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ABSTRACT

Melanoma is the most aggressive type of skin cancer and recently approved drugs are often associated with
resistance and significant adverse effects. Therefore, the design of more effective and safe options remains
imperative. Photothermal therapy (PTT) using gold nanoparticles (AuNPs) presents a promising and innovative
approach. In this work, the efficacy of combining a previously optimized formulation of AuNPs coated with a
mixture of hyaluronic and oleic acids (HAOA-AuNPs) with near-infrared (NIR) laser irradiation in melanoma cell
lines was explored. Coated and uncoated AuNPs formulations were characterized in physicochemical,
morphological and elemental terms. Next, the cellular uptake efficiency as well as antiproliferative activity of the
combination of each formulation with laser irradiation was evaluated. Subsequently, HAOA-AuNPs were selected
to assess the underlying mechanism of combined therapy by cell cycle and Annexin V/PI assays. An in vivo
syngeneic murine melanoma model was also conducted. In vitro studies demonstrated that 24 h after incubation
and in the absence of laser, HAOA-AuNPs did not exhibit cytotoxic effects on the melanoma cell lines tested,
similar to the laser alone. On the contrary, the combination therapy resulted in a large reduction in cell viability.
Furthermore, it has been shown to promote S-phase cell cycle arrest and increase in the percentage of late
apoptotic cells. Finally, the in vivo proof-of-concept showed that the intratumoral administration of HAOA-AuNPs
followed by three laser irradiations impaired tumor progression. Collectively, AuNP-based PTT holds significant
potential to improve treatment efficacy and safety, offering a versatile and potent tool against cancer.

1. Introduction

2018; Golemis et al., 2018). The International Agency for Research on
Cancer (IARC) estimates that in 2025 cancer will affect about 21.3

Cancer is one of the main causes of death worldwide and is estimated
to increase in incidence and mortality in coming years (Lopes et al.,
2022a; Sung et al., 2021). Aging, obesity, sedentary lifestyle, tobacco
and/or alcohol consumption and exposure to different infectious,
mutagenic or carcinogenic agents are some of the factors that contribute
to the increase in incidence (Biemar and Foti, 2013; Arem and Loftfield,

million people and will cause the death of 10.4 million (International
Agency for Research on Cancer, Cancer Tomorrow - Estimated number
of deaths for all cancers, 2024; International Agency for Research on
Cancer, Cancer Tomorrow - Estimated number of new cases of all can-
cers, 2024). In recent years, the scientific community has made signifi-
cant efforts to increase knowledge about the biology, etiology,
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prevention, diagnosis and treatment of different types of cancer (Pina-
Sanchez et al., 2021).

Melanoma is a complex malignant disease that originates from
melanin-producing cells, the melanocytes, and although it can develop
in other areas of the body, such as the eye, ear, mucous membranes or
central nervous system, it is predominantly cutaneous (Lopes et al.,
2022b). Furthermore, and besides not being the most prevalent type of
skin cancer, it is one of the most aggressive and consequently fatal forms
among all skin cancer types (Lopes et al., 2022b; Naik, 2021; Patel et al.,
2021). Concerning its treatment, and despite the irrefutable progress,
the therapeutic strategies currently available in the clinic for melanoma
(i-e., surgery, chemotherapy, radiotherapy, immunotherapy or targeted
therapy) still present challenges in terms of resistance and significant
adverse effects in many cases (Ernst and Giubellino, 2022; Lopes et al.,
2022a,b). Thus, exploring less invasive and more targeted, safe and
effective therapeutic options remains crucial.

In this context, photothermal therapy (PTT) has been attracting the
interest of many researchers as it is non-invasive, simple and precise,
with few significant adverse effects, thus enabling a faster recovery of
the patient (Zhao et al., 2021). PTT is based on increasing the temper-
ature at the tumor site to induce cell death, taking advantage of the use
of photothermal agents that efficiently transform the light energy
received from the laser into thermal energy (Han and Choi, 2021; Lopes
et al.,, 2022a). In the tumor environment, the accelerated rate of
angiogenesis results in the formation of an immature and aberrant
vasculature, leading to low levels of blood flow that favor energy and
oxygen deprivation, thus making cancer cells more sensitive to heat
when compared to healthy ones (Han and Choi, 2021; Hannon et al.,
2021; Imashiro et al., 2021). Furthermore, PTT can be combined with
other therapeutic options, such as radiotherapy, chemotherapy or
immunotherapy, exploring the advantages and compensating for the
limitations of each one, while also taking advantage of their synergism
to maximize therapeutic efficacy (Han and Choi, 2021; Hannon et al.,
2021; Logghe et al., 2024; Lin et al., 2023). Several studies have even
investigated the potential of PTT in inhibiting the metastasis of various
types of cancer, such as melanoma or breast cancer (Jin et al., 2013; Xie
et al., 2011).

Among the physicochemical and optical characteristics of gold
nanoparticles (AuNPs), the tunable surface plasmon resonance (SPR),
which is responsible for the conversion of light energy into thermal
energy, stands out. These properties have been widely exploited as
photothermal enhancers in PTT (Lopes et al., 2023). Moreover, it is
particularly interesting to use a laser with an emission wavelength in the
near-infrared (NIR) region of the therapeutic optical window, where
lower tissue absorption of light results in greater depth (Lopes et al.,
2023; Ferreira-Gongcalves et al., 2022). Despite this, the penetration
depth is limited up to 10 mm (Kaub and Schmitz, 2022; Li et al., 2021),
making PTT most suitable to superficial and localized tumors such as the
case of melanoma. It is important to highlight that, in addition to PTT,
AuNPs have been used in various anticancer therapeutic options, such as
radiotherapy (Piccolo et al., 2022; Martins et al., 2024; Schuemann
et al., 2016), radiofrequency therapy (Sztandera et al., 2019), sonody-
namic therapy (Wang et al., 2024; Shanei and Akbari-Zadeh, 2019) as
well as carriers for cytotoxic compounds, photosensitizing agents and
nucleic acids for use in chemotherapy, photodynamic therapy and gene
therapy, respectively (Sztandera et al., 2019).

In this context, our group aimed to develop a formulation of AuNPs
that eliminates commonly used cytotoxic reagents, opting instead for
more biocompatible alternatives. We initially used an aqueous extract of
Plectranthus saccatus Benth as a reducing agent (Silva et al., 2016).
However, due to variability in its composition, we replaced it with
rosmarinic acid, the major compound of the extract (Lopes et al., 2023).
This formulation was then coated with a mixture of hyaluronic (HA) and
oleic (OA) acids (HAOA-AuNPs) and characterized in terms of its
physicochemical properties and morphology. The safety of these AuNPs
in the absence of laser irradiation was validated through in vitro assays
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using different immortalized human cell lines, including healthy kera-
tinocytes (HaCat), as well as a 3D reconstructed skin model. Addition-
ally, ex vivo studies were conducted on human red blood cells and in vivo
safety was evaluated using Artemia salina and healthy rodent models
(Lopes et al., 2023). The present work aimed to assess, for the first time,
the in vitro and in vivo efficacy profile of this nanoformulation in com-
bination with NIR-laser irradiation, specifically focusing on its mecha-
nism of action in melanoma cell lines (Fig. 1).

2. Materials and methods
2.1. Materials

2.1.1. Reagents

Gold (III) chloride trihydrate (HAuCls-3H20), silver nitrate (AgNO3),
L-ascorbic acid (L-AA), rosmarinic acid (RA), hyaluronic acid (HA) so-
dium salt from Streptococcus equi, oleic acid (OA), propidium iodide (PI)
and RNAse A were purchased from Sigma-Aldrich (St. Louis, Missouri,
USA). Annexin V-CF647 was acquired from Merck (Rahway, Nova Jer-
sey, USA). All other reagents were of analytical purity grade and the
water purified through a Millipore system (18.2 MQ-cm at 25 °C; Mil-
lipore, Burlington, Massachusetts, USA).

2.1.2. Cell lines and cell culture

In vitro two-dimensional (2D) assays of uncoated and HAOA-AuNPs
were assessed in a murine and human melanoma cell lines, namely
B16F10 (ATCC® CRL-6475™) and A375 (ATCC® CRL-1619™),
respectively. Both cell lines were grown in Dulbecco’s modified Eagle
medium (DMEM) with high glucose (4500 mg/L) and supplemented
with 10 % of Fetal Bovine Serum (FBS), 100 IU/mL of penicillin and 100
pg/mL of streptomycin, denominated complete medium.

