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Abstract

Melanotic melanoma has high content of melanin and laser can destroy melanin-containing cells through thermal effect. In this
study, the therapeutic effect of 808 nm laser therapy was investigated on B16-F10 melanoma tumor growth and tumor-bearing
mice survival time. In addition, as laser can destroy melanin as the main cause of melanoma radioresistance, the effect of laser
administration to enhance radiation therapy efficacy at B16-F10 cancer cells was evaluated in vitro and in vivo. Laser therapy
(1 W/em? x 4 min) could cause significant (P < 0.05) inhibition of melanoma tumors’ growth (~61%) and about three times
increase of the tumor-bearing mice survival time in comparison with no-treatment group. In addition, the mice which were treated
with 1 W/em? x 4 min laser administration plus 6 Gy megavoltage radiation therapy exhibited ~ 68% lesser tumors’ volume and
27 days increase of survival time in comparison with 6 Gy irradiated tumor-bearing mice. Also, significantly higher (P < 0.05)
tumor necrosis percentage was observed at the histopathological slides of 1 W/cm? x 4 min laser + RT treated mice tumors (57 +
12%) in comparison with radiation therapy group (31 £ 10%). Therefore, not only laser therapy can inhibit melanoma tumors’
growth per se but also its combination with radiation therapy can cause a significant enhancement of radiation therapy efficacy.
The laser administration can be used as a radiosensitizing method for melanotic melanoma radiation therapy.
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Abbreviations the basal layer of the epidermis and also can be found in hair
KX Ketamine—xylazine bulb [2]. Malignant transformation of melanocytes causes
RT  Radiation therapy arising of an aggressive neoplasm which is known as melano-
MV  Megavoltage ma [3, 4]. It is the most lethal form of skin tumors [5].

Although melanoma accounts for less than 5% of all cutane-
ous malignancies, majority of skin cancer deaths are related to
this neoplasia [6]. Nowadays, researchers are focusing on in-
troducing new treatments for melanoma and improving cur-
rent therapeutic and palliative methods [7].

Like many other solid tumors, the most effective therapeu-
tic modality for primary melanoma is surgical excision [8].
Also, other therapeutic approaches like radiation therapy

Introduction

The human epidermis consists of keratinocytes, Langerhans
cells, and melanocytes [1]. Melanocytes are located among
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solar radiation damages [10]. It forms a shield around the
nucleus of basal cells and prevents the ultraviolet injurious
effects on the nucleus and consequent DNA damage. Also,
melanin exhibits antioxidant effects and can neutralize reac-
tive oxygen species [11, 12]. Despite these advantages, the
black side of melanin is its protective role for melanoma cells.
These malignant cells contain melanosomes and their melanin
content has a direct relationship with their aggressiveness,
radioresistance, and poor prognosis [12, 13]. Melanin protects
melanoma cells against chemo-, radio-, and phototherapies
[14-16].

Laser means light amplification by stimulated emis-
sion of radiation. It consists of monochromatic and co-
herent light which is emitted in a parallel manner [17].
According to applied laser properties, it may be
absorbed, reflected, transmitted, or scattered within tis-
sue [18]. Water, melanin, and hemoglobin as tissue
chromophores are the main agents to absorb the directed
light to the tissue [19]. Each of them has its specific
wavelength absorption profiles. Laser has been utilized
as an effective agent for skin lightening or to remove
unwanted hair. Upon high absorption of laser energy by
melanin, thermal effects will occur at the target tissue
and destroy the melanin and its containing cells [20,
21]. Therefore, high melanin content of melanoma can
be its Achilles heel and leads to significant therapeutic
effects in melanoma tumors by laser therapy. Also,
many researchers have employed laser for eradication
of melanin and its surrounding cells in the normal tissue
[20, 22].

In this study, the therapeutic effect of 808 nm laser therapy
was investigated on B16-F10 melanoma tumor growth and
tumor-bearing mice survival time. At the next step, the
808 nm laser efficacy for radiosensitizing of B16-F10 cells
to the megavoltage radiation beams was evaluated in vitro
and in vivo. In addition, histopathological exams were inves-
tigated to access laser and radiation therapy effects on mela-
noma tumors. According to the best of our knowledge, this is
the first time to employ laser as a radiosensitizer for enhance-
ment of melanoma tumors radiation therapy efficacy.

