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RESUMO

O melanoma ¢ uma forma agressiva de cancer de pele, originada dos melanocitos, que se destaca
pela elevada plasticidade, capacidade invasiva e resisténcia a tratamentos tradicionais. Sua
progressao envolve complexas adaptacdes metabdlicas e alteragdes no microambiente tumoral,
bem como a ativagdo de vias de sinalizagdo como PI3K/AKT, MAPK/ERK e Wnt/B- catenina.
Diante da necessidade de abordagens terap€uticas inovadoras, nanoparticulas de ouro tém sido
estudadas e t€ém demonstrado potencial promissor na terapia para melanoma. Nanobastoes de
ouro estabilizados com goma ardbica (GA-AuNRs), demonstraram potencial para modular
respostas celulares sem apresentar citotoxicidade em modelo de melanoma murino. Neste
estudo, investigou-se o efeito de GA-AuNRs em concentragdes nao citotoxicas sobre trés
linhagens de melanoma humano com distintas mutagdes: SK-MEL-28 (BRAF), MEWO (NFI)
e SK-MEL-147 (NRAS) e em fibroblastos humanos ndo tumorais (CCD- 1059Sk). Os
experimentos foram conduzidos in vitro para avaliar viabilidade, densidade celular, producao
de espécies reativas de oxigénio (ROS), formacgado de colonias e migracdo. Em paralelo, anélises
in silico, por meio de redes de interacdo proteina-proteina, buscaram identificar alvos
moleculares potencialmente modulados pelos GA-AuNRs. Os ensaios de viabilidade e
densidade celular demonstraram que os fibroblastos mantiveram viabilidade e densidade em
todas as concentracoes testadas, confirmando a biocompatibilidade dos GA-AuNRs em cé¢lulas
normais. Para o ensaio clonogénico obtivemos comportamentos distintos entre as linhagens,
onde: SK-MEL-28, a area clonal diminuiu na presenca de GA-AuNR na concentragio de 1,8
mg-L™', enquanto MEWO apresentou col6nias maiores na concentra¢do de 0,18 mg-L™" em
comparacdo ao grupo controle (GA 0,4%). Ja SK-MEL-147 ndo apresentou variacao
significativa na formacdo de coldonias em nenhuma das concentragdes testadas. Em ensaios de
migragdo celular, observou-se inibi¢@o significativa em SK-MEL-28 na concentragao de 0.18
mg L'de GA-AuNR, em MEWO 0,18 mg L'de GA-AuNR apresentou maior velocidade de
migragdo quando comparado ao controle Ga 0,4%. SK-MEL-147 ndo apresentou diferencas
significativas. Tais achados sugerem que a eficacia dos GA-AuNRs varia conforme o contexto
molecular de cada linhagem, onde para SK-MEL-28 afetou parametros de malignidade tumoral
e na linhagem MEWO quando comparado ao controle houve aumento no tamanho das colonias
e na velocidade de migragdo. As andlises computacionais de redes proteina-proteina
corroboraram as observacdes experimentais, destacando nods criticos em RHOA e RACI,
associados ao remodelamento do citoesqueleto e a migragdo celular, regulados por sinalizagdes
downstream das vias MAPK/ERK e PI3K/AKT. Também foi identificado CTNNBI1 (B-
catenina) ¢ TPT1 como reguladores da sobrevivéncia e proliferacio celular. Esses
elementos, que podem ter sido suscetiveis a modulagdo pelos GA-AuNRs, configuram-se como
pontos-chave no controle da migragdo e proliferacdo tumoral. Em conjunto, os dados
demonstram que GA-AuNRs oferecem agdo antitumoral seletiva, influenciada tanto pela
concentracdo quanto pelo contexto genético do melanoma.

Palavras chave: Melanoma. Nanobastdes de ouro (AuNRs). Goma arabica (GA). Viabilidade

celular. Densidade celular. Ensaio clonogénico. Migracao celular. In vitro. In silico.



