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Abstract— Melanoma is an aggressive cancer with high
metastatic potential and limited treatment options. This study
evaluates Photothermal Therapy (PTT) using gold nanorods (GNRs)
in a murine melanoma model. Tumors treated with PEG-
Sfunctionalized GNRs and irradiated with an 808 nm laser showed
complete elimination in small tumors (<2 mm) and a 45% reduction
in growth rate for larger tumors. The results confirm that PTT is
effective for early-stage melanoma, but larger tumors require
additional strategies, highlighting its potential as a minimally
invasive, targeted therapy with future clinical applications.
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I. INTRODUCTION

Melanoma is the cancer with the greatest metastatic
potential of any solid tumor. Cutaneous melanoma arises from
malignant transformation of melanin-producing melanocytes
in the cutaneous basal epidermis [1]. In contrast, noncutaneous
melanoma arises from the same transformation of melanocytes
in the uvea [2], gastrointestinal tract [3], genitalia and urinary
tract [4], and meninges [5].

As for cutaneous melanoma, it is an aggressive and
invasive cancer of the skin that accounts for 1.7% of all
cancers in the world population and ranks 15th among all
common cancers worldwide. The incidence of melanoma
continues to increase with age, with new cases being reported
in the 65-74 age group, with the average melanoma case being
diagnosed at age 64. Gender-related incidence is more
common in women at an early age, while in men it is more
prevalent from the age of 55 [6].

Most patients with early diagnosis of melanoma are in the
early stages of tumor development, and the treatment to be

followed is removal of the tumor by surgery with total
removal without tumor recurrence. However, some patients
with disseminated disease and late diagnosis account for 10%
of melanoma cases with poor prognosis and probably low
response to other treatment [7].

However, these treatments often lead to significant side
effects. Due to the heterogeneous nature of cancer and the
risks associated with current treatments, there is a need for the
development of new therapeutic strategies. Innovative
approaches, such as hyperthermia, are being explored and can
be combined with conventional methods [8], [9].

Photothermal therapy (PTT) is a highly effective emerging
non-invasive cancer treatment capable of selectively
eliminating tumor cells by converting light irradiated by a
laser of appropriate wavelength into heat by nanoparticles
(NPs). The elevated temperature in the microenvironment
directly affects cancer cells, triggering necrotic and apoptotic
pathways. The extent of these pathways depends on the
temperature reached during the irradiation procedure
(typically ranging from 41-45 °C) [10].

Gold nanorods (GNRs) are characterized by their remarkably
high light-to-heat conversion efficiency, making them the
most commonly used photothermal agents in PTT. The optical
properties of GNRs are influenced by their size and shape.
They are governed by the phenomenon of localized surface
plasmon resonance (LSPR), which occurs when GNRs are
exposed to light radiation, causing the plasmon to oscillate on
the surface of the GNRs [11]. This unique feature of GNRs
enables them to possess a remarkable capacity for
photothermal conversion. Furthermore, GNRs can be
biofunctionalized with biomolecules such as antibodies [12],
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peptides [13], proteins [14], or nucleic acids [15] to
specifically target tumor cells. Another widely used molecule
for GNR biofunctionalization is polyethylene glycol (PEG),
which prolongs the blood circulation time of GNRs and
improves their biocompatibility [16]. When GNRs are not
biofunctionalized with PEG, their surfaces are highly
recognized by circulating blood plasma proteins, which can
alter the properties of GNRs. This recognition often leads to
aggregation, rendering GNRs less effective in PTT. In
addition, another feature of GRNs in PTT s their
accumulation in tumor tissue, called the enhanced permeation
and  retention effect (EPR). Massive irregular
neovascularization in tumors with functional abnormalities in
tumor vessels favors the EPR effect [17].

Il. Material and Methods
A. Culture cell

Murine melanoma (B16F10) cells were kindly donated by
Prof. Lisardo Bosca. Melanoma cell lines was maintained in
DMEM (Gibco, Billings, MT, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM glutamine
(Gibco, USA), 100 units/mL penicillin, and 100 g/mL
streptomycin. Cell lines were maintained at 37 C in 5% CO2
and 95% air in a humidified atmosphere and passed twice a
week to ensure their optimal growth.