On the other hand, the in vitro three-dimensional (3D) model of
reconstructed human skin to evaluate the safety of laser per se was
established using two primary cell lines, namely: Human Dermal Fi-
broblasts isolated from neonatal foreskin (HDFns) and Human
Epidermal Keratinocytes isolated from neonatal foreskin (HEKns)
(Thermofisher Scientific Inc, MA, USA). HDFns were grown in DMEM
supplemented with 10 % of FBS and 2 mM of L-alanyl-l-glutamine
dipeptide. HEKns were cultured in EpiLife medium supplemented with
1 % of a commercial mix of human keratinocyte growth factors and 0.06
mM of calcium chloride. Additionally, both cell lines were supplemented
with 1 % of penicillin and streptomycin.

All cell lines were maintained in a humidified atmosphere of 37 °C
and 5 % CO; and observed every 2-3 days until they reached a con-
fluency of about 80 %.

2.1.3. Animals

C57BL/6 mice (8-10 weeks old) were acquired from Charles River
(Barcelona, Spain). The animals were housed in ventilated cages under
adequate hygienic conditions with a cycle of light/dark of 12 h, tem-
perature of about 20-24 °C and relative humidity of 50-65 %. Moreover,
the animals had free access to a sterilized diet and acidified water. An-
imal studies were carried out in agreement with the animal welfare
organ (ORBEA) of the Faculty of Pharmacy of the University of Lisbon,
approved by the competent national authority Direcao Geral de
Alimentacao e Veterinaria (DGAV) and in accordance with the national
(DR 113/2013, 2880/2015, 260/2016 and 1,/2019) and European
(2010/63/EU) legislation for the use and care of animals in research.

2.2. Methods

2.2.1. Preparation of uncoated and HAOA-AuNPs

Uncoated and HAOA-AuNPs formulations were prepared according
to our previously published work (Lopes et al., 2023). Briefly, for un-
coated AuNPs, fresh solutions of AgNO3 (1 mM), L-AA (2 mM) and RA
(3.5 mM) were added to a solution of HAuCl4-3H,0 (1 mM), at room
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Fig. 1. Schematic representation of the preparation of HAOA-AuNPs and their anti-tumor mechanism.

temperature and under magnetic stirring at 800 rpm for 15 min. The
resulting suspension was stored overnight at 4 °C and on the next day
centrifuged at 1520 x g for 20 min (Eppendorf® Centrifuge 5804R,
Hamburg, Germany) and the pellet suspended in milli-Q water. After-
wards, uncoated AuNPs were coated with a mixture of hyaluronic and
oleic acids (HAOA) by mixing equal volumes of both under stirring at
800 rpm for 30 min. HAOA coating was prepared in advance by mixing
50 mg of HA with 200 pL of OA. On the following day, HAOA-AuNPs
were centrifuged at 7200 x g for 15 min and the pellet suspended in
intended volume to proceed for in vitro or in vivo assays.

It is important to note that the concentrations of both formulations
mentioned throughout this article were evaluated by Inductively
Coupled Plasma (ICP-OES, Ultima, Horiba Jobin-Yvon, Longjumeau,
France), which measures the photon count for each gold atom and ion.
The obtained intensity was then converted into mg of gold atoms and
ions per liter of solution, using a calibration curve established with a
standard gold solution. The linearity of the calibration curve was
guaranteed from 0 to 100 mg/L (R? = 0.9999; Slope: 58,741 and y-
intercept [x = 0]: 10288). Subsequently, the gold concentration in mg/L
was converted to micromolar concentration using the molar mass of
gold (196.967 g/mol).

2.2.2. Physicochemical characterization of uncoated and HAOA-AuNPs

The synthetized AuNPs were characterized in terms of mean size,
polydispersity index (PdI), surface charge and absorbance spectrum.
Mean size, determined as hydrodynamic diameter, and PdI were
assessed through dynamic light scattering (DLS) (Zetasizer Nano S,
Malvern Instruments, Malvern, UK) under a temperature of 25 °C and a
scattering angle of 173°, by diluting the formulations in Milli-Q water
(1:10, v/v). In its turn, the zeta potential was determined diluting the
samples in PBS pH 7.4 (1:10, v/v) using the electrophoretic mobility
technique (Zetasizer Nano Z, Malvern Instruments, Malvern, UK) at a
constant temperature of 25 °C. Absorbance spectra of formulations were
evaluated by UV-visible spectrophotometry (Varioskan Lux, Thermo
Fisher Scientific, Waltham, MA, USA).

The stability of HAOA-AuNPs in water, their preparation and storage
conditions, was evaluated after 1 month of storage at 4 °C and room
temperature. Furthermore, since PBS was used as the dispersion medium
for in vivo administration of the HAOA-AuNPs, their stability in PBS was
also assessed. The results are shown in Supplementary Material
(Figure S1).

2.2.3. Morphological and elemental characterization of uncoated and
HAOA-AuNPs

The morphological and elemental characterization of synthesized
uncoated and HAOA-AuNPs was carried out by Scanning Electron Mi-
croscopy (SEM) and Energy dispersive X-ray spectroscopy (EDS),
respectively. For that, one drop of each AuNPs suspension was put on a
silicon substrate and allowed to dry for some minutes. Images were
acquired throughout a Hitachi Regulus 8220 Scanning Electron Micro-
scope (Hitachi, Mito, Japan) coupled with an Oxford EDS detector
(Oxford Instruments, Abingdon, Oxfordshire, England).

2.2.4. Irradiation procedures

In vitro efficacy, cell cycle and Annexin V/PI assays were performed
with a Fiber-Coupled Laser System (FC-808-2 W, Frankfurt Laser
Company, Friedrichsdorf, Hessen Germany) coupled to an FPYL-COL-X
collimator (Frankfurt Laser Company, Friedrichsdorf, Hessen Ger-
many) emitting at a wavelength of 808 nm and using an irradiance of
9.2 W/cm? for 5 min, corresponding to a dose of 27.6 J/mm?. Hence-
forward, these irradiation conditions were denominated as irradiation
condition (1).

For in vitro 3D reconstructed human skin model and due to the larger
diameter of the inserts, the non-colimated Roithner Lasertechnik GmbH
laser (RLTMDL-808-5 W-5, Vienna, Austria) emitting at a wavelength of
808 nm was used. The irradiation dose of 27.6 J/mm? tested in all
previous in vitro assays was maintained and will be designated as irra-
diation condition (2).

The in vivo assays were conducted with the previously mentioned
equipment, Roithner Lasertechnik GmbH (RLTMDL-808-5 W-5, Vienna,
Austria), emitting at a wavelength of 808 nm and using an irradiance of
0.94 W/cm?. Henceforth, these irradiation conditions were mentioned
as irradiation condition (3).

2.2.5. Invitro efficacy assessment of uncoated and HAOA-AuNPs

Invitro efficacy of uncoated and HAOA-AuNPs after laser irradiation
was evaluated in murine and human melanoma cell lines, B16F10 and
A375, respectively, by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay (Lopes et al., 2020; Pinho et al., 2023).
Both cell lines were seeded in septuplicate per sample in a 96-well plate
at a concentration of 5 x 10* cells/mL and allowed to adhere overnight.
On the next day, the medium was replaced by fresh complete medium
containing uncoated or HAOA-AuNPs at different concentrations (100,
200 and 400 puM in terms of gold content) for 4 h. Cells incubated with
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complete medium were used as a negative control. Thus, after incuba-
tion time and with the aim of eliminating the unbound and not uptaken
AuNPs, the supernatant from each well was removed and replaced by
100 pL of fresh complete medium to proceed to irradiation procedures.
These assays were performed according to irradiation condition (1).
Twenty-four hours after, supernatant was removed, and cells were
washed twice with PBS at pH 7.4. Afterwards, 50 uL. MTT solution (0.5
mg/mL) was added to each well and plates were incubated for a period
of 2-3 h at 37 °C and under a 5 % CO; atmosphere. Finally, to solubilize
the crystals of formazan formed, 200 pL of DMSO was added and the
absorbance at 570 nm was measured in a microplate reader (BioTekTM
EL x 800™ Absorbance Microplate Reader, BioTek Instruments, Inc.,
Winooski, VT, USA). The percentage of viable cells was determined in
relation to the negative control, according to equation (1):

Abssample

A snegative control

Cell viability (%) = x 100 (9]
where Abssample is the absorbance of the sample and Abspegative control
the absorbance of cells exposed only to complete medium.