ABSTRACT
Melanoma is an aggressive form of skin cancer originating from melanocytes, characterized by

high plasticity, invasive capacity, and resistance to conventional treatments. Its progression
involves complex metabolic adaptations and alterations in the tumor microenvironment, as well
as the activation of signaling pathways such as PI3K/AKT, MAPK/ERK, and Wnt/B-catenin.
Given the need for innovative therapeutic approaches, gold nanoparticles have been studied and
have shown promising potential in melanoma therapy. Gold nanorods stabilized with gum
arabic (GA-AuNRs) have demonstrated the ability to modulate cellular responses without
exhibiting cytotoxicity in a murine melanoma model.In this study, the effect of non-cytotoxic
concentrations of GA-AuNRs was investigated on three human melanoma cell lines with
distinct mutations: SK-MEL-28 (BRAF), MEWO (NF1), and SK-MEL-147 (NRAS), as well as
on non-tumoral human fibroblasts (CCD-1059Sk). The experiments were conducted in vitro to
assess cell viability, cell density, reactive oxygen species (ROS) production, colony formation,
and migration. In parallel, in silico analyses using protein—protein interaction (PPI) networks
aimed to identify potential molecular targets modulated by GA-AuNRs.Cell viability and
density assays showed that fibroblasts maintained both viability and density across all tested
concentrations, confirming the biocompatibility of GA-AuNRs in normal cells. The clonogenic
assay revealed distinct behaviors among the melanoma cell lines: SK-MEL-28, clonal area
decreased in the presence of GA-AuNR at 1.8 mg-L!, while MEWO presented larger colonies
at 0.18 mg-L~' compared to the control group (GA 0.4%). SK-MEL-147 showed no significant
variation in colony formation at any tested concentration.In cell migration assays, SK-MEL-28
showed significant inhibition at 0.18 mg-L™' GA-AuNR, whereas MEWO at the same
concentration exhibited a higher migration rate compared to the GA 0.4% control. SK-MEL-
147 presented no significant differences. These findings suggest that GA-AuNR efficacy varies
according to the molecular context of each cell line: in SK-MEL-28, they impacted tumor
malignancy parameters, whereas in MEWO, compared to the control, they increased colony
size and migration speed.Computational PPI network analyses supported the experimental
observations, highlighting critical nodes in RHOA and RACI, associated with cytoskeletal
remodeling and cell migration, regulated downstream by MAPK/ERK and PI3K/AKT
pathways. CTNNBI (B-catenin) and TPT1 were also identified as regulators of cell survival and
proliferation. These elements, potentially susceptible to modulation by GA-AuNRs, emerge as
key points in controlling tumor cell migration and proliferation.Taken together, the data
demonstrate that GA-AuNRs exert selective antitumor activity, influenced by both
concentration and the genetic context of melanoma.

Keywords: Melanoma. Gold nanorods (AuNRs). Gum arabic (GA). Cell viability. Cell density.

Clonogenic assay. Cell migration. In vitro; In silico



AGRADECIMENTOS

Primeiramente, gostaria de agradecer a minha familia e ao meu marido, Mateus, por
todo o apoio, carinho e suporte incondicional. Vocés sao a minha base.

Agradeco a todos os meus colegas do laboratdrio pela acolhida calorosa desde o meu
primeiro dia, pela companhia, pelo auxilio nos experimentos e por todo o conhecimento
compartilhado. Aprendi muito com cada um de voces.

As minhas amigas Beatris, Rhandria, Jéssica e Jacqueline, meu muito obrigada por
tornarem os dias mais leves, felizes e divertidos. Agradeco pelos conselhos, pelo apoio, pelas
nossas conversas € por sempre me ajudarem, em especial, & Jacqueline, que com tanta paciéncia
e dedicagdao me ensinou o cultivo celular e me acompanhou nos meus primeiros experimentos.
Vocé foi, sem duvidas,, a minha melhor professora.

Aos meus orientadores, Prof. Dr. José, obrigada por ter me aceitado mesmo sem
nenhuma experiéncia prévia, por sempre ter me apoiado e dado todo o suporte, por sempre
acreditar que daria certo e ter me guiado nesse caminho, sua calma, apoio e ensinamentos foram
essenciais.

A Prof*. Dra. Carolina, obrigada por confiar a mim seu projeto, por acreditar no meu
potencial e por estar presente em cada etapa deste processo. Sei que muitas vezes nao foi facil
€ mesmo assim, vocé me encorajou a nunca desistir e acreditar que eu conseguiria, que seria
capaz de aprender e que errando também aprendemos muito. Com vocé aprendi muitas coisas,
e de inlimeras formas.

