrupt the confluent cell monolayer with a 10 pL pipette tip in the
shape of a single line. Then, the medium was aspirated and each well
was washed with phosphate-buffered saline (PBS) following the addition
of fresh medium. Immediately after the injury, BI6F10 cells were sub-
mitted to PBM (see Table 1) by scanning the well. Cells were photo-
graphed immediately and at 3, 12, 24, and 36 h after the scratch. The
scratch area was measured using ImageJ software. The percentage of
cell migration was calculated using the following equation:

Scratch areagn — Scratch areag,

) x 100, where n =3, 12, 24 and 36
Scratch areagn)

2.7. Absorption Coefficient Calculation

B16F10 and SK-MEL-37 cells were trypsinized and a density of 10°
cells/mL was centrifuged at 300 g for 5 min at room temperature in a
conical tube. Then, the medium was aspirated and the pellet was washed
with 10 mL of ice-cold PBS. Cells were again centrifuged at 300 g for 5
min to decant PBS and excess supernatant aspirated. Following this step,
100 pL of RIPA lysis buffer were added and the lysate was incubated for
15 min on ice. The lysate was sonicated three times for 2 s each with 1
min rest on ice between every two-second pulse and then incubated on
ice for 15 min. The lysate was centrifuged at 13.000 g for 5 min at 4 °C
and the supernatant was collected into new microtubes. Then, we added
100 pL of the supernatant and 100 pL of PBS in a quartz cuvette (L = 1
cm), and the absorbance (A) was read in a spectrophotometer (Cary
5000 UV-VIS-NIR, Agilent) from 400 to 800 nm.

The absorption coefficient («) was calculated from absorbance,
which is defined as log (Iy/I), where I is the light intensity before the
sample and I is the intensity of the beam passed through the sample.
From Beer's law, a = A/L-log (e) = 2.302-A, where L is the optical path
length (1 cm).

2.8. In vivo Assay

All experiments were approved by the Ethics Committee on Animal
Use of the Nuclear and Energy Research Institute (IPEN). Male C57BL/6
mice (n = 8) with 8 weeks of age and body mass of approximately 20 g
were subcutaneously inoculated with 1 x 10 B16F10 cells on the right
flank.

The animals were monitored daily until it was possible to observe a
delimited nodule in all animals (approximately 7 days). At that moment,
we initiate the measurement of the tumor volume with a digital caliper
according to the equation:

V=05 x C x L?

where V is the volume in cm?, C is the length and L is the width of the
tumor, both in cm.
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After 15 days, when the tumor volume reached approximately 1.0
cm?®, the animals were randomly divided into control and PBM groups (n
= 4/group). For the PBM group, the red laser tip was placed in contact
with the middle of the tumor for 150 s (150 J/cm 2/day) for three
consecutive days [21]. Mice were monitored for 15 days. Control ani-
mals were equally manipulated but not irradiated for spontaneous
tumor development. Mice of both groups were then euthanized on day
16 due to the humane endpoint.

2.9. Statistical Analysis

Numerical values are presented as means + standard error of the
mean (SEM). Results were analyzed by one-way analysis of variance
(ANOVA) and Fisher's test to identify differences among groups using
Graph Pad Prism 7.0 software. In vitro assays were conducted at least
twice, in triplicate. In vivo, we used the Student's t-test for group com-
parison and the Log-Hank test for the survival analysis. Statistically
significant differences were admitted when p < 0.05.

3. Results

3.1. The Near-Infrared Laser Does Not Influence the Metabolic Activity of
Melanoma Cell Lines

No statistically significant differences were noticed among groups.
The irradiated groups presented similar metabolic activity in compari-
son to GO regardless of growth condition (Fig. 1a). SK-MEL-37 cells
showed a reduction of approximately 10% between groups GO and G30
(0.49 + 0.05 versus 0.43 + 0.05, respectively) for cells cultured in ideal
nutritional conditions. On the other hand, under deficit conditions, an
increase of around 28% was observed for the same groups (0.31 + 0.03
versus 0.4 + 0.03, respectively).