Materials and methods
Cell culture and preparation

Murine melanoma cell line (B16-F10) was purchased from
Pasteur Institute of Tehran, Iran. The cells were cultured in
DMEM medium (Sigma, USA) containing 10% fetal bovine
serum (FBS) (Sigma, USA) and 1% antibiotics mixture con-
taining penicillin (Sigma, USA) and streptomycin (Sigma,
USA). The cells were incubated at 37 °C in a humidified
incubator in 5% CO, atmosphere [7].
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Animal husbandry, handling, and tumor implantation

This study was approved by the institutional review commit-
tee of Isfahan University of Medical Sciences, and all proce-
dures were reviewed and approved by Institutional Animal
Care and Ethics Committee of Isfahan University of Medical
Sciences according to their guidelines for care and use of the
laboratory animal. Female C57BL/6J mice (age 6—8 weeks,
weight 23 £2 g) were purchased from the Pasteur Institute of
Tehran, Iran. The mice were maintained at 24 +2 °C temper-
ature, 50+ 10% relative humidity, and 12 h light/12 h dark
cycle condition with complete access to standard mouse chow
and water. The mice were acclimated for at least 1 week before
the start of the study. The mice were injected subcutaneously
with 1.5 % 10° cells suspended in 50 uL of DMEM-F12
(Sigma, USA) into their left flank. The injection site was
shaved and sterilized before injection. For anesthetizing of
the mice during laser therapy or radiation therapy, they were
intraperitoneally injected with a ketamine—xylazine (KX) so-
lution (ketamine 191.25 mg/kg, xylazine 4.25 mg/kg). To
manage post-laser therapy pain, ketoprofen (5 mg/kg) was
administered subcutaneously until next 72 h after laser admin-
istration. If any signs of pain, skin burn, wounds, massive
necrosis and hemorrhage, diffuse metastasis were observed
during any steps of the study, the mice were sacrificed. The
neck dislocation was used for scarifying the mice. In order to
determine tumors’ growth progression, the greatest longitudi-
nal diameter (length) and the greatest transverse diameter
(width) of the tumors were determined every 3 days for
18 days after treatment administration. Then, the tumor’s vol-
ume was calculated by the tumor volume Eq. (1). For survival
analysis, the tumor-bearing mice were observed for 80 days
after treatment administration. The animals’ death was record-
ed every day. Standardized humane end point used to eutha-
nize animals was failure to eat and drink for over 3 days and
without any limb movement.

Tumor volume = (Tumor length) x (Tumor width)®

% 0.52 (1)

Laser therapy and radiation therapy

At first, 40 female C57BL/6J mice were purchased and
injected with the cancer cells according to the
abovementioned methods. When the tumors’ volume reached
50-100 mm®, the tumor-bearing mice were randomly divided
into five groups (n=8). The groups included the following:
(1) no treatment, (2) 1 W/em?® x 1 min laser therapy, (3) 1 W/
cm? x 2 min laser therapy, (4) 1 W/cm? x 4 min laser therapy,
and (5) 1 W/em?® x 8 min laser therapy. The laser (808 nm,
1 W/cmz) was directed to the tumor sites for 1, 2, 4, and 8 min
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according to the treatment groups. Laser light was manually
directed to the tumor sites with rotational movements of the
device’s applicator over the tumor sites to prevent severe dam-
ages and burns. To minimize mice movement during laser
therapy, they were anesthetized with the KX solution. Also,
one group of the mice did not receive any treatments as no-
treatment group. The tumors’ volumes were estimated every
3 days until 18 days after laser administration. Also, the
tumor-bearing mice survival time was evaluated for 80 days
after laser administration. At the next step, 48 new C57BL/6J
mice were purchased and injected with the cancer cells for
evaluation of the radiosensitizing effect of the best selected
laser therapy regime (according to the results, the 1 W/em? x
4 min regime was selected). When the tumors’ volumes
reached 50—100 mm?, the tumor-bearing mice were randomly
divided into four groups (n = 12). The groups included (1) no
treatment, (2) radiation therapy (RT), (3) laser therapy, and (4)
laser therapy + RT. The 1st groups did not receive any treat-
ment. The 2nd group of mice (Radiation therapy) was treated
just with 6 Gy megavoltage radiation. The 3rd and 4th groups
were anesthetized with the KX solution and the laser light was
manually directed to the tumor sites with rotational move-
ments of the device’s applicator over the tumor sites. The laser
(808 nm, 1 W/cm?) was directed to the tumor sites for 4 min.
Twelve hours after laser administration, the mice of 4th group
were irradiated with 6 Gy megavoltage (MV) radiation. The
radiation therapy was performed using a Compact linear ac-
celerator (Primus, Siemens Ltd., Germany) with a source-
surface distance (SSD) of 100 cm and a field size of 20 x
20 cm?. To minimize mice movement during irradiation, they
were anesthetized the KX solution. The tumors’ volume was
estimated every 3 days until 18 days after radiation therapy.
Six days after the treatments’ administration, four mice from
each group were randomly selected and their tumors were
harvested for histopathological evaluation of tumors’ necrosis.