2.2.6. Invitro evaluation of cellular uptake of uncoated and HAOA-AuNPs

The in vitro evaluation of cellular uptake of uncoated and HAOA-
AuNPs in B16F10 and A375 melanoma cell lines was performed based
on the method described by Lin and coworkers (Xie et al., 2017). Briefly,
B16F10 and A375 cells were seeded in a 24-well plate at a density of 5 x
10* cells/mL and allowed to adhere overnight. On the next day, the
medium was replaced by 1 mL of fresh medium containing uncoated or
HAOA-AuNPs at a concentration of 200 uM in terms of gold content.
After 4 h of incubation, the supernatant of each well was removed, and
the cells were washed twice with 0.5 mL of PBS. Finally, the cells were
harvested with TrypLE™ and centrifuged at 1000 x g for 5 min and the
supernatant discarded. Cells were digested with 0.5 mL of fresh aqua
regia (HNOs: HCl (1:3 v/v)) for 10 min and diluted to a total volume of 1
mL with milli-Q water. The gold concentration in cells was determined
by ICP-OES and represented as cellular uptake of AuNPs in percentage of
total dose.

2.2.7. Elucidating the mechanisms of action of HAOA-AuNPs in
combination with laser

The mechanism of cell death associated to PTT in combination with
the HAOA-AuNPs was evaluated using two different flow cytometry
methodologies, namely, cell cycle and Annexin V/PI assays using
B16F10 and A375 melanoma cell lines.

2.2.7.1. Cell cycle assay. For cell cycle analysis, melanoma cells were
seeded in septuplicate per sample in a 96-well plate at a concentration of
7 x 10 cells/mL and allowed to adhere overnight at 37 °C and 5 % CO».
On the next day, the medium was replaced by fresh one containing the
most promising formulation, HAOA-AuNPs, at 200 pM and the plates
incubated for 4 h. At the end of the incubation period, the supernatant
was removed and replaced by 100 pL of fresh complete medium. As
described in section 2.2.4., samples were submitted to laser irradiation,
condition (1). Twenty-four hours after irradiation, supernatants were
discarded, and adherent cells were harvested with TrypLE™ and
centrifuged at 800 x g for 5 min at 4 °C. The supernatants were dis-
carded, and the pellet suspended firstly in ice-cold PBS (500 pL) and
then fixed under gentle agitation with ice-cold 80 % ethanol (500 pL)
added drop-by-drop. Finally, samples were kept at 4 °C for at least 16 h
prior to analysis. On the day of data collection, samples were centrifuged
(850 x g, 5min, 4 °C) and suspended in a PBS solution containing 25 pg/
mL of PI and 50 pg/mL of RNase A and incubated at 37 °C for 30 min
(Pinho et al., 2023; Pinho et al., 2023). The Guava easyCyteTM Flow
Cytometer (Merck Millipore, Darmstadt, Germany) was used to sample
acquisition, counting 10.000 events per sample. Data were analyzed
using the ModFit LT™ 6.0 software (Verity Software House, Topsham,

International Journal of Pharmaceutics 668 (2025) 124952

ME, USA).

2.2.7.2. Annexin V/PI assay. For the Annexin V-CF647/PI assay, a
similar methodology to that described above for cell cycle up to and
including the irradiation procedure stage was performed. Twenty-four
hours after irradiation, floating and adherent cells were collected and
centrifuged at 650 x g for 5 min. Then, the pellet was suspended in a
solution containing the Annexin V (80 x diluted for both cell lines) and
incubated for 15 min in a COy incubator at 37 °C. Afterwards, the
samples were centrifuged once again (650 x g, 5 min) before adding the
PI solution at a concentration of 0.1 pg/mL for both cell lines. The
acquisition of samples was performed in full-spectrum cytometer
Cytek® Aurora (Cytek Biosciences, Fremont, California) counting
50.000 events per sample. Data analysis was performed using FCS
ExpressTM software, version 7.20.0020 (DeNovo Software). Details
about gating strategy for apoptosis analysis by flow cytometry can be
found in the Supplementary Material (Figure S3).

2.2.8. Invitro 3D skin model

To confirm the safety of laser irradiation, the same dose used in
previous in vitro 2D efficacy assays was tested according to irradiation
condition (2) in an in vitro 3D model of reconstructed human skin. The
model was developed in accordance with previously published protocols
(Hipolito et al., 2024; Hall et al., 2022; Zoio et al., 2021). Briefly, porous
polystyrene scaffolds (Alvetex®, AVP005-48, REPROCELL Europe,
Glasgow, UK) were placed in 6-well plates, immersed for 30 min in a 70
% ethanol solution to give them hydrophilic characteristics and finally
washed twice with PBS. Next, 2 x 10° HDFns cells in 100 pL of fibroblast
growth medium were plated in the upper compartment of the scaffold
and incubated for 1.5 h in an atmosphere of 37 °C with 5 % CO, to allow
adhesion of the cells. After this time, each scaffold was submerged with
9 mL of fibroblast growth medium supplemented with L-ascorbic acid
(100 pg/mL) and plates were again incubated under the same conditions
mentioned above and the medium renewed every 5 days for two weeks.
On the 15th day, 1 x 10° HEKns cells in 100 pL of keratinocyte growth
medium were seeded in the upper compartment of each scaffold and 3
days after the system was exposed to the air-liquid interface by
removing the existing medium. In the plate compartment, the culture
medium was replaced with keratinocyte growth medium supplemented
with calcium chloride (1.5 mM), keratinocyte growth factor (10 ng/pL)
and L-ascorbic acid (50 pg/mL). Medium replacement was performed
every 2 days for 18 days to allow HEKn cells differentiation in the
different strata of the epidermis On the 19th day, the scaffolds were
subjected to laser according to irradiation condition (2) and after 48 h,
the scaffolds were fixed in 10 % formalin solution for subsequent his-
tological analysis by Haemotoxylin and Eosin (H&E) and anti-
Cytokeratin AE1 and AE3 immunohistochemistry staining.

2.2.9. In vivo studies

2.2.9.1. Safety assessment of laser irradiation. Before evaluating the
anti-tumor efficacy, the safety of the laser irradiation was performed.
The main objective was to select the best experimental conditions,
avoiding any injury/burn in the irradiated area of healthy mice. For this,
twenty-one healthy C57BL/6 mice were shaved on their back and
divided into 7 groups. Due to their black fur, an irradiance lower than
the one used in in vitro models was tested. Thus, all animals were
exposed to an irradiance of 0.94 W/cm? of NIR-laser for 10, 15, 20, 25,
30, 35 or 40 s. In vivo irradiation procedures were performed according
to irradiation condition (3). Twenty-four hours after laser irradiation,
the animals were sacrificed and the portion of skin irradiated by the
laser was collected and fixed in a 10 % formalin solution for histological
analysis. Samples were examined using a CX21 microscope (Olympus
Corporation, Tokyo, Japan) and images were obtained with the
NanoZoomer-SQ Digital slide scanner C13140-01 (Hamamatsu
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Photonics, Shizuoka, Japan). Representative images were taken using
the NDP.view2 Image viewing software (Hamamatsu Photonics, Shi-
zuoka, Japan).

2.2.9.2. Efficacy assessment of PTT using HAOA-AuNPs. For these
studies, C57BL/6 mice were selected for the establishment of the sub-
cutaneous melanoma syngeneic model. For tumor induction, a total of
1.3 x 10° B16F10 murine melanoma cells were suspended in PBS pH 7.4
(100 pL) and injected subcutaneously in the right flank of mice previ-
ously shaved. The animals and the size of tumors were monitored until
reaching a palpable mean size of about 200-400 mm?® (around 10 days)
and the therapeutic protocol started (day 0). For this study, the animals
were randomly distributed into four groups: 1) negative control
(induced and non-treated); 2) animals exposed to laser irradiation for
25 s; 3) animals that received a single intratumoral administration of
HAOA-AuNPs (3.1 mg Au/Kg body weight) and 4) animals that received
a single intratumoral administration of HAOA-AuNPs (3.1 mg Au/Kg
body weight) and 4 h after injection, exposed to laser irradiation for 25 s
(Fig. 2).

Animals without tumor (naive) were also included in the study.
Animals from groups 2 and 4 received three laser irradiations of 25 s
each on days 0, 2 and 4. As in the previous laser safety section, all laser
procedures were performed according to irradiation condition (3).

The selected irradiation conditions were based on the results of the
laser safety assay on healthy C57BL/6 mice (0.94 W/cm?, 25 s; corre-
sponding to a dose of 24 J/cm?). The tumor volume of all animals was
regularly recorded using a digital caliper on days 0, 2 and 4 and
calculated according to the formula 2 (Pinho et al., 2023).

Lx W?

3 @

Tumor volume (mm®) =

where L and W is the longest and shortest axis of the tumor,
respectively.