Fig. 1b presents the mitochondrial activity for B16F10 cells (pro-
ducing a melanin cell line). No statistically significant differences were
observed among groups regardless of the growth condition. Under the
ideal growth condition, G30 (0.54 + 0.05) and G90 (0.56 + 0.05)
groups demonstrated an increase of approximately 15% when compared
to the control group (0.49 + 0.04), while G150 (0.49 + 0.05) presented
a similar metabolic activity to GO. In contrast, we observed an opposite
behavior under stress, since G30 (0.26 + 0.03) demonstrated a reduc-
tion of 10%, while G90 (0.33 £ 0.03) and G150 (0.33 + 0.04) presented
an increase of approximately 12% in comparison to GO (0.3 + 0.03).

3.2. The Near-Infrared Laser Does Not Influence the Production of VEGF
by Melanoma Cell Lines

Fig. 2 illustrates graphically the response of human (SK-MEL-37 cell
line) and murine (B16F10 cells) melanoma cells regarding the VEGF
production. No statistically significant differences in VEGF concentra-
tion were noticed for both cell lines regardless of the light dose used. The
human cell line demonstrated a similar behavior between G30 (135 +
13 pg/mL) and G150 (127 + 11 pg/mL) in comparison to GO (130 + 8
pg/mL), while G90 (122 + 11 pg/mL) presented a decrease about 6.5%.
On the other hand, murine melanoma cells, those that are melanin-
producing, showed an increase of 32% in G90 (33 + 8 pg/mL). More-
over, G30 (19 + 5 pg/mL) and G150 (23 + 5 pg/mL) presented reduc-
tion when compared to control group (25 + 4 pg/mL).

3.3. The Near-Infrared Laser Promotes Cell Invasion but Inhibits
Migration of Pigmented Cells Depending on the Light Dose

Fig. 3a exhibits the average number of cells that invaded the Matrigel
for SK-MEL-37 and B16F10 cells. No statistically significant differences
were observed between treated and control groups regarding the human
melanoma cells (SK-MEL-37). There was a reduction of about 16% in
G30 (17 £ 1) while G150 (20 + 3) presented a decrease of 5% compared
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Fig. 1. Graphic representation of the optical density (metabolic activity) for cells cultured under ideal and deficient nutritional conditions for amelanotic (SK-MEL-37) (a) and pigmented melanoma cells (B16F10) (b).

The data are presented as means + SEM values.
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to GO (21 £ 2).

In contrast, we observed significantly higher invasiveness regarding
the melanin-producing murine cells (B16F10) in the same conditions.
The lowest radiant exposure, G30, presented an increase of about 33%
(35 + 2) in comparison to the control group (GO, 27 + 3). Nonetheless,
G90 (29 + 2) and G150 (23 + 1) did not significantly influence the cell
invasion behavior of B16F10 cells when compared to GO.

Fig. 3b (GO) and 3c (G30) exhibit representative images of BI6F10
cells that invaded the Matrigel, depicted by purple blots.

Considering the effects observed in both cell lines and that only
pigmented melanoma cells when irradiated with the laser emitting at A
= 780 nm demonstrated a higher invasive potential, we asked whether
NIR could also stimulate cell migration. We observed that 3 and 12 h
post-irradiation, G90 showed a significantly higher percentage of cell
migration than GO (p = 0.04 and 0.01, respectively). Surprisingly, all
NIR light doses inhibited cell migration after 36 h (Fig. 4).

Driven by curiosity, we also inquired whether varying the wave-
length would modify the response of these cells. Therefore, the B16F10
cell line was exposed to a red laser at > = 660 nm. Experimental groups
were the same as displayed in Table 1.