Ao Centro de Tecnologias Avancadas em Fluorescéncia (CTAF), agradeco pela
disponibilidade dos equipamentos e pelo suporte técnico durante os experimentos. Em especial,
ao técnico Israel, pela valiosa colaborag@o neste projeto; a Vanessa por ter sido muito além de
uma colega de trabalho e ter se tornado uma grande amiga e a Elaine, por sempre ter pelas
palavras reconfortantes, sempre estar disposta a ajudar e por compartilhar suas experiéncias. A
todos vocés, meu muito obrigada por toda a ajuda e por fazerem parte dessa jornada.

A fundagao Araucaria pela bolsa no programa Bolsa técnico, e ao CNPq e CAPES pelo

financiamento desse projeto.



SUMARIO

1 INTRODUGAO ..ot s s sannananansans 10
2 REVISAO BIBLIOGRAFICA. ..ottt 13
2.1 Complexidade Genética e Fatores de Suscetibilidade no Melanoma.............ccccceevveenieniienieenneennn. 13

2.2 Reprogramacao Metabolica no Melanoma: Plasticidade Bioenergética e Implicagdes Terapéuticas16

2.3 Estratégias Teraputicas € RESISTENCIA ........evueiiiriiiiiiriieieeiieieet ettt 18
2.4 NanopartiCulas de OUIO..........eeeiuiiiiiiieiiiece ettt se e e eeteeessbeeetaeeesbeeesseesnseesnneeas 21
2.5 Nanoparticulas de OUr0 € Z0mMa ATADICA .........cccvuiieriieeiiieeeiee e eee et e e e aeeereeesreeesseeenneees 23
3 OBIETIVOS ...ttt ettt ettt et a et eat et e et e sae et e es e e bt e st e naeenteeneenteeneenee 30
3.1 OBJETIVO GERAL .....oootiiieieeeee ettt ettt ettt et e st e teese e seeneanseeneesseenseeneenes 30
3.2 OBJETIVOS ESPECIFICOS.......ccoiiiiriiireiieseiseseiies st 30
4  MATERIAIS, METODOS, RESULTADOS E DISCUSSAO ......oovimieiieeeeeeeeeeeeeeeee e 31

EVALUATION OF GOLD-GUM ARABIC NANOCOMPOSITE ACTIVITY IN HUMAN
MELANOMENA LINES: IN VITRO TESTS AND MODELING OF BIOLOGICAL NETWORKS

........................................................................................................................................................... 32
ABSTRACT ..ottt et a ettt sae et s saeeanens 33
I INTRODUCTION ..ottt st e e e eas 34
2 MATERIALS AND METHODS ..ottt 36
2.1 GOLD NANORODS SYNTHESIS, FUNCTIONALIZATION, AND CHARACTERIZATION ...36
2.2 CELL CULTURE ...ttt st 36
2.3 CELL VIABILITY AND DENSITY ASSAY ...ttt 37
2.4 CLONOGENIC ASSAY ..ottt st st 37
2.5 ANALYSIS OF REACTIVE OXYGEN SPECIES (ROS)...ccciiiiiiiiiiiiiiiciieeieceenecieeeeee 38
2.6 MIGRATION. ..ottt ettt e st e e e e e e e esaneenees 38
2.7 STATISTICAL ANALYSIS ...t 39
2.8 INSILICO ANALYSIS ...ttt ettt e 39
3. RESULTS et st et e e et b e et et e s e e e st enneesneeeaneenneesaneens 40
3.1 VIABILITY AND CELL DENSITY TESTS ..ot 40
3.2 CLONOGENIC ASSAY ...ttt st ettt s 42
3.3 ANALYSIS OF REACTIVE OXYGEN SPECIES (ROS).....ccoiiiiiiiiiiiinieieneceeeeeeeeeeee e 46
3.4 MIGRATION. ..ottt ettt ettt a ettt st a e e b et et sae e 48
3.5 TARGET AND FUNCTIONAL PATHWAY PREDICTION VIA SYSTEMS BIOLOGY ........ 50
4. DISCUSSION ..ottt a et a e e sb e et sae et saeesae e 53
5. CONCLUSIONS ...ttt ettt et st ettt et sb e sbeeae s 58