Histopathological evaluation of tumor’s necrosis

Four mice from each group were sacrificed 6 days after
treatments administration, and their tumors were har-
vested. The tumors were fixed in 10% formalin neutral
buffer solution, and the fixed specimens were processed
overnight for dehydration, clearing, and impregnation
using an automatic tissue processor (Sakura, Japan).
Then, the specimens were embedded in paraffin blocks
and serial sections of 4 um thickness were cut using a
microtome (Leica Biosystems, Germany). The sections
were stained by hematoxylin and eosin (H&E) [23].
The histopathology of blindly labeled slides was
reviewed independently by two expert pathologists un-
der dual-head light microscope (Olympus, Japan). Both
low-power and high-power fields were examined. A
minimum of ten random microscopic fields were scored

for the area of necrosis as a percentage of total areas
viewed. The final score of the percentage of tumor ne-
crosis was agreed upon by both pathologists [24].

MTT assay

B16-F10 cells (10°) were seeded in 96-well plates and incu-
bated for 24 h at 37 °C under 5% CO, atmosphere. Three
therapeutic regimes were used in this experiment, and one
group did not undergo any treatment as control (no treatment).
Each group contained at least six wells, and the experiment
was repeated three times. The 2nd group contained six wells
in which 1 W/cm? laser (808 nm) was directed to them for
4 min. The 3rd group contained six wells which were irradi-
ated with 6 Gy MV radiation. The plates were placed under a
Compact linear accelerator (Primus, Siemens Ltd., Germany).
Source-to-surface distance (SSD) of 100 cm and field size of
25 x 25 em® were set. The total delivered dose was 6 Gy with
a dose rate of 200 MU/min. For the 4th group, at first, 1 W/
cm? laser (808 nm) was administered to the wells for 4 min
and after 12 h, they were irradiated with 6 Gy MV radiation.
After 24 h, cell survival was evaluated using MTT assay pro-
tocol [7].

Statistical analysis

In this study, the obtained data were analyzed for their nor-
mality by Lilliford’s test. The statistical analyzes were per-
formed using one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test by JMP 11.0 software (SAS Institute,
Japan). The results were statistically significant at P <0.05
(*P <0.05, ns: not significant). All values were expressed as
the mean + standard deviation.

Results

Different regimes of 808 nm laser therapy
for inhibition of B16-F10 melanoma tumors’ growth
in vivo

In this study, four different regimes of 808 nm laser ther-
apy (1 W/em? x 1 min, 1 W/em? x 2 min, 1 W/cm? x
4 min, and 1 W/cm? x 8 min) were employed to treat the
melanoma tumors in vivo. The 1 W/em? x 8 min treated
mice were sacrificed and excluded from the experiment
due to severe skin damage and wound formation at laser
administration sites. As is illustrated in Fig. 1a, no sign of
skin damage was appeared at the other treatment groups.
1 W/em? x 1 min and 1 W/em? x 2 min regimes did not
cause significant tumor growth inhibition (P> 0.05) in
comparison with control (Fig. 1b). However, 1 W/ecm? x
4 min laser treatment could significantly (P < 0.05) inhibit
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Fig. 1 Different laser therapy regimes effect on the B16-F10 melanoma
tumors. a Images of B16-F10 tumors before and 9 days after laser admin-
istration at different groups. b B16-F10 melanoma tumors’ growth

melanoma tumors’ growth. To assess the effect of these
laser therapy regimes on the tumor-bearing mice survival,
the mice were followed for 80 days after laser adminis-
tration. The groups exhibited a various range of survival
time (Fig. 1c). The 1 W/cm? x4 min group had signifi-
cantly longer survival time in comparison with other
groups. Based on these observations, the 1 W/cm? x
4 min regime could significantly (P < 0.05) inhibit mela-
noma tumors’ growth in vivo and subsequently increase
tumor-bearing mice survival.