3.4. The Red Laser Increases the Metabolic Activity of the Pigmented Cell
Line Depending on the Light Dose

The metabolic activity in all treated groups of cells grown under ideal
nutritional conditions was similar. Differently, for cells grown under
deficit nutritional conditions, there was a significant increase of 26% (p
= 0.01) in G90 in comparison to GO (Fig. 5).

3.5. The Red Laser Significantly Reduces the VEGF Production and Slows
Down Cell Migration Depending on the Light Dose

The VEGF concentration for BI6F10 cells showed a statistical sig-
nificant decrease of about 26% (p = 0.02) for G150 (35 + 3 pg/mL)
when compared to GO (49 + 4 pg/mL) 24-h after laser irradiation
(Fig. 6a). The other groups (G30 and G90) presented similar VEGF
production to GO (control).

Additionally, groups G90 (12 + 2) and G150 (11 + 0.6) presented a
lower number of invasive cells than GO (19 + 4) when submitted to the
red laser. Indeed, the highest light dose (150 J/cm?) promoted a
decrease of approximately 60% in cell invasiveness, even though no
statistically significant differences were observed (Fig. 6b). However,
the highest dose was able to significantly inhibit cell migration 24 (p =
0.000013) and 36 h (p = 0.02) post-irradiation (Fig. 7).

For a deeper understanding of the role of light absorbed by pig-
mented and non-pigmented cells, we measured the cell absorption co-
efficient (Fig. 8). The absorption coefficient determines how far light in a
material of a given wavelength can penetrate before being absorbed.
Overall, B16F10 shows slightly higher o than SK-MEL-37 cells, even
though spectra were quite similar. Absorption bands around 400, 600,
and 750 nm can be observed.

Regardless of the melanoma cell, x> 0.11 cm ™ for 660 and 780 nm.
This means that light could penetrate approximately 9 cm before being
completely absorbed. Yet, it is worth mentioning that the temperature
variation was around 1 °C regardless of the melanoma cell and
wavelength.

Considering the surprising results obtained with the red laser on
pigmented cells, and envisaging the clinical use of PBM as a possible ally
to the supportive care for melanoma patients, we designed a preliminary
study to assess the effects of the light dose of 150 J/cm? applied directly
to the tumor in vivo.

3.6. The Red Laser Inhibits the Tumor Growth and Extends the animal's
Survival

We noticed that the tumor volume for control and PBM groups
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Fig. 2. Graphic representation of the VEGF concentration for amelanotic (SK-MEL-37) and pigmented (B16F10) melanoma cells 24 h after irradiation using an
infrared laser (. = 780 nm) and different light doses. The data are presented as means + SEM values.
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presented a sigmoidal pattern, i.e., the progression goes through expo-
nential, linear, and asymptotic phases (Fig. 9a). However, the PBM
group showed lower growth than untreated mice, mainly from the 5th
day. At this time point, the difference between the treated and control
group was around 43% (4 + 2 cmversus 7 + 1 cm®). After the 7th day,
we detected statistically significant differences between groups (p = 0).
Indeed, on the 15th day, the tumor volume was around 50% smaller for
the PBM group. Fig. 9b illustrates the tumor volume for control and PBM
groups at the end of the experimental period.

We also observed that animals of the control group showed 50% of

survival on the 10th day (Fig. 9c). On the 16th, this value was 25% (only
1 animal survived). In contrast, the irradiated group exhibited 100%
survival, and a statistically significant difference (p = 0.007) was
detected when compared with the control group.

4. Discussion
A recent systematic review about the effects of low-level laser ther-

apy on tumor cells in vitro concluded that there is a wide discrepancy in
laser parameters such as wavelength, light doses, and type of laser that



C.G. de Souza Contatori et al.