Twenty-four hours after the last irradiation exposure, mice were
sacrificed and blood collected for determination of plasmatic levels of
hepatic biomarkers, namely aspartate aminotransferase (AST) and
alanine aminotransferase (ALT). Moreover, metabolic and elimination
organs such as liver, kidneys and spleen, were excised and accurately
weighted to determine its tissue index according to the formula 3 (Matos
et al., 2022).

ight
Tissue index = \/ _organ weight x 100 3)

animal weight

Then, the organs were fixed in a 10 % formalin solution to histo-
logical analysis and processed for routine analysis with H&E staining.
Slides were analyzed with a CX21 microscope (Olympus Corporation,

protocol

@

Melanoma model
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Tokyo, Japan) and images were acquired with the NanoZoomer-SQ
Digital slide scanner C13140-01 (Hamamatsu Photonics, Shizuoka,
Japan). Representative images were taken using the NDP.view2 Image
viewing software (Hamamatsu Photonics, Shizuoka, Japan).

The collected blood, organs and tumors were also used to quantify
gold content at the end of the experimental protocol in the animals
subjected to intratumoral administration of HAOA-AuNPs. Gold quan-
tification was performed by ICP-OES. Samples were frozen, lyophilized
and finally micronized and homogenized by crushing. The totality of
that mass in the case of the blood and spleen or a part of that mass in the
larger organs such as liver and kidneys was subjected to a microwave
digestion process using a mixture of nitric acid and hydrochloric acid
(HCL: HNOg3 (3:1 v/v)) and two heating ramps (120 °C for 5 min, fol-
lowed by 180 °C for 5 min). The resulting solution of this process was
slightly orange but completely clear. The solution was diluted for a final
volume of 5 mL and gold content was quantified.

2.2.10. Statistical analysis

In vitro results were expressed as mean =+ standard deviation (SD) of
at least three independent experiments. In vivo results were expressed as
mean + standard error of mean (SEM) of at least three animals per
group. Statistical analysis was performed using the GraphPad Prism 9®
(GraphPad Software Inc., Boston, Massachusetts, USA) and a p-value <
0.05 was considered as statistically significant.

3. Results
3.1. Physicochemical characterization of uncoated and HAOA-AuNPs

In a previous work, a formulation of uncoated AuNPs and its coating
with a mixuture of hyaluronic and oleic acid (HAOA-AuNPs) were
optimized and have demonstrated to be safe in in vitro, ex vivo and in vivo
models (Lopes et al., 2023). Following this initial safety study, we aimed
to evaluate their in vitro and in vivo efficacy in combination with NIR
laser irradiation. The physicochemical properties of uncoated and
HAOA-AuNPs used throughout this study, namely, mean size, poly-
dispersity index, zeta potential and absorbance spectra are depicted in
Fig. 3.

Higher values of mean size were observed for coated AuNPs (109 vs.
78 nm). In case of PdI, a reduction of this value was also achieved after
coating (0.415 vs. 0.261). Both AuNPs exhibited negative surface
charge; HAOA-AuNPs presented a more negative zeta potential due to
the presence of hyaluronic acid at the external surface. In turn, the most
important feature was the fact that the absorbance at 808 nm, crucial for
the application of PTT, was enhanced with the addition of the coating.

Negative control - Animals that received a single intratumoral administration of PBS on
day 0 of the therapeutic protocol

Animals exposed to laser irradiation for 25 seconds on days 0, 2 and 4 of the therapeutic

Animals that received a single intratumoral administration of HAOA-AuNPs on day 0 of
the therapeutic protocol

Animals that received a single intratumoral administration of HAOA-AuNPs and exposed
to laser irradiation for 25 seconds on days 0 (4 hours after injection of HAOA-AuNPs), 2

and 4 of the therapeutic protocol

Fig. 2. Illustrative representation of the different groups for the efficacy assessment of PTT using HAOA-AuNPs.
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Fig. 3. Mean size (hydrodynamic diameter, nm), polydispersity index (PdI), surface charge (zeta potential, mV) and absorbance spectra of uncoated and HAOA-

AuNPs at syntheses concentration. Data are presented as mean value &+ SD, n > 3.

3.2. Morphological and elemental characterization of uncoated and
HAOA-AuNPs

The morphology of uncoated and HAOA-AuNPs was assessed by SEM
and it is shown in Fig. 4. The analysis of the images showed that the
formulation of uncoated AuNPs presented three subpopulations: quasi-
spherical AuNPs of smaller size, between 50 and 80 nm; a nanoflower
morphology resembling agglomeration of smaller AuNPs and planar
AuNPs with variable shapes and sizes. Moreover, we also concluded that
the coating did not interfere with their morphology, as we observed the
same type of nanoparticles but with a visible coating layer.

In addition, the elemental composition of the produced AuNPs was
performed by combined SEM-EDS analysis (Fig. 5). The results clearly
confirmed the gold content in both AuNPs formulations.

3.3. Invitro efficacy assessment of uncoated and HAOA-AuNPs

The safety of AuNPs and laser irradiation alone as well as the efficacy
of their combination were tested in vitro in B16F10 and A375 melanoma
cell lines, using the MTT assay. For this, the uncoated and HAOA-AuNPs
at three different concentrations (100, 200 and 400 pM) were added to
cells for 4 h. After this period, and before laser irradiation, the cell
medium was renewed to eliminate AuNPs that had not been internalized
by the cells. The results are depicted in Fig. 6, 24 h after irradiation
condition (1). The selection of the concentration range was based on
previous safety results of these formulations tested in different healthy
and cancer human cell lines up to a concentration in terms of gold of
600 uM (Lopes et al., 2023).

It was clear that laser irradiation alone, i.e. without AuNPs (no
treatment), did not significantly affect cell viability for both cell lines.
Likewise, cells incubated with uncoated or HAOA-AuNPs, in the absence
of laser (white columns), and regardless of the concentration tested

(100, 200 or 400 uM), showed cell viability always above 75 % (dashed
line). An exception was observed for the murine cell line B16F10 with
HAOA-AuNPs at the highest concentration tested (400 uM), where a cell
viability value of 54 + 3 % was obtained.

In turn, by combining AuNPs and laser irradiation (black columns), a
significant decrease in cell viability was found in both cell lines 24 h
after irradiation.

In B16F10 cells, the percentage of cell viability of 26 + 5 % after
laser activation was independent of the formulation and concentration
of the AuNPs tested.

Conversely, in human melanoma cells, it was observed that after
laser activation, cell viability significantly decreased as the concentra-
tion of AuNPs (coated or uncoated) increased. For uncoated AuNPs,
viability was 72 + 10 %, 43 + 1 % and 23 + 2 % for doses of 100, 200
and 400 pM, respectively. For HAOA-AuNPs, cell viability was 82 + 10
%, 41 +1 % and 17 + 1 % for doses of 100, 200 and 400 uM, respec-
tively. It should be noted that, similarly to the murine cell line, no sig-
nificant differences were detected in the percentage of cell viability
achieved after laser activation between uncoated and HAOA-AuNPs in
A375 cells.

3.4. Invitro evaluation of cellular uptake of uncoated and HAOA-AuNPs

The cellular uptake of uncoated and HAOA-AuNPs at a concentration
of 200 uM in terms of gold content after 4 h of incubation in murine
melanoma (B16F10) and human melanoma (A375) cell lines was per-
formed by quantifying intracellular gold content using ICP-OES. As seen
in Fig. 7, the percentage of internalized AuNPs after 4 h of incubation
with uncoated AuNPs was 40 % for B16F10 and 54 % for A375 cells
while for HAOA-AuNPs was 44 % and 49 %, respectively. Specifically,
uncoated AuNPs showed a cell line-dependent pattern, being signifi-
cantly more internalized by A375 cells (54 &+ 4 %) compared to BL6F10

y 1 (IJOuIm '

Regulus 5.0kV 8.7mm x50.0k SE(U)

Fig. 4. Scanning electron microscopy (SEM) of uncoated (a) and HAOA-AuNPs (b).
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Fig. 5. EDS layered image of uncoated (a) and HAOA-AuNPs (b), confirming the high presence of gold content.
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Fig. 6. Cell viability (%) of BL6F10 (a) and A375 (b) cell lines 24 h after incubation with uncoated and HAOA-AuNPs at three different concentrations (100, 200 and
400 pM) in the absence or presence of laser. Data are presented as mean + SD, n > 4. One-way analysis of variance (ANOVA), Siddk’s test (p < 0.05) was used to
detect differences between the groups. * p < 0.0332 and **** p < 0.0001 vs. no treatment without laser; #### p < 0.0001 vs. same formulation (uncoated or HAOA-
AuNPs) at same concentration (100, 200 or 400 uM) without laser; ++++ p < 0.0001 vs. same formulation at a concentration of 100 pM; $$$$ p < 0.0001 vs. same

formulation at a concentration of 200 pM.

cells (40 £ 5 %).