Macroscopic effects of the 1 W/cm? x 4 min laser
therapy regime on B16-F10 melanoma tumors

The macroscopic changes at the melanoma tumors were eval-
uated 12, 24, and 48 h after | W/cm? x 4 min laser adminis-
tration (Fig. 2). Considerable changes were observed after
laser therapy. As Fig. 2 illustrated, vessels became prominent
in macroscopic view. In addition, a white aura started to engulf
all over the tumor.
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progression at different groups (n=8). ¢ The B16-F10 tumor-bearing

mice survival time in different treatment groups, after laser administration
(n=28). (*P < 0.05, ns: not significant)

Employment of 1 W/cm? x 4 min laser therapy
for enhancement of melanoma radiation therapy
efficacy in vitro and in vivo

The 1 W/cm?® x 4 min regime exhibited the most therapeutic
effect for B16-F10 melanoma tumors. Therefore, this regime
was selected for the next series of experiments. To evaluate the
radiosensitizing effect of the laser, in vitro and in vivo inves-
tigations were done. At first, the radiosensitizing ability of
808 nm laser was evaluated on B16-F10 cells in vitro
(Fig. 3a). The cells were treated with 1 W/em? x 4 min laser
therapy, 6 Gy radiation therapy, or their combination. For the
1 W/em? x 4 min + RT therapeutic regime, the cells were un-
dergone 1 W/ecm? x 4 min laser therapy and then irradiated
with 6 Gy MV radiation. The cell viability was significantly
lower in the 1 W/cm® x 4 min + RT in comparison to RT and
laser therapy. Therefore, the laser therapy could significantly
increase the radiation therapy efficacy in vitro. Also, the
radiosensitizing efficacy of 1 W/cm® x 4 min 808 nm laser
therapy was evaluated in vivo (Fig. 3b). The 6 Gy MV
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Fig. 2 Macroscopic view of the

1 W/em? x 4 min laser treated
tumors 12, 24, and 48 h after laser
administration

12h

radiation therapy and 1 W/cm” x 4 min laser therapy could
significantly inhibit tumors’ growth in comparison with no-
treatment group. However, the smallest tumors were observed
at the 1 W/em? x 4 min + RT group in comparison with other
groups. In this group, the laser (808 nm, 1 W/cm?® x 4 min)
was directed to the tumor sites and, then, the tumors were
irradiated with 6 Gy MV radiation, 12 h after laser adminis-
tration. In addition, the 1 W/cm? % 4 min + RT treatment could
significantly (P < 0.05) increase the tumor-bearing mice sur-
vival time in comparison with no-treatment, RT, laser therapy
groups (Table 1). Moreover, histopathological evaluations ex-
hibited more significant tumor necrosis at the 1 W/cm? x
4 min + RT treated group in comparison with others
(Table 2). Therefore, melanoma tumors became more vulner-
able to megavoltage radiation beams after laser administration
which can be attributed to melanin destruction by laser.

Discussion

RT is one of the most common therapeutic approaches for
cancer treatment. More than half of cancer patients benefit
from this therapeutic approach [25]. The main goal of RT is
to deliver high-energy ionizing radiation beams to the tumor
sites for eradicating the malignant cells. Therefore, the radia-
tion dose has direct relation with the destructive effect of RT
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on the tumor. However, the presence of normal tissues in the
field of treatment can extremely limit the usable range of RT
dose [26]. Therefore, vulnerability of normal cells and resis-
tance of cancer cells to the radiation beams can considerably
decrease the RT efficacy. Therefore, many studies have fo-
cused on radiosensitizing of the tumors to the ionizing radia-
tion beams like inhibition of hypoxia, targeting
topoisomerases, microtubules, caspases, etc. [27].