Journal of Photochemistry & Photobiology, B: Biology 235 (2022) 112567

100
80
9
< 60
(=
Kl
5
o=t 40 4
€ 0
5 ]
(@]
20 -
04
T T T T T
0 6 12 18 24 30
Time (h)

a

—=— G0
@ G30
- A~ G90
- G150
T 1
36 42

Fig. 4. Graphic representation of the percentage of cell migration of pigmented (B16F10) cells irradiated with a NIR laser (A = 780 nm) in different radiant exposures
(a). The data are presented as means + SEM values. * represents moments in which cell migration for G90 is significantly faster than control (GO). # represents the
moment in which cell migration is significantly inhibited for all irradiated groups. Representative images of scratch closure for GO (b) and G90 (c) at 36 h post-

irradiation.

0.6

0.5+

0.4+

0.3 1

Optical density

0.2 4

0.1 4

0.0-

Il deal nutritional condition
[ ] Deficit nutritional condition

a,b

GO G30

G90 G150
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of cells grown under the same nutritional condition.

averts a standardization of irradiation protocol [22]. Indeed, some
included studies showed an increase while other studies showed a
decrease in tumor cell proliferation. The authors highlighted the need
for further studies to provide more solid evidence before using PBM in
cancer patients, which motivated our work.

In our study, we used NIR and red lasers on melanoma cells to assess
the cell response regarding metabolic activity, angiogenesis, cell inva-
sion, and cell migration. We also measured temperature changes during
irradiation under the highest light doses for both wavelengths and
melanoma cells. As expected, no significant variation was noticed in

temperature. Indeed, it is fairly well known that the amount of heat
generated by optical illumination is critically dependent upon laser
irradiance. Here, we used an irradiance of 1 W/cm?, which is not ex-
pected to promote heat [23]. Besides, the absorption coefficient was
approximately 0.11 cm ™! regardless of the wavelength and melanoma
cell. Although we have used human amelanotic and murine melanotic
cells, Oikawa and Nakayasu used melanin from melanotic and amela-
notic clonal cell lines of mouse melanoma B16 and measured melanin
absorbance, which decays exponentially from the ultraviolet to 580 nm
[24]. Thus, substantial differences in absorbance are not expected for
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longer wavelengths, regardless of the cell origin. These data are in
agreement with our results.

We decided to apply the NIR laser because it is the most commonly
reported to relieve pain [15,25] since infrared can penetrate deeper than
red wavelengths into biological tissue [26]. We noticed that the pig-
mented melanoma cell line exposed to the lowest light dose (30 J/cmz)
presented a higher number of invasive cells than the unirradiated cells,
even though all light doses inhibited cell migration 36 h after irradia-
tion. In contrast, although the highest dose (150 J/ crnz) increased MA it
was able to significantly inhibit cell migration and promote a significant
reduction in VEGF synthesis by B16F10 cells under red light.

B16F10 and SK-MEL-37 melanoma cell lines exhibit similar growth,
with a doubling time of 24.0 & 4.0 and 28.6 + 3.0 h, respectively [27].
Besides, it is known that tumors may develop tolerance to starvation due
to an adaptation of metabolism to their microenvironment [28], and
tumor cell cultures under deficit nutritional conditions seem to be sen-
sitive to laser irradiation [29]. Thus, for the MA assay we cultured
melanoma cells under normal and stress conditions.

No impact of NIR radiation was observed on the cell MA regardless of
the light dose, cell line, or nutritional condition. Under red light, how-
ever, we noticed an increased metabolic activity depending on the light
dose for cells in nutritional deprivation. This increase in the MA of
pigmented cells exposed to the middle dose could be related to either
hyperactive mitochondria or increased mitochondrial mass. Indeed,
mitochondrial biogenesis and hyperactivation may lead to increased MA
following ionizing radiation [30].

An increase in mitochondrial mass in irradiated cells could be ob-
tained due to a blockage in the G2/M phase. Cells arrested in this phase
would have a higher number of mitochondria, which may reduce more
MTT to formazan and, consequently, promote an increase in MA [30].
Our data indicate that the middle dose promoted an increase in MA of
pigmented cells by arresting them in the G2/M phase, which is consis-
tent with the results reported by Silva et al. [31].