3.5. Elucidating the mechanisms of action of HAOA-AuNPs in
combination with laser

The combinatorial effect of HAOA-AuNPs and laser irradiation on
cell cycle progression was evaluated in B16F10 and A375 cell lines
(Figs. 8 and 9, respectively). HAOA-AuNPs were tested at a concentra-
tion of 200 uM and submitted to irradiation condition (1).

In general, cell cycle analysis in both melanoma cell lines revealed
that the presence of HAOA-AuNPs or laser irradiation did not promote
alterations in the cell cycle in comparison with untreated cells (control).
On the contrary, the combined therapy of HAOA-AuNPs with laser

resulted in significant changes in the cell cycle.

In B16F10 cells, the cell cycle analysis revealed that the combination
of HAOA-AuNPs and the laser increased the percentage of cells in S
phase from 41, 43 and 42 to 53 % compared to the control, control with
laser and HAOA-AuNPs without laser, respectively (Fig. 8). Further-
more, this change was associated with a reduction in the percentage of
cells in the GO/G1 phase from 51, 50 and 49 to 43 % compared to
control, control with laser and HAOA-AuNPs without laser, respectively.
It should be noted that the percentage of cells in the G2/M phase in
HAOA-AuNPs and laser also showed a decreasing trend compared to all
others. The results demonstrated that the combined therapy signifi-
cantly induced a S-phase cell cycle arrest in B16F10 cells.

Similarly, in A375 cells, the combination of HAOA-AuNPs and laser
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Fig. 7. Cellular uptake of uncoated and HAOA-AuNPs as a percentage of the total dose in B16F10 and A375 melanoma cell lines 4 h after incubation. Data are
presented as mean + SD, n = 3. Two-way analysis of variance (ANOVA), Sidék’s test (p < 0.05) was used to detect differences between the groups. * p < 0.0332 vs.

same formulation in B16F10 cell line.
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Fig. 8. Representative cell cycle histogram (a) and quantitative analysis of the distribution of the cell population in the GO/G1, S and G2/M phases of the cell cycle
(b) in the B16F10 cell line in the absence of HAOA-AuNPs and laser (control), in the presence of laser (control with laser) as well as in the presence of HAOA-AuNPs at
200 pM (HAOA-AuNPs without laser) and in the combination of HAOA-AuNPs at 200 pM and laser irradiation (HAOA-AuNPs with laser). The results were obtained
24 h after irradiation. Data are presented as mean + SD, n > 3. Two-way analysis of variance (ANOVA), Tukey’s test (p < 0.05) was used to detect differences
between the groups. * p < 0.0332 and *** p < 0.0002 vs. control in the respective phase. *# p < 0.0021 vs. control with laser in the respective phase. *** p < 0.0002

vs. HAOA-AuNPs without laser in the respective phase.

irradiation increased the percentage of cells in S phase from 38 and 37 to
43 %, compared to control and control with laser or HAOA-AuNPs
without laser, respectively (Fig. 9). Furthermore, this change was
associated to a significantly reduction in the percentage of A375 cells in
the GO/G1 phase from 58 to 46 % compared to control, control with
laser and HAOA-AuNPs without laser. It should be noted that the per-
centage of cells in the G2/M phase in HAOA-AuNPs and laser showed an

increasing trend compared to all others. The results demonstrated that
combining therapy significantly induced a S-phase cell cycle arrest in
A375 cells.

The mechanism of cell death associated to the combination of HAOA-
AuNPs 24 h after laser irradiation was also determined by the Annexin
V-CF647/P1 assay in B16F10 and A375 cells (Figs. 10 and 11,
respectively).
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Fig. 9. Representative cell cycle histogram (a) and quantitative analysis of the distribution of the cell population in the G0/G1, S and G2/M phases of the cell cycle
(b) in the A375 cell line in the absence of HAOA-AuNPs and laser (control), in the presence of laser (control with laser) as well as in the presence of HAOA-AuNPs at
200 pM (HAOA-AuNPs without laser) and in the combination of HAOA-AuNPs at 200 pM and laser irradiation (HAOA-AuNPs with laser). The results were obtained
24 h after irradiation. Data are presented as mean + SD, n > 3. Two-way analysis of variance (ANOVA), Tukey’s test (p < 0.05) was used to detect differences
between the groups. **** p < 0.0001 vs. control in the respective phase. * p < 0.0332 and *### p < 0.0001 vs. control with laser in the respective phase. * p < 0.0332
and 77" p < 0.0001 vs. HAOA-AuNPs without laser in the respective phase.
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Fig. 10. Quantitative analysis of B16F10 cell population distribution at different stages (live, early apoptotic, late apoptotic and necrotic cells) in the absence (a) or
presence (b) of laser irradiation without and with the presence of HAOA-AuNPs at 200 pM; and representative flow cytometry plots within all events excluding debris
using Annexin V/PI staining for apoptosis (c). The results were obtained 24 h after irradiation. Data are presented as mean + SD, n > 3. Two-way analysis of variance
(ANOVA), Sidak’s test (p < 0.05) was used to detect differences between the groups. **** p < 0.0001 vs. control.
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Fig. 11. Quantitative analysis of A375 cell population distribution at different stages (live, early apoptotic, late apoptotic and necrotic cells) in the absence (a) or
presence (b) of laser irradiation without and with the presence of HAOA-AuNPs at 200 pM; and representative flow cytometry plots within all events excluding debris
using Annexin V/PI staining for apoptosis (c). The results were obtained after a period of 24 h after irradiation. Data are presented as mean + SD, n > 3. Two-way

analysis of variance (ANOVA), Sidék’s test (p < 0.05) was used to detect differences between the groups.

In the case of BI6F10 cells (Fig. 10), we observed that in the absence
of laser (Fig. 10a), the percentage of live cells and in early apoptosis, late
apoptosis and necrosis was similar for control and cells incubated with
HAOA-AuNPs at 200 pM. In contrast, after laser irradiation (Fig. 10b),
the percentage of live cells decreased drastically and significantly from
around 80 % in the control group with laser to around 12 % in the
combined therapy (HAOA-AuNPs with laser). Concomitantly, the per-
centage of cells in the late apoptosis increased significantly from around
10 % in the control to a mean value of 72 % in the combined therapy.
Furthermore, a positive control of apoptosis (incubation of cells at 55 °C
for 20 min) was used, and more than 90 % of cells in a late apoptotic
stage were achieved (data not shown).

These results revealed that for B16F10 murine melanoma cells, the
combined therapy of HAOA-AuNPs with laser led to a late apoptosis, as
supported by flow cytometry images representative of the different
groups (Fig. 10c).

In the case of the A375 cell line (Fig. 11), similar to the observations
in murine melanoma cells, no significant changes were noted in distri-
bution percentages of cells at different stages between those treated with
or without HAOA-AuNPs in absence of laser (Fig. 11a). Changes in
phosphatidylserine and propidium iodide were only noticed after laser
irradiation (Fig. 11b). In this case, the percentage of live cells decreased
significantly from around 75 % in cells submitted to laser (control with
laser) to around 13 % in the combined therapy HAOA-AuNPs with laser.
In turn, the percentage of cells in the late apoptosis stage increased
significantly from around 11 % in the control to a mean value of 80 % in
the combined therapy group. A positive control of apoptosis led to more
than 90 % of cells in the late apoptotic stage (data not shown).

Much like in B16F10 cells, these data also suggest that for the A375
cell line, the combined therapy of HAOA-AuNPs with laser resulted on a
late apoptosis as supported by flow cytometry images representative of

10

* p < 0.0001 vs. control.

the different groups (Fig. 11c).

3.6. In vitro 3D skin model

To additionally confirm the safety of laser irradiation, the evaluation
of its impact in an in vitro 3D reconstructed human skin model was
performed. This model was developed over five weeks and, afterwards,
it was irradiated with the same doses previously used in 2D in vitro ef-
ficacy assays (27.6 J/mm?) and according to the irradiation condition
(2). Representative images of both groups, without or with laser,
staining with H&E and anti-Cytokeratin AE1 and AE3 immunohisto-
chemistry are shown in Fig. 12. The structure in both samples is
composed of a stratified squamous epithelium of well-differentiated
keratinocytes that present progressive keratinization. Moreover, the
epithelium rests on a regular and thick lamina propria of loose con-
nective tissue, composed of a moderate number of fibroblasts and
fibrocytes surrounded by a pale basophilic and amphophilic fibrillar
matrix. In turn, anti-Cytokeratin AE1/AE3 immunohistochemical
staining revealed the expression of high amounts of cytoplasmic cyto-
keratins in keratinocytes. In summary, no changes in cell morphology or
tissue structure, between the control group (without laser irradiation)
and the irradiated samples were observed, thus supporting the safety of
laser irradiation at the tested dose.