B. PTT Device

A continuous-wave laser operating at 808 nm with a
maximum output power of 5 W (fiber-coupled laser system,
HJ Optronics, Inc., San Jose, CA, USA) was vertically
connected to a collimator lens (F-C5S3-780, Newport
Corporation, Irvine, CA,USA) through a one-meter-long
multimode optical fiber with a core diameter of 600 m and a
power transmission efficiency of 90-99% (Changchun New
Industries, Changchun, China). The collimator was fixed to
irradiate the tumors from the top in the in vivo studies. To
determine the exact irradiation power, the fiber was connected
to a power meter (PM USBLM-10, Coherent Inc., Santa Clara,
CA, USA) using an SMA fiber adapter (PN 1098589,
Coherent Inc., Santa Clara, CA, USA) and the software
PowerMaxPC (Coherent Inc, Santa Clara, CA, USA).

C. Gold nanoparticles

The GNRs of different sizes with LSPR at 800 nm were
prepared using as seeded-growth method with some
modifications as described in [18]. Gold seeds. To prepare the
growth solution, 9.111 g of CTAB (50 mM) and 870.5 mg (11
mM) of n-decanol were added to 500 mL of water and stirred
at approximately 60 °C for 30—60 min. The mixture was then
cooled down to 30 °C, and 250 L of a 0.05 M HAUCI, solution
was added to 25 mL of the n-decanol/CTAB solution in a 50
mL glass beaker. The resulting mixture was stirred at 300 rpm
for 5 min. Next, 125 L of a 0.1 M ascorbic acid solution was
added, causing the orange-yellow solution to slowly turn

colorless. At this point, a freshly prepared 20 mM NaBH.
solution was injected (one shot) under stirring at 1000 rpm and
30 °C. The injection resulted in brownish-yellow solutions,
and the seed solutions were aged for at least 60 min at 30 C
before use. It is important to note that the dimensions of the
PTFE plain magnetic stirring bar (30 6 mm) used in the
stirring process can strongly affect the quality of seeds.
Synthesis of anisotropic seeds. In a typical synthesis, 1000 L
of 0.05 M HAuCl,, 800 L of 0.01 M AgNOs,7mL of 1M HCI,
and 1300 L of 0.1M ascorbic acid were added under vigorous
stirring to 100 mL of a 50 mM CTAB and 13.5 mM n-decanol
solution at exactly 25 C. Once the solution became colorless, 6
mL of the seed solution was added under stirring, and the
mixture was left undisturbed for at least 4 h. The solution
changed from colorless to dark-brownish gray, and the
recorded longitudinal LSPR was located at 725-730 nm. The
small anisotropic seeds were centrifuged at 14,000-15,000
rpm for 60 min in 2 tubes. The precipitate was collected,
redispersed with 10 mL of a 10 mM CTAB solution, and
centrifuged twice under the same conditions. The final Au0
concentration was fixed to 4.65 mM (Abs400 nm: 10; optical
path of 1 cm).

Growth of this GNRs SGNRs. Briefly, in a typical synthesis, 3
mL of 0.01 M AgNO3, 1 mL of 0.05 M HauCl4, 3mL of 1 M
HCI, and 800 L of a 0.1 M ascorbic acid solution were added
under stirring to 100 mL of a 50 mM CTAB and 11 mM n-
decanol solution at 35 C. Next, 2500 L of the small anisotropic
seed suspension was added under stirring. The mixture was
left undisturbed for 4-6 h. The GNRs were forced to settle as
sediment (by centrifugation at 8000 rpm, 30 min) to remove
the excess of surfactant and redispersed in 10 mL of a 10mM
CTAB solution (GNR stock solution). This procedure was
repeated twice to remove n-decanol traces. The resulting
GNRs presented an average length of 40 2nm and an average
diameter of 10 £ 1nm.