On the other hand, it is well known that melanoma cells are highly
metastatic. For this reason, we were curious in assessing the PBM effects
on cell VEGF production and invasiveness. To quantify VEGF, we
cultured the cells under deficit nutritional conditions to activate pro-
angiogenic molecules [32]. Our results showed that the NIR laser was
not able to influence the VEGF production regardless of the cell line, and
the light dose.

Differently, the irradiation of pigmented cells with the NIR laser
showed that the lowest light dose promoted a significant increase in the
number of invasive cells. Besides, NIR was able to hasten cell migration
for the middle dose in the first 12 h following irradiation. The metastatic
process involves the degradation of basement membranes and remod-
eling of the extracellular matrix by proteolytic enzymes, and B16F10
cells have elevated levels of proteases and glycosidases [33]. Our finding
indicates that NIR may have promoted an increase in the activity of
those degradative enzymes and, consequently, influenced the cell
migration and invasiveness depending on the light dose. However, the
NIR laser was not able to impact metabolic activity and angiogenesis as
well as slowed down cell migration 36 h post-irradiation. These data
suggest that migration and invasiveness promoted by NIR could be
temporary. Malignant cells depend on oxygen and nutrients for their
survival, therefore new vessel formation must coexist with the invasion
process [32].

In contrast, we noted that the highest light dose significantly
inhibited the VEGF synthesis and cell migration under red exposure.
Besides, it decreased the number of invasive cells, even though no sta-
tistically significant differences were identified (p = 0.05814). These
opposite results triggered by NIR and red lasers could be explained by
light absorption by different chromophores in a different redox state
[34]. Indeed, different chromophores may play distinct roles in driving
different cell signaling pathways. The cytochrome c¢ oxidase (CcO) is
considered the prime photoacceptor of visible and NIR light and con-
tains two redox-active copper sites (Cup and Cug) that are the absorbing



C.G. de Souza Contatori et al.

Journal of Photochemistry & Photobiology, B: Biology 235 (2022) 112567

—=—G0
--&-- G30
. A GO0
100 --w-- G150
80
9
§ 60+
s
2
E 4]
[0
(&}
20
0 T T T T T T 1
0 6 12 18 24 30 36 42
Time (h)
a

Fig. 7. Percentage of cell migration of pigmented (B16F10) cells irradiated with a red laser (A = 660 nm) in different radiant exposures (a). The data are presented as
means + SEM values. * represents moments in which the percentage of cell migration for G150 was significantly lower than the control group (GO). Representative

images of scratch closure for GO (b) and G150 (c) at 36 h post-irradiation.

0.130 ~

0.125

0.120

0.115

o (cm™)

0.110

0.105

0.100

\A 660 780
AA A

—— B16F10
-------- SK-MEL-37

T T T
400 500

T T T T T
600 700 800

Wavelength (nm)
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chromophores [34]. Since metastatic melanoma cells have elevated
levels of oxidative phosphorylation and mitochondrial respiration can
be a key target for anti-melanoma therapies [35], it might be worth
exploring the CcO photoactivity of pigmented melanoma cells following
red and NIR irradiation.

Andreeva and colleagues showed that the dynamics of the response
of two melanoma cell lines to NIR radiation (835 nm) were quite similar,
even though some quantitative differences were noticed [36]. The au-
thors reported stimulation of cell growth under low doses (around 0.17
J/cm?) whereas a higher dose (2.76 J/cm?) suppressed the cell growth
rate. Based on their data, the authors hypothesized that mitochondria
conditions in tumor cells may vary, resulting in different responses of
melanoma cells to irradiation. Indeed, the mitochondria of melanotic
melanoma differ considerably from those of amelanotic melanomas
[37]. The amelanotic melanoma retains intact and active mitochondria
whereas the melanotic presents low CcO activity. This may also explain

why SK-MEL-37 cells were insensitive to light.