3.7. In vivo studies

3.7.1. Safety assessment of laser irradiation

To study the in vivo efficacy of the combined therapy of HAOA-
AuNPs with laser, we performed a prior assessment of the safety of
laser irradiation alone in an in vivo context. For this, twenty-one healthy
C57BL/6 mice with shaved backs were divided into 7 groups for 10, 15,
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Fig. 12. Representative histopathological images with H&E or anti-Cytokeratin AE1 and AE3 immunohistochemistry staining of in vitro 3D reconstructed human skin
cross-sections in the absence of laser (a) or 48 h after laser irradiation (b). Scale bars: 50 pym.

20, 25, 30, 35 and 40 s of exposure to the NIR laser irradiation with an morphological changes. On the contrary, when exposed to irradiation
irradiance of 0.94 W/cm?. The histological analysis is shown in Fig. 13. for 30 s or more, all skin samples exhibited multiple lesions, primarily
The animals exposed to 10, 15, 20 and 25 s of irradiation showed no coagulative necrosis affecting the epidermis and, in some cases, the

40s

Fig. 13. Histological images (H&E staining) of skin sections irradiated by the NIR laser from various groups of animals subjected to 10, 15, 20, 25, 30, 35 or 40 s of
exposure, with a laser irradiance of 0.94 W/cm?. Each image is representative of the harvested irradiated skin samples. Scale bars represent 250 um across all images.
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dermis. This was accompanied by multifocal areas of dermal inflam-
matory infiltrates composed mainly of neutrophils. Based on these ex-
periments, 25 s was the exposure time to NIR laser irradiation selected to
proceed with the efficacy study.

3.7.2. Efficacy assessment of PTT using HAOA-AuNPs

The biological effect of HAOA-AuNPs were evaluated in an in vivo
murine melanoma model after a single intratumoral administration at a
concentration of 3.1 mg/kg of body weight in terms of gold content
followed by three NIR laser irradiations of 25 s each (irradiation con-
dition (3)), separated by 48-hours intervals. Tumors were previously
induced by subcutaneous injection of B16F10 cells (Fig. 14a). When
tumors became visible and palpable, the animals were divided into four
groups, including a negative control (induced and no treated), animals
exposed to laser irradiation for 25 s, animals that received a single
intratumoral administration of HAOA-AuNPs (3.1 mg Au/Kg) without
laser irradiation and animals that received a single intratumoral
administration of HAOA-AuNPs (3.1 mg Au/Kg) and exposed to three
laser irradiation periods of 25 s each separated by 48 h.

The in vivo efficacy was evaluated based on the progression of tumor
volume recorded on days 0, 2 and 4 for all animals under study. The
results are depicted in Fig. 14b.

The combined therapy of HAOA-AuNPs and laser resulted in the
greatest impairment of tumor growth. At the end of the protocol, this
group of mice presented a mean tumor mass below 350 mm?, 3- to 5-fold
lower compared to control and animals treated with laser or HAOA-
AuNPs, respectively.

During the treatment protocol, no adverse behavioral or physical
changes were detected and therefore, 24 h after the last irradiation, all
animals of each group were sacrificed and organs of interest (liver,
kidneys and spleen), blood and tumors were collected.

The tissue index is a parameter commonly used in in vivo safety
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studies, since small changes in organ weight are a sensitive indicator of
toxicity, predicting possible morphological changes (Lopes et al., 2023).
In this regard, the tissue index values of the liver, kidney and spleen of
each group are shown in Table 1.

We observed that the tissue index values of all vital organs analyzed
were similar among the different groups, suggesting that no toxicolog-
ical effects were induced by laser irradiation and intratumoral admin-
istration of HAOA-AuNPs alone nor with their combination.

Furthermore, liver enzymes such as aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured as they are
widely used as biomarkers of tissue damage, in particular, liver toxicity
(Kobayashi et al., 2020; Tang et al., 2020). The plasmatic levels of these
enzymes for all groups under study are shown in Table 2.

Although a wide range of values in the different groups was observed
for AST and ALT, data obtained were within the reference ranges re-
ported by the animal supplier (River, 2024), attesting the preservation
of hepatic function.

The safety of the treatment protocol was also supported by

Table 1

Average of tissue index values of the collected organs, namely, liver, kidneys and
spleen of each group of C57BL/6 mice at the end of treatment protocol. Control
represents the tissue index of animals injected with PBS.

Group of Mice Tissue Index

Liver Kidney Spleen
Naive 22.1 £ 0.6 10.7 £ 0.5 5.0+0.1
Control 21.3+13 10.7 £ 0.2 5.1 +0.2
Only laser 22,5+ 0.5 10.5 + 0.3 6.4 + 0.5
HAOA-AuNPs 23.9 £ 0.6 10.5+ 0.3 7.1+0.7
HAOA-AuNPs + laser 22.5+0.3 11.3 + 0.2 5.9+ 0.2

Data are presented as mean + SEM, n > 3.
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Fig. 14. Efficacy assessment of PTT using HAOA-AuNPs. (a) Experimental protocol for the syngeneic subcutaneous murine melanoma model and (b) average tumor
volume (mm?) of the different groups, namely, animals that received a single intratumoral administration of PBS at day 0 (Control, non-treated), animals exposed to
laser irradiation for 25 s at days 0, 2 and 4 (laser), animals that received a single intratumoral administration of HAOA-AuNPs on day 0 (HAOA-AuNPs) and animals
that received a single intratumoral administration of HAOA-AuNPs and exposed to laser irradiation for 25 s on days 0 (4 h after injection of HAOA-AuNPs), 2 and 4

(HAOA-AuNPs + laser). Data are presented as mean value + SEM, n > 3.
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Table 2

Plasmatic values of liver enzymes aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) of each group of C57BL/6 mice at the end of protocol.
Control represents the hepatic transaminases of animals injected with PBS.

Group of Mice Hepatic transaminases

AST ALT
Naive 143+ 9 29+1
Control 295 + 44 82+ 25
Only laser 194 + 56 80+7
HAOA-AuNPs 152 + 22 66 +£17
HAOA-AuNPs + laser 253 + 27 46 + 6

Data are presented as mean + SEM, n > 3.

histological analysis, which did not detect morphological changes in any
of the organs of the different groups of animals. Representative images
are shown in Fig. 15.

On the other hand, and despite favorable physicochemical properties
of HAOA-AuNPs for retention and penetration in tumor tissue, particu-
larly the average size above 100 nm and below 400 nm (Haute and Van
Berlin, 2017; Deng et al., 2021; Bae and Park, 2011), the possibility of
their leakage into the bloodstream could not be discarded, until because
increased temperature in the tumor microenvironment resulting from
PTT leads to an increased blood flow and capillary vasodilation,
including in animal tumors (Wang et al., 2019). Therefore, in parallel,
the gold content in the blood, liver, kidneys, spleen and tumor was also
determined by ICP-OES 24 h after the last PTT treatment (sacrifice day).
The animal groups analyzed were those that received a single intra-
tumoral administration of HAOA-AuNPs on day 0. The results obtained
are depicted in Table 3.

According to the results obtained, no traces of gold were analytically
detected in the blood, liver, kidneys and spleen of animals. In contrast,
and as expected, HAOA-AuNPs were mainly observed in the tumor, with
values in the order of 79 and 72 % of the total dose in terms of gold
administered for animals that received only HAOA-AuNPs or combined
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Table 3
Gold content in terms of percentage of total administered dose in the blood,
liver, kidney, spleen and tumor of C57BL/6 mice at the end of protocol.

Group of Mice Gold content (% of total administered dose)

Blood Liver Kidney Spleen Tumor
HAOA-AuNPs N.D. N.D. N.D. N.D. 79+3
HAOA-AuNPs + laser N.D. N.D. N.D. N.D. 72 +17

N.D. - not detected; LOD: 0.073 mg/L and LOQ: 0.222 mg/L.

therapy (HAOA-AuNPs with triple laser exposure), respectively.
4. Discussion

PTT has emerged as a promising modality in the treatment of cancer,
in which cell death occurs through the use of photothermal enhancers
capable of converting light energy received by a laser source into ther-
mal energy (Lopes et al., 2022a). Some AuNP formulations combined
with PTT, like the AuroLase® system, have already reached clinical
safety (Stern et al., 2016) and efficacy (Rastinehad et al., 2019) evalu-
ation stages, specifically in patients with prostate cancer (NCT02680535
and NCT04240639).