6. REFERENCES ... ... ettt ettt e s e e e saeesaneens 59



o =N W

CONSIDERACOES FINAIS. ..ottt eeeenenenas 64

CONCLUSOES ..o e e e e e e et e e e e e e e e s e s e s e s e s e s e s e s e s es e s e s esses e s e ses e s ereesesennenn 65
LIMITACOES E PERSPECTIVAS. ..ottt eeeeeeeeeeeeeeeeeeee e eseseeeeseseesessseeseeseseseseeeeseeees 66
REFERENCIAS BIBLIOGRAFTICAS ... e ses e e s s s e e eesenesesesene 67



1 INTRODUCAO

O melanoma ¢ uma neoplasia que se origina nos melanocitos, células da camada basal
da epiderme responsaveis pela producao de melanina. Nos estagios iniciais, pode permanecer
restrito a epiderme, mas torna-se maligno ao invadir tecidos profundos e apresentar potencial
metastatico. Embora o melanoma cutaneo seja o mais frequente, essa neoplasia pode se
manifestar em outras regides do corpo, como olhos, meninges e mucosas (Atkins et al., 2020).
Sua incidéncia tem aumentado progressivamente nas Ultimas décadas, especialmente em
populagdes de pele clara, com taxas de crescimento anual entre 3% e 7%. Essa crescente
prevaléncia, aliada a alta letalidade nos estdgios avancados da doenca, impde sérios desafios
aos sistemas de saude e reforca a necessidade urgente de novas abordagens diagnosticas e
terapéuticas (Aubuchon et al., 2017; IARC, 2023).

A complexidade do melanoma est4 diretamente relacionada ao comportamento invasivo
das células tumorais, que apresentam alta plasticidade, capacidade migratoria e adaptagao ao
microambiente tumoral (Arozarena; Wellbrock, 2017). Essas células reprogramam seu
metabolismo para garantir a sobrevivéncia e proliferagdo, o que favorece a formacgdo de
metastases e a resisténcia a tratamentos convencionais (Ruocco et al., 2019).

A transformacdo maligna dos melanocitos ocorre de forma gradual e multifatorial,
sendo impulsionada por alteragdes genéticas, epigenéticas e ambientais. (Romano et al., 2021).
Dentre os eventos genéticos mais relevantes, destacam-se as mutagdes em genes como BRAF,

NRAS e NFI, que levam a ativacdo constitutiva de vias oncogénicas, como a via MAPK
(mitogen-activated protein kinase), essencial para a sobrevivéncia, proliferagdo e evasao do
sistema imune pelas células tumorais (Castellani et al., 2023). A classificagdo molecular
baseada nessas mutac¢des permite a estratificacdo do melanoma em subtipos genéticos, cada um
com comportamentos bioldgicos distintos e implicagdes terapéuticas diretas (Yang et al., 2023).
Além dessas alteragdes genéticas, o melanoma se destaca pela sua notavel plasticidade
metabolica, que desempenha um papel crucial na adaptacdo e progressdo tumoral. Essa
capacidade de reconfigurar o metabolismo celular ¢ fundamental para sustentar a rapida divisao
celular e a invasdo tecidual, especialmente em microambientes hostis, marcados por escassez
de nutrientes e baixa disponibilidade de oxigénio (Ruocco et al., 2019). As células de melanoma
conseguem alternar entre diferentes estados fenotipicos como proliferagdo, dorméncia e
invasdo conforme as condi¢des do microambiente (Arozarena & Wellbrock 2017).
Tal adaptabilidade metabolica se manifesta, por exemplo, na alternancia entre glicolise aerdbica
e fosforilagdo oxidativa, favorecendo ndo apenas a progressao tumoral, mas também a

metastase e a resisténcia terapéutica (Bhardwaj e He, 2020).