Functionalization of GNRs. Typically, PEG-SH (15 mg) was
added under stirring to 5 mL of a freshly prepared aqueous
suspension of GNRs (2 mM of Au0, 1 mM CTAB). After 1 h,
the excess of free PEG-SH was removed by one centrifugation
cycle (8000 rpm, 30 min). Next, the precipitate was
redispersed in 5 mL of 10 mM buffer (EBSS).

D. Melanoma tumor model

The experimental procedure to generate an animal model
of melanoma based on the subcutaneous injection of B16F10
melanoma cells in immunocompetent C57/BL-6 mice is
detailed. Subcutaneous injection is performed with 100,000
B16F10 cells in a total volume of 4 pL and tumor
development is monitored for four days, at this time the tumor
becomes evaluable using a digital caliper. Tumors are
irradiated after local injection of GNRs (total volume of 4 pL
at a concentration of 1.89 pg/mL, where the initial
concentration of GNRs is 1.89 x 10% pg/mL and a 1:1000
dilution with PBS is performed) at a power of 450 mW for 25
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minutes. The tumor is measured using an electronic caliper on
different days evaluating the size over time, as well as its
weight after removal, at the end of the experiment.

E. Statistical Analysis

The results are shown as the mean standard error of the mean
from three to four experiments. The data were analyzed by
single-factor analysis of variance followed by the post hoc
Tukey’s honestly-significant-difference test. A t-student was
also performed to compare only two groups. A significant
level of p < 0.05 was chosen. GraphPad Prism version 9
(GraphPad Prism Software, San Diego, CA, USA) was used
for all statistical tests.

1. RESULTS

A. Temporal evaluation of tumor size

Tumor implantation has been studied in various parts of the
mouse body such as the right flank, axilla, and breast. Other
sites, such as the eye or back, are also described in scientific
literature as tumor implantation locations [19], [20], [21], [22],
[23].

Since the implantation of the cells, tumors were of similar size
and the implantation in the back was chosen as a suitable site
for laser irradiation in our experimental design. Tumors were
induced at this site in a sample size of n=3 animals. Tumor
size measurements were performed at different time points (4,
7, 11, 15, 23 days) after cell implantation to track tumor size
over time. The results are shown on Fig.1. Significant
differences in tumor size are observed starting at 7 days as the
tumor size increases. At 7 days, the tumor typically exceeds 5
mm in diameter, and at 15 days, it exceeds 10 mm in diameter.
Twenty-three days after tumoral cell injection, the tumor is
considered too large to assess subtle changes in size and is
designated as the termination day for all subsequent
experiments.
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Fig 1: Evolution of tumor size of B16F10 melanoma cells in
C57/BL-6 mice at different time points (4, 7, 11, 15 and 23
days) measured by an electronic caliper. p<0.05, **p<0.01,
*%%p<0.001 ****p<0.0001.

B. PTT in C57/BL-6 melanoma model

A PTT experiment was performed with a sample size of N=6,
dividing the animals into the control group and the PTT group,
both randomized. PTT is performed 7 days after injection of
B16F10 cells. It was observed that the behavior and growth of
the melanoma tumor is exactly the same (Fig. 2). In addition
to evaluating the diameter of the tumor mass, at the end of the
experiment, the tumor is dissected, and the tumor mass is
weighed as another method of evaluating the efficacy of PTT,
as shown in Fig. 2. The results obtained show significant
differences between the control group and the PTT group in
both tumor diameter (Fig. 2) and tumor weight (Fig. 3).
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Fig. 2: Tumor diameters in control and PTT-treated
C57/BL-6 mice measured 7 (when PTT is applied) and 23
days after the injection of B16F10 cells. ***p<0.001.
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Fig. 3: Weight of dissected tumors obtained from control
and PTT-treated C57BL/6 mice, 23 days after injection of
B16F10 cells. ***p<0.001.