Melanotic melanoma is one of the most radioresistance
tumors [28]. This tumor not only exhibits the common
radioresistance related properties of cancer cells but also con-
tains a specific chromophore which is a powerful radioprotec-
tive agent [8]. This chromophore is melanin which is synthe-
sized from L-tyrosine through series of oxidoreduction reac-
tions. Melanin scavenges free radicals and chelates metal cat-
ions and cellular toxins including chemotherapy agents [13].
Also, melanin pigment serves as a radioprotective agent which
makes melanoma cells resistant to radiotherapy [14, 29].
Therefore, many studies have focused on the decrease of the
melanin content of melanoma cells to make them more vul-
nerable to radiation therapy [14].

Melanin as a tissue chromophore has a significant ability to
absorb light. Each chromophore has its specific wavelength
absorption profile which is 700—1000 nm for melanin.
Therefore, within this wavelength range, most of the directed
light will be absorbed by melanin [19]. In this study, 808 nm
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Fig. 3 Radiosensitizing effect of 1 W/em? x 4 min laser therapy for enhancement of B16-F10 cancer cells radiation therapy efficacy at a in vitro and b

in vivo evaluations
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Table 1  The tumor-bearing mice survival times at different groups
during 80 days follow-up, after treatments administration

Groups (n=28) Mean survival time (days)

No-treatment 30£5
Radiation therapy 47+7
1 W/em? x 4 min 59+ 14
1 W/em? x 4 min + RT 74 £ 6%

RT radiation therapy, n number of mice
*P<0.05

laser was selected to deliver the maximum amount of heat to
melanin and cause tumor cells” damage due to their high con-
tent of melanin. Melanin can absorb the 808 nm laser energy
which, subsequently, cause destruction of the melanin and the
surrounding cells by thermal effect [20-22, 30-32]. In this
study, the 808 nm laser (1 W/em?) was directed to the mela-
noma tumors’ site for 1, 2,4, and 8 min. The 1 W/em® x 4 min
laser therapy could significantly inhibit B16-F10 melanoma
tumors’ growth progression (Fig. 1b) and caused significant
increase in the tumor-bearing mice survival time in compari-
son with other regimes (Fig. 1c). Also, no sign of massive skin
damage was observed at the 1 W/em?® x 4 min 808 nm laser
treated mice (Fig. 1a). Therefore, this safe and effective re-
gime was selected for the next series of experiments.
Administration of this laser therapy regime before 6 Gy MV
radiation therapy could significantly increase the RT efficacy.
The 1 W/cm? x 4 min + RT regime exhibited significantly
more destructive effects on the B16-F10 cells in vitro in com-
parison with radiation therapy alone (Fig. 3a). Also, the
radiosensitizing effect of 1 W/em?® x 4 min 808 nm laser ad-
ministration was apparent at inhibition of B16-F10 melanoma
tumors’ growth (Fig. 3b) and increase of the tumor-bearing
mice survival time in comparison with radiation therapy
(Table 1). These results are inconsistent with the observing
of more tumor necrosis at the 1 W/cm? x 4 min + RT treated
tumors’ tissue in comparison with radiation therapy group
which only underwent 6 Gy MV irradiation. So, 808 nm laser
can be a safe agent for radiosensitizing of melanotic

Table 2  Histopathological evaluation of tumor necrosis at different
groups

Groups (n=4) Necrosis + SD (%)
No-treatment 12 + 7%
Radiation therapy 31 £10%

1 W/em® x 4 min 36 + 5%

1 W/em® x 4 min + RT 57 + 12%*

SD standard deviation, RT radiation therapy, n number of mice
*P<0.05

@ Springer

melanoma tumors and enhance melanoma tumor radiation
therapy efficacy.

Conclusion

In this study, 808 nm laser therapy was applied in combination
with megavoltage radiation therapy for melanoma treatment.
Four different laser therapy regimes including 1 W/cm? x
1 min, 1 W/em?® x 2 min, 1 W/em? x 4 min, and 1 W/em? x
8 min were employed to treat the B16-F10 melanoma tumors
in C57BL/6J mice. The value 1 W/cm?® x 4 min caused signif-
icant tumors’ growth inhibition and increase of tumor-bearing
mice survival time in comparison with no-treatment group.
Also, this laser therapy regime was safe and did not cause
any significant skin damage. In addition, utilizing of this laser
therapy regime for radiosensitizing of melanoma tumors
caused significant enhancement of radiation therapy efficacy
according to in vitro and in vivo evaluations. Therefore, laser
can be employed for radiosensitizing of primary melanoma
tumors to MV radiation therapy.
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