The unexpected findings with the red laser stimulated us to pursue an
in vivo study foreseeing the use of PBM as an ally to anti-melanoma
therapies. For this reason, we applied the light directly to the tumor.
Interestingly, we observed that the red laser was able to arrest the tumor
growth and extend mouse survival. Collectively, our data suggest that
the red laser inhibited the growth by reducing VEGF production and,
possibly, cell migration and invasiveness.

However, our results differ from those stated by Frigo et al. [21],
even though we have used a red laser at 150 J/cm? applied for 3
consecutive days as reported by them. They showed no impact of the
irradiation on tumor progression. We assume that the mouse strain is the
principal difference between the studies. Frigo and colleagues used al-
bino BALB/c mice, whereas we used black C57BL/6 mice, a more
appropriate model to develop melanoma in vivo.

Ottaviani and collaborators also investigated the use of laser
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Fig. 9. PBM with a red laser (A = 660 nm, P = 40 mW, D = 150 J/cm?) in melanoma-bearing mice. Graphic representation of the tumor volume progression during
the experimental period. PBM was applied on days 0, 1, and 2. Data are presented as mean + SEM. Different lowercase letters represent statistically significant
differences between groups (a); Representative images of melanoma-bearing mice for control and PBM groups before the euthanasia. The highlighted region refers to
the tumor volume for each experimental group (b); Survival curves for control and PBM groups during the experimental period. Statistically significant differences

were identified between groups (p = 0.007) (c).

irradiation on melanoma cells in vitro and in vivo [38]. Curiously,
although red laser parameters were different from our study, they
observed increased metabolic activity and reduced tumor progression in
parallel with the recruitment of immune cells and vessel normalization
in vivo. Our data confirm their findings and provide insights that enable
us to hypothesize that the red laser arrested tumor progression by
inhibiting cell migration and reducing VEGF synthesis. However, it is
worth mentioning that the melanoma treatment depends on other pa-
rameters, as it is highly metastatic.

Interestingly, studies suggest that pigmented melanomas are more
resistant to photo, radio, and chemotherapy [39,40]. Indeed, the process
of melanin synthesis is highly controlled in normal melanocytes and
therefore plays a protective role against chemical and physical aggres-
sion. However, melanin also appears to contribute to the malignant
transformation of melanocytes and may be harmful in pathological
conditions [39]. While the exact biological mechanisms related to
melanogenesis after PBM remain unexplored, the exciting and unex-
pected results observed here using a red laser are very promising.

The main study limitation was the use of human amelanotic and
murine melanotic cell lines, as murine melanomas do not reproduce
some of the key characteristics of human melanoma [41]. However,

Vincent and Postovit showed that even human melanoma cell lines and
tumors differ at the transcriptional level due to the loss of immune
components in cell culture [41]. Although in vitro studies carry other
limitations, they are important to provide insights that allow future in
vivo studies. Altogether, our results indicate that the responses of mel-
anoma cells to photobiomodulation depend on cell pigmentation and
light parameters. Further studies targeting other melanoma cell lines
and melanogenesis are very welcome.

5. Conclusion

In summary, we have evaluated the effects of one single laser irra-
diation on two melanoma cell lines differentiated by pigmentation. No
impact of NIR laser irradiation was noticed for amelanotic cells
regardless of light parameters and PBM might be safe for undiagnosed
amelanotic melanoma, which is non-pigmented and mimics other skin
tumors from different origins. In contrast, our results demonstrated that
PBM triggers opposite responses of pigmented cells depending on
wavelength and light dose. NIR laser promoted invasiveness at a low
dose and slowed down cell migration for all light doses, whereas the red
laser at 150 J/cm? decreased cell invasiveness and significantly



C.G. de Souza Contatori et al.

inhibited cell migration and VEGF synthesis. In a suitable murine model,
the red laser was able to arrest tumor growth and extend the mouse
survival, even being applied directly to the tumor in more than one
session. Together, our results encourage further studies to unravel the
mechanisms behind PBM on pigmented melanoma. Additional studies
encompassing melanoma current therapy combined with red light are
also warranted.
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