Por fim, o microambiente tumoral (TME) atua como um modulador chave do
comportamento agressivo do melanoma. Composto por células imunes, fibroblastos, matriz
extracelular e vasos sanguineos, o TME influencia diretamente a biologia tumoral por meio de
interagdes dindmicas com as células de melanoma. Essas interacdes promovem a
imunossupressdo local, estimulam a angiogénese e favorecem a evasdo da apoptose,
frequentemente associada a perda de expressao de genes supressores tumorais como 7P53, além
do aumento de proteinas antiapoptéticas, como Bcl-2 e Bcel-xL (Malone et al., 2020). A
comunicacao cruzada entre as células tumorais e os componentes do TME modula diretamente
a resposta ao tratamento e influencia a evolugao clinica da doenca (Falcone et al., 2020; Patel
etal., 2021).

Diante dessa complexa rede de fatores genéticos, epigenéticos e microambientais que
sustentam a progressao tumoral, o tratamento do melanoma ¢ definido principalmente pelo
estagio da doenca. A cirurgia representa a abordagem padrdo nos casos iniciais, com elevado
potencial de sucesso. No entanto, a medida que o melanoma progride para formas localmente
avancadas ou metastaticas, tornam-se necessarias intervengdes sistémicas mais complexas. As
opgoes terapéuticas atuais incluem a quimioterapia, a terapia-alvo e a imunoterapia. Embora a
dacarbazina tenha sido amplamente utilizada como quimioterapico de escolha, sua eficacia
limitada reduziu seu uso nos protocolos modernos (Motwani & Eccles, 2021; Klee et al., 2022).

O avango no conhecimento sobre a biologia tumoral permitiu a introdugdo de terapias
mais especificas, como os inibidores de BRAF e MEK, indicados para pacientes com mutagdes
ativadoras em BRAF V600. Esses farmacos bloqueiam vias de sinalizagdo envolvidas na
proliferacdo celular, promovendo respostas clinicas rapidas, embora muitas vezes temporarias
(Kozar et al., 2019). Paralelamente, a imunoterapia com inibidores de checkpoint imunologico,
como nivolumabe e pembrolizumabe, revolucionou o tratamento do melanoma metastatico ao
restaurar a capacidade do sistema imune em reconhecer e destruir células tumorais,
proporcionando respostas duradouras em subgrupos de pacientes (Blank et al., 2024).

No entanto, apesar desses avancos, um dos maiores desafios clinicos atuais ¢ a
resisténcia as terapias disponiveis. No caso da terapia-alvo, mecanismos como mutacoes
secundarias, reativagao de vias alternativas e adaptagdo metabdlica podem levar a recidiva
tumoral em poucos meses (Kozar et al., 2019). Ja a resisténcia a imunoterapia, seja primaria ou
adquirida, envolve tanto mecanismos intrinsecos as células tumorais quanto alteragdes no
microambiente tumoral, incluindo a presenga de células T reguladoras, expressao de ligantes

imunossupressores e baixa infiltracao de linfocitos efetores.



Esses fatores limitam a eficédcia terapéutica em longo prazo e evidenciam a necessidade
de estratégias mais inovadoras, combinadas e personalizadas para o manejo do melanoma
avancado (Atefi et al., 2015; Huang & Zappasodi, 2022; Madonna et al., 2018).

Dentro desse contexto, as nanoparticulas de ouro (AuNPs) emergem como uma
alternativa promissora na terapia do cancer, devido as suas caracteristicas unicas, as AuNPs tém
se destacado por seu potencial em terapias oncoldgicas, especialmente nas abordagens de
terapia fotodinamica e fototérmica (Khan et al., 2021). De forma mais ampla, as AuNPs vém
sendo exploradas como agentes terapéuticos multifuncionais, atuando como sistemas de entrega
direcionada incluindo vacinas, 4cidos nucleicos, anticorpos e aplicacdes em estratégias
teranosticas ¢ na terapia fototérmica. Além de seu uso terapéutico, as AuNPs também tém
contribuido significativamente no campo da imagem biomédica, sendo aplicadas em técnicas
como radioterapia, angiografia por ressonancia magnética ¢ imagem fotoacustica (Jain et al.,
2012).