Environmental and safety considerations have driven the develop-
ment and research into the green synthesis of AuNPs for various
biomedical applications (Santhosh et al., 2022). Plant extracts, poly-
saccharides, fungi, algae, bacteria (Ferreira-Goncalves et al., 2021) but
also phytoconstituents such as curcumin (Amini et al., 2024), apigenin
(Ngernyuang et al., 2022) and epigallocatechin gallate (Wakayama
et al., 2023) as well as rosmarinic acid, used in this study, have been
explored as alternatives to the traditionally cytotoxic gold salt reducing
agents. In previous studies performed by our group (Lopes et al., 2023),
we focused on optimizing and evaluating the in vitro, ex vivo and in vivo
safety of a green synthesis method for preparing coated AuNPs. In the
present study, our main goal was to evaluate the in vitro and in vivo

Spleen

Fig. 15. Histological images (H&E staining) of the liver, kidney and spleen of different groups of animals: control, laser, HAOA-AuNPs, and HAOA-AuNPs + laser. All
images are representative of the harvested organs (liver and kidney with 10 x magnification; spleen with 20 x magnification). Scale bars are 250 um for liver and

kidney images and 500 um for spleen images.
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efficacy of the combination of intratumoral administration of HAOA-
AuNPs with laser irradiation.

The intratumoral administration route has been increasingly
explored, not only for bypassing the bloodstream, thus allowing greater
control of its biodistribution, but also by maximizing its accumulation
and retention at the tumor site, reducing the incidence of side effects and
increasing therapeutic efficacy (Zhao et al., 2021; Yun et al., 2023).
Therefore, the intrinsic properties of AuNPs, such as size, Pdl, superficial
charge, shape or surface chemistry are important factors as they strongly
influence the interaction with cells, modulating various aspects such as
pharmacokinetics and toxicity (Lopes et al., 2023; Bhattacharjee, 2016;
Sabourian et al., 2020; Gong et al., 2015; Adewale et al., 2019; Lin et al.,
2015).

Regarding size, the ideal formulation should be small enough to
allow uniform diffusion throughout the tumor tissue, but at the same
time large enough that, in combination with abnormally disorganized
vasculature and poor drainage lymphatic system of the tumor, its
extravasation is potentially reduced, thus favoring its retention and
consequent internalization by tumor cells (Haute and Van Berlin, 2017;
Yun et al., 2023; Miao and Huang, 2015). According to the literature,
relatively small nanoparticles (<50 nm) have demonstrated a greater
tumor permeation capacity, although they are more easily extravasated
from the tumor tissue (Haute and Van Berlin, 2017). Upon extravasa-
tion, these small-sized AuNPs have a wide body distribution in healthy
organs and tissues such as the thymus, kidney, heart, lung and even
brain, in addition to their presence in the liver and spleen (Haute and
Van Berlin, 2017; Jong et al., 2008). In contrast, for slightly larger
nanoparticles and depending on the type of tumor and/or nanoparticle,
it has been described that a maximum size of around 100-200 nm
(Haute and Van Berlin, 2017; Deng et al., 2021) and up to 400 nm (Bae
and Park, 2011); present a much higher percentage of retention at the
tumor site. However, these nanoparticles might present greater diffi-
culty in spreading throughout the tumor.

Therefore, a strategy that seeks the right balance between tumor
permeation and retention is imperative. In this regard, the coated AuNP
formulation we developed, with a hydrodynamic diameter of about 109
nm fits the above mentioned criteria.

Still concerning size, the homogeneity of the formulation is also
important. Although there is no consensus among researchers on
acceptable PdI values, as this property depends on the specific nano-
material considered (Danaei et al., 2018), some authors suggest that
nanoparticle samples with a PdI up to 0.3-0.4, which includes the
HAOA-AuNPs formulation, are considered adequate (Onugwu et al.,
2022; Barhoum et al., 2022; Maguire et al., 2018).

Surface charge of the nanoparticle also influences its in vivo behavior
(Ferreira-Goncalves et al., 2022). While positively charged AuNPs are
associated with greater toxicity and lower stability, some in vivo studies
have also suggested a greater accumulation of negatively charged AuNPs
at the tumor site (Ferreira-Goncalves et al., 2022; Honary and Zahir,
2013). When analyzing the surface charge of the AuNPs produced, both
formulations presented negative zeta potential values, in line with what
was intended.

Furthermore, in optical terms, the coating of the AuNPs formulation
resulted in an increase in absorbance at 808 nm, ideal for the intended
application and attributed to a cumulative effect of absorption proper-
ties of both the AuNPs and the coating, as well as the broadening of the
plasmon peak. The intensity and width of the SPR peak is influenced by
factors that affect the electronic charge density on the surface of the
particles, such as size, shape, structure and composition of the nano-
particles (Huang and El-Sayed, 2010). In this case, the coating applied to
the AuNPs not only slightly increased their size but also altered the local
dielectric environment. The refractive index of the coating material in-
fluences the oscillation of free electrons, modifying the resonance con-
ditions and contributing to the broadening of the plasmon peak
(Chanana and Liz-Marzan, 2012). Surface roughness or variations in
coating thickness may also play a role in this effect (Rodriguez-
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Fernandez et al., 2009). In this context, the use of NIR light in this type of
therapy is important, as it minimizes light absorption by biological tis-
sues, thereby increasing the penetration depth (Lopes et al., 2023; Fer-
reira-Gongalves et al., 2022; Souza-Barros et al., 2018).

Besides the coating material, particle morphology will influence not
only the in vivo behavior of AuNPs, but also its optical properties
(Ferreira-Goncalves et al., 2022). The morphology of uncoated and
HAOA-AuNPs did not vary significantly except for the notable coating
layer observed for the HAOA-AuNPs. Three different populations were
observed. The symmetry and large contact area of spherical nano-
particles allow for quicker and more uniform internalization (Petros and
DeSimone, 2010). However asymmetric structures with sharper tips,
corners and edges enhance plasmonic heating, favoring the photo-
thermal conversion efficiency (Cui et al., 2023). The observed diversity
of shapes, which also supports the PdI values obtained, has been
consistent across all batches produced and is associated with green
synthetic methods (Ferreira-Gongalves et al., 2022), as is the case of this
preparation method. In fact, this is even a positive characteristic with
regard to the optical properties of the formulation. As described in
literature, the mixture of plasmonic nanoparticles of different sizes and
shapes allows the absorption spectrum to be broadened (Cui et al., 2023;
Ortiz-Castillo et al., 2020).

Preclinical studies involving cell cultures and animal models are
crucial for evaluating the safety and efficacy of this combined therapy.
In this context, in the absence of laser irradiation and as observed in a
previous work (Lopes et al., 2023), both formulations proved to be safe
in both melanoma cell lines. A single reduction in cell viability was only
observed for murine B16F10 cells but at the highest concentration tested
(400 pM). In all other cases, in the presence of uncoated and HAOA-
AuNPs, cell viability always remained above 70 %, which according to
ISO10993-5:2009(E) attests its safety (International Organization for
Standardization. Biological evaluation of medical devices-Part 5: Tests
for in vitro cytotoxicity. ISO, 2009). In turn, laser irradiation itself has
also been shown to be safe for both cell lines.

In terms of in vitro efficacy, the combination of uncoated and HAOA-
AuNPs in different concentrations with laser irradiation in murine
B16F10 and human A375 melanoma cell lines resulted in a great loss of
cell viability. The B16F10 cells exhibited high sensitivity to PTT, with an
approximately 80 % reduction in cell viability at the lowest concentra-
tion tested (100 uM). In this cell line, increasing AuNP concentrations
did not further reduce cell viability beyond the level observed at the
lowest concentration. In contrast, the human A375 cell line required an
AuNP concentration of 400 uM to achieve a comparable effect to that
observed in the murine cell line. As previously noted, the photothermal
effect is a complex process that can be influenced by several aspects,
including the shape and size of the AuNPs, their SPR with incident light,
their absorbance and scattering properties, concentration, irradiation
dose, but particularly by the formation of a protein corona around the
AuNPs when incubated within the cells (Nandakumar et al., 2021), the
distribution of the AuNPs within cells (Villuendas et al., 2022) and the
type of cell line (Amaral et al., 2024). Previous studies have shown that
cell viability outcomes can vary across cell lines like HaCat, HCT-116,
A375, and MCF-7, even under identical experimental conditions
(using the same AuNP formulation and irradiation dose) (Amaral et al.,
2024). This variability reflects inherent biological differences and
distinct sensitivities among cell lines.