V. DISCUSION

After characterizing the evolution of the tumor over time at
different time points (4, 7, 11, 15 and 23 days) after the
injection of 100,000 B16F10 cells (Fig. 1), the application of
PTT was set one week after cell implantation, when the tumor
reached a diameter of approximately 5 mm. Based on the
diameter of the tumor, it can be classified as small (<3 mm in
diameter), medium (3-15 mm in diameter), and large (>15 mm
in diameter). A large melanoma tumor is associated with high
mortality, i.e. low survival, and a high probability of
metastasis to other organs of the body, such as the liver or
lung [24]. In our model, the tumor size in some animals has
large dimensions (>15mm) 23 days after cell injection,
therefore it was decided not to exceed this time point in any of
the studies. The tumor is characterized by high vascularity,
highly hemorrhagic and encapsulation. Melanoma cells form
diverse architectural patterns including nests, whorls,
trabeculae, sheets, nodules, rosettes, glands and papillary
formations. They undergo Schwannian, fibroblastic,
myofibroblastic, rhabdoid, osteoid, cartilaginous, ganglionic,
and smooth muscle differentiation [25]. Immunohistochemical
staining is widely used to differentiate melanomas, such as
primary melanoma or nevoid melanoma [26].

Once the tumor model was established, PTT was applied for
25 minutes at 450 mW immediately after the injection of
GNRs and for a single day. With a single application of PTT,
in small tumors (<3mm) grown for 4 days, the tumor
disappears, leaving a small scar (data not shown). This is in
agreement with other studies found in the literature, such as
the work of Pandesh et al [27], in which they treat tumors of
large volume (100 mm?3) by irradiation for 6 minutes, but with
the laser irradiation at a power of 2.5 W/cm? (a power much
higher than that used in this work.) and using NPs composed
of iron oxide with a gold core. In the study by Pandesh et al,
the tumor is located in the right flank and a drastic tumor
shrinkage is achieved.

However, when PTT is performed on medium-sized tumors
(<15 mm), the tumor does not disappear, although it does not
proliferate as much as the control (untreated), as can be seen
in Fig. 2.

According to the literature, the number of NPs injected for
tumor treatment, as well as the power and irradiation time,
varies depending on the study, as can be found in the scientific
literature. ldeally, a low dose of NPs and low laser power
should be used along with a reduction in irradiation time. The
GNRs used in the PTT experiments are coated with PEG, and
the next step after optimization and standardization of the
murine melanoma model and establishing the PTT parameters,
should be targeted therapy. Strategies in the application of
PTT are diverse, including its combination with
immunotherapy or the use of nanocomposites [28]. In the
study by Balakrishnan et al [29]; they use Prussian Blue
conjugated NPs injected into the tumor and immediately
irradiated for 10 minutes, testing different potencies (0.75, 1,
1.5 and 2W). Subsequently, 5 doses of anti-CD37 antibody or
antibodies against immunomodulatory checkpoints such as
anti-PD-L1 and CTLA4 are injected. They induce an
immunogenic response by filtering out cytotoxic CD8+ T
lymphocytes and systemic activation of dendritic cells and T
lymphocytes with immunologic memory. Another example is
the functionalization of polydopamine in NPs in the tumor
located on the back irradiated for 5 minutes at 1.8 W/cm? and
three doses of these NPs as in the work of Chen et al [30].
Therefore, results of a great disparity of parameters and
strategies to eliminate the melanoma tumor are found.

In our case, small and medium-sized tumors were treated with
a low irradiation dose (450 mW) for 25 min in a single session
after injecting a dose of GNRs. The results are promising, and
the optimization of the murine melanoma model is complete,
although the behavior of biofunctionalized GNRs with
molecules that specifically recognize tumor cells remains to be
established.

V. CONCLUSION

This brief but original study in melanoma animal models
suggests that PTT is able to completely eliminate tumors when
applied to small tumors (2 mm in diameter). In contrast, PTT
treatment of larger diameter tumors (4.5 mm) was observed to
reduce the rate of tumor growth compared to untreated
animals. Further research in this area is fully necessary.
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