Estudos recentes sugerem que AuNRs podem exibir efeitos anticancer independentes de
irradiagao de luz, o que indica um potencial terapéutico promissor, mesmo sem o uso de
estimulos externos (Gongalves et al., 2020; Yoon et al.,, 2024). Em um trabalho prévio
desenvolvido por nosso grupo, foi demonstrada a eficcia de nanobastdes de ouro estabilizados
com o polissacarideo anionico goma arabica (GA) como ferramenta terapéutica contra o
melanoma em modelos murinos. In vitro, o nanocomposito (GA-AuNRs) apresentou atividade
antitumoral e antimetastatica, sem causar toxicidade significativa (Gongalves et al., 2020). In
vivo, o tratamento com GA-AuNRs reduziu o crescimento de tumores so6lidos de melanoma em
45%, mostrando efeitos semelhantes ao tratamento com dacarbazina. Esse tratamento induziu
alteragdes estruturais no tecido tumoral em camundongos, com reducdo das areas de morte
celular e da vascularizagdo tumoral, indicando uma melhora no prognostico. Esses achados
indicam que GA-AuNRs podem modular vias celulares criticas a sobrevivéncia e disseminagao
do melanoma, mesmo sem induzir morte celular direta (Gongalves et al., 2020). Portanto, o
presente estudo buscou avaliar in vitro e in silico os efeitos do nanocompdsito GA-AuNRs em
concentragdes nao citotdxicas, através da andlise de caracteristicas celulares funcionais que sdo
essenciais para a progressao tumoral. Com esse intuito utilizamos linhagens de melanoma

humano com as trés principais mutacdes (BRAF, NRAS e NF1).



A compreensao dos mecanismos moleculares envolvidos pode contribuir para o
desenvolvimento de estratégias terapéuticas personalizadas, especialmente em casos

metastaticos e resistentes, nos quais a abordagem tradicional tem se mostrado insuficiente.

2 REVISAO BIBLIOGRAFICA
2.1 Complexidade Genética e Fatores de Suscetibilidade no Melanoma

O desenvolvimento do melanoma ¢ um processo multifatorial e progressivo,
impulsionado pela interacdo entre fatores genéticos, epigenéticos e ambientais. A radiagdo
ultravioleta (UV) € reconhecida como um dos principais agentes ambientais relacionados ao
desenvolvimento do melanoma, desempenhando um papel crucial na fase inicial da
tumorigénese (Elder, 2016). Sua a¢ao esta associada a indu¢@o de mutagdes em genes essenciais
para o controle celular, além de favorecer a ativacao de oncogenes. Como consequéncia desse
dano genético, surgem padrdes mutacionais caracteristicos, especialmente as transi¢des do tipo
C>T e CC>TT que sdo frequentemente identificadas em cerca de 70% dos casos da doenca
(Sample; He, 2018; McGrail et al., 2024).

Embora fatores ambientais desempenhem papel predominante no melanoma,
componentes hereditarios também contribuem de maneira significativa, estando presentes em
cerca de 10% dos casos diagnosticados. A interagdo entre essas influéncias externas e
predisposicdes genéticas culmina na aquisicdo acumulativa de alteragdes moleculares que
sustentam a transformacdo maligna (Testa; Castelli; Pelosi, 2017). As mutagdes iniciais
frequentemente levam a formacgao de lesdes benignas, que, em estadgios precoces, podem ser
controladas por mecanismos como a senescéncia celular. No entanto, a progressdo tumoral
requer alteragdes adicionais, incluindo a inativagdo de genes supressores tumorais € a ativacao
de vias de sinalizagdo cruciais, destacando-se a via MAPK (Mitogem Activated Protein Kinase)
como um dos principais eixos moleculares envolvidos (Motwani; Eccles, 2021).

Para a avaliagdo clinica e o planejamento terapéutico do melanoma, utiliza-se
amplamente o sistema de estadiamento do American Joint Committee on Cancer (AJCC),
baseado na classificagdo TNM. Esse sistema considera a espessura e caracteristicas do tumor
primdrio (T), o envolvimento linfonodal (N) e a presenga de metastases a distancia (M),
permitindo a categorizacdo do melanoma do estagio O (in situ, restrita a epiderme); estagios I e
II (englobam tumores localizados com espessura variavel e auséncia de disseminagdo, sendo o
estagio I associado a risco mais elevado); estagio III (caracterizado pelo comprometimento de

linfonodos regionais), ao estagio IV (fase metastatica da doenga, com disseminagdo para 6rgaos



distantes) (Gershenwald et al., 2017; Papageorgiou et al., 2021).