On the other hand, cell interaction is also an important property for
any nanomaterial. AuNPs can be functionalized with targeting mole-
cules (e.g., antibodies, sugars, ligands of cell receptors) that specifically
bind to melanoma cells. The selection of HA was based on the described
features of this polymer. This ensures selective accumulation of AuNPs
in the tumor tissue. HA is a biocompatible, biodegradable and low
immunogenicity polysaccharide that targets AuNPs to cancer cells
which overexpress CD44 receptors (Cirillo, 2023; Kesharwani et al.,
2022). Thus, this linking would allow an improvement of the formula-
tion in the target area through the affinity of HA for its receptor (Cirillo,
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2023). In this case, the ability of uncoated and HAOA-AuNPs to be
internalized by melanoma cells was evaluated after a period of 4 h of
incubation and at a concentration of 200 pM. However, and contrary to
expectations, the in vitro results showed that for each melanoma cell line
tested, the percentage of internalization was similar for uncoated and
HAOA-AuNPs, with a mean value of around 42 and 51 % in the B16F10
and A375 cell lines, respectively.

Notably, previously published studies from our group (Lopes et al.,
2020; Ferreira-Gongalves et al., 2024), demonstrated that even under
laser irradiation, the formulated AuNPs exhibited low toxicity and high
biocompatibility in healthy keratinocyte cell lines (HaCat), further
supporting their selectivity for tumor cells over healthy skin cells.
Furthermore and in this context, some authors have reported a protec-
tive effect of hyaluronic acid over radiation exposure-induced kerati-
nocytes damage (Sorgel et al., 2022; Hasova et al., 2011). Therefore, and
based on their abovementioned better physicochemical and optical
properties, at this point, HAOA-AuNPs at 200 pM were selected to
proceed to the evaluation of associated cell death mechanisms of com-
bined therapy through cell cycle and Annexin V/PI as well as for in vivo
efficacy assessment. Thermal activation study of HAOA-AuNPs was
carried out after their irradiation on a phantom model and the results are
presented in Supplementary Material (Figure S3).

With regard to the mechanism of action associated with PTT on the
cell cycle, while HAOA-AuNPs and laser irradiation alone did not
interfere, the combined therapy (HAOA-AuNPs and laser) promoted a
significant cell arrest in S phase in both B16F10 and A375 cell lines, 24 h
after laser irradiation. A similar effect was also observed by other au-
thors after photothermal exposure of polydopamine-coated branched
Au-Ag nanoparticles in human bladder cancer cells (Zhao et al., 2018).
During the cell cycle there are several checkpoints that allow cells to
repair possible DNA damage, however, their deregulation before DNA
repair can lead to the activation of apoptotic cascade and consequent
cell death (Li et al., 2019). Cell death in PTT is based on increased
temperature and is normally divided into two types: apoptosis and ne-
crosis (Kim et al., 2023). Annexin V and PI are frequently combined to
detect differences in cell plasma membrane permeability, thus dis-
tinguishing viable, apoptotic and necrotic cells (Kus-Liskiewicz et al.,
2021; Worsley et al., 2022). Our results showed that the application of
the combined therapy of HAOA-AuNPs and laser irradiation caused a
significant increase in the percentage of cells in late apoptosis compared
to the control group and the groups subjected to HAOA-AuNPs or laser
irradiation. It is described that during the late stage of apoptosis, there is
membrane blebbing, ultrastructural modification of some cytoplasmic
organelles and even loss of integrity of the plasma membrane (Wong,
2011), with the latter being the reason why there is cells positively
stained for Annexin V and PI. Apoptotic cells are normally phagocytosed
before the formation of apoptotic bodies, which does not happen in an
artificial cell culture environment, leading to degradation that re-
sembles necrosis and which is called secondary necrosis (Wong, 2011;
Ziegler and Groscurth, 2004).

Overall, the results regarding the elucidation of the mechanism of
action indicate that the combined therapy reduced cell proliferation,
inducing apoptosis and a cell cycle arrest at S-phase in both BI6F10 and
A375 cell lines. Furthermore, the in vitro 3D human skin model also
confirmed the safety of the laser at the tested dose as observed for 2D cell
models performed.

Finally, considering the therapeutic potential shown in vitro for the
murine and human melanoma cell lines tested, an in vivo syngeneic
melanoma model was performed through subcutaneous implantation of
B16F10 cells. A preliminary in vivo safety assay in healthy C57BL/6 mice
demonstrated that exposure to laser could not be longer than 25 s.
Therefore, 25 s of irradiation, with an irradiance of 0.94 W/cm? and
corresponding to a dose of 24 J/cm?, were selected. It should be noted
that C57BL/6 mice have black fur, absorbing a greater amount of energy
on the skin surface and not allowing radiation to reach deeper areas
being more susceptible to skin burns (Stadler et al., 2004; Setchfield

15

International Journal of Pharmaceutics 668 (2025) 124952

etal., 2024). In previous published work of our group, immune-deficient
hairless mice were subjected to an irradiance of 2.5 W/cm? during 5 and
10 min without signals of skin damage (Lopes et al., 2021).

With the laser safe dose adjusted, the efficacy of intratumoral
administration of HAOA-AuNPs in combination with laser irradiation
was carried out in a subcutaneous C57BL/6 melanoma model. It was
observed that the combined therapy resulted in a superior impairment of
tumor growth progression compared to control and animals treated with
HAOA-AuNPs or laser alone. These last two groups even had enhanced
tumor progression compared to the control group. Using the same in vivo
model and similar dose of NIR irradiation as the one tested in our work,
de Souza Contatori and co-workers reported an increase in the inva-
siveness of pigmented melanoma cells (Contatori et al., 2022). In the
case of the group of animals that received only the coated AuNPs
formulation, in the absence of photothermal treatment, this phenomena
may contribute to proliferation mediated by the CD44 receptor-
hyaluronic acid interactions (Assmann et al., 2001).

Data regarding plasmatic levels of liver enzymes AST and ALT as well
as tissue index and histological analysis of the different organs collected
showed no significant differences among all tested animals either in
healthy or in subcutaneous melanoma mice independent of the treat-
ment protocol, thus demonstrating the safety of PTT. Furthermore,
evaluation of the gold concentration in blood, liver, kidneys, spleen and
tumors showed that a very high percentage of the HAOA-AuNPs
administered was retained in the tumor until the end of the experi-
mental protocol, with no gold concentration being detected in the blood
or in any of the evaluated metabolic and elimination organs. Computed
tomography studies performed by us, using AuNPs with similar char-
acteristics, have also shown that even one month after subcutaneous
administration, in the right flank of healthy animals, the particles
continued to be retained (Ferreira-Gongalves et al., 2024).

5. Conclusions

The high morbidity and mortality rates associated with melanoma
have been imposing continuous research of new and better therapeutic
options. In this study, PTT using AuNPs as photothermal enhancers was
evaluated for in vitro and in vivo efficacy against melanoma. Uncoated
and HAOA-AuNPs demonstrated a high cellular internalization rate in
B16F10 and A375 melanoma cell lines. The combined therapy of AuNPs
(whether coated or not) and laser exhibited a pronounced reduction in
viability compared to AuNPs or laser alone. This dual therapy induced S-
phase cell cycle arrest and late apoptosis in both cell lines. Preliminary
studies in a murine syngeneic subcutaneous melanoma model demon-
strated that HAOA-AuNPs were strongly accumulated at the tumor site
and when combined with laser irradiation resulted in a significant
impairment of tumor progression.

These promising results suggest that combination of AuNPs and NIR-
laser irradiation is safe and holds therapeutic potential in the treatment
of superficial and localized melanoma.
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Appendix A. Supplementary data

Supplementary Materials: The following supporting information can
be found in Supplementary Materials. Figure S1. Stability of HAOA-
AuNPs in water after 1 month of storage at 4 °C and room tempera-
ture, as well as on the day of preparation in PBS. Data are presented as
mean + SD, n > 3. Figure S3. Evaluation of thermal activity of HAOA-
AuNPs at a concentration of 200 uM under NIR laser irradiation over
10 min. Data are presented as mean value + SD, n = 3. Figure S2. Gating
strategy for apoptosis analysis by flow cytometry. Debris were excluded
before assessing propidium iodide (PI) and Annexin V fluorescence, by
selecting first double negative (DN) fraction, that drawing a gate to
select Debris, and then creating a Not-Debris gate to assess early
apoptotic, late apoptotic, necrotic and live cell populations.Supple-
mentary data to this article can be found online at https://doi.org/
10.1016/j.ijpharm.2024.124952.
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