Complementarmente, biomarcadores como a lactato desidrogenase (LDH) tém se
mostrado relevantes na estratificacdo prognoéstica, especialmente em estagios avangados,
contribuindo para um manejo clinico mais preciso e personalizado (Gershenwald et al., 2017;
Deckers et al., 2020). A representacdo esquematica dos estdgios do melanoma, conforme
ilustrado na Figura 1, destaca visualmente a progressao tumoral e enfatiza o estagio IV,
caracterizado pela disseminagdo metastatica, foco principal deste estudo.

Figura 1- Estadiamento do melanoma segundo a classificagdo TNM do AJCC, com destaque

para o estagio IV (metastatico).
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Desenho esquematico dos estagios do melanoma. Figura elaborada com o BioRender. Disponivel em:
https://www.biorender.com
No entanto, além da avaliacdo anatomica e bioquimica, a compreensdo das alteracdes

genéticas que impulsionam a progressao tumoral ¢ essencial para o direcionamento terapéutico.
Entre essas alteracdes, destacam-se quatro subtipos moleculares principais baseados em
mutagdes em oncogenes: BRAF mutado, RAS mutado, NF/ mutado e o triplo negativo (Triple
Wild-Type - TWT) (Cancer Genome Atlas Network, 2016). Tais muta¢des afetam
predominantemente a via MAPK, composta pela cascata Ras/RAF/MEK/ERK, responsavel por
regular a proliferagdo e a sobrevivéncia celular (Akbani et al., 2015). A mutagdo BRAF V600E,
presente em aproximadamente 50% dos melanomas cutianeos, promove a ativagdo constitutiva
dessa via. Mutagdes em NRAS (cerca de 20% dos casos) e a perda de fun¢do de NF'/ (cerca de
10%) também resultam em ativagdo aberrante da via MAPK (Hayward et al., 2017; Fernandez;
Choi; Sosman, 2023). Mesmo nos tumores classificados como TWT, observam-se alteragoes
em genes como KIT, CTNNBI e EZH?2, o que refor¢a a centralidade da via MAPK na biologia
do melanoma (Yang et al., 2023).

Outro gene de destaque na tumorigénese do melanoma ¢ o 7P53, um dos principais

supressores tumorais. A proteina p53, por ele codificada, ¢ essencial para a manutencao da



integridade genodmica, atuando na inducao da parada do ciclo celular e apoptose. Mutagdes em
TP53 aceleram a progressdao tumoral e estdo associadas a maior agressividade e potencial
metastatico. Ainda que a mutagdo ativadora no gene BRAF que resulta na ativagao constitutiva
da proteina BRAF seja um evento central, a inativacdo concomitante de 7P53 parece ser
necessaria para o desenvolvimento completo da malignidade (Kastenhuber; Lowe, 2017;
Celesia et al., 2023). Além disso, a perda de funcao do gene PTEN, outro importante supressor
tumoral, ¢ frequentemente observada em melanomas avangados. Essa alteragdo compromete a
regulagdo negativa da via PI3K/AKT/mTOR impactando negativamente a resposta imunologica
e sendo associada a menor sobrevida global e resisténcia as terapias baseadas em inibidores de
checkpoint imunolégico (Loureiro et al., 2024).

No espectro genético, os genes associados a suscetibilidade ao melanoma sao
classificados conforme sua penetrancia. Genes de alta penetrancia, como o CDKN24, estdao
frequentemente relacionados a casos familiares e codificam proteinas como pl6INK4A e
pl4ARF, que atuam no controle do ciclo celular. Genes de média penetrancia dependem de
interacdes entre variantes genéticas e fatores ambientais para manifestar seus efeitos, enquanto
os de baixa penetrancia sdo comuns na populacao geral e conferem risco moderado (Zheng;
Sarin, 2024).

A sindrome do melanoma atipico familiar exemplifica a importancia dos fatores
hereditarios na carcinogénese, caracterizando-se pela presenca de multiplos nevos atipicos e
risco elevado de melanoma, frequentemente associada a mutagdes germinativas no CDKN24,
identificadas em 20 a 40% dos casos (Danishevich et al., 2023). Além disso, variantes
poligénicas e mutagdes ainda ndo identificadas provavelmente contribuem para essa
predisposicao (Garreffa; Lee, 2024; Shaked et al. 2025).

Alteracdes em regides ndo codificadoras também exercem papel fundamental no
desenvolvimento tumoral. Um exemplo notavel sdo as muta¢des no promotor do gene TERT,
frequentemente observadas em melanomas cutineos, as quais promovem aumento da
expressdao de TERT, elevacdo da atividade telomerasica e extensdo do comprimento dos
telomeros, favorecendo a imortalizagao celular (Guo et al., 2022; Tornesello et al. 2023).

Além disso, RNAs ndo codificadores, como microRNAs (miRNAs) e longos RNAs nao
codificadores (IncRNAs), participam da regulagdo de vias celulares envolvidas na progressao
do melanoma. Embora essas moléculas estejam envolvidas em diversos subtipos de melanoma,
a maior parte das evidéncias concentra-se no melanoma cutineo. MiRNAs modulam genes
relacionados a proliferacdo e apoptose, atuando como oncogenes ou supressores tumorais,

enquanto IncRNAs influenciam a expressao gé€nica, associando-se a metastase e resisténcia



terapéutica (Wozniak; Czyz, 2021 Jones; Nonaka 2024).

As modificacdes epigenéticas, como metilagdo do DNA e alteragdes nas histonas,
também desempenham papel crucial na regulacdo génica, contribuindo para a tumorigénese e
progressao metastatica, especialmente no melanoma cutaneo. Ademais, mutagdes em genes
responsaveis pela remodelacdo da cromatina, como ARID1A4, frequentemente causam perda de
funcao e estdo ligadas a diversos tipos de cancer (Gu et al., 2024; Mullen et al., 2021).

Subtipos menos comuns de melanoma, como os melanomas acrais, uveais € mucosos,
apresentam perfis genéticos e bioldgicos distintos em relagdo ao melanoma cutaneo. Os
melanomas acrais, localizados nas palmas das maos, superficie planar dos pés e subungueal,
sdo caracterizados por amplificagdes génicas em CCNDI, CDK4, MDM?2 e TERT, que
favorecem a proliferacao celular e a imortalidade replicativa (Wang et al., 2022; Johansson et
al., 2020). Os melanomas uveais, originados na camada vascular do olho, frequentemente
apresentam mutagdes nos genes GNAQ e GNA11, os quais ativam as vias de sinalizagdo MAPK
e PI3K/AKT, promovendo a progressao tumoral (Coupland et al., 2019). Por sua vez, os
melanomas mucosos, que acometem superficies epiteliais de mucosas, sdo marcados por
elevada instabilidade genomica e amplificacdes em KI7, CCNDI, CDK4 e MDM?2, sendo
associados a prognosticos desfavoraveis e baixa resposta as terapias convencionais (Wang et
al., 2022).

2.2 Reprogramacao Metabolica no Melanoma: Plasticidade Bioenergética e
Implicacdes Terapéuticas

O melanoma, assim como outras neoplasias malignas, apresenta uma reprogramagao
metabolica, caracterizada pela capacidade de alternar entre diferentes vias de geragdo de energia
de acordo com as exigéncias do microambiente tumoral (Fischer et al., 2019). Em condi¢des
normais, a principal via de producao de ATP ¢ a fosforilagao oxidativa mitocondrial, mediada
pelo ciclo do acido citrico e pela cadeia de transporte de elétrons. No entanto, as células
tumorais frequentemente adotam a glicolise aerdbica mesmo na presenca de oxigénio em um
processo conhecido como efeito Warburg, descrito por Otto Warburg na década de 1920
(Barba, Carrillo-Bosch & Seoane, 2024). Essa estratégia, embora energeticamente menos
eficiente, permite uma producdo acelerada de ATP e fornece intermedidrios metabolicos
necessarios para a biossintese celular, favorecendo a rapida proliferacdo tumoral (Vaupel &
Multhoft, 2021).

No melanoma, evidéncias crescentes indicam que hé interagdo dindmica entre a glicolise
aerdbica e a fosforilagdo oxidativa, com alternancia entre essas vias conforme a disponibilidade

de oxigénio, nutrientes e os niveis de estresse oxidativo no microambiente tumoral (Fischer et



al., 2019; Ma et al., 2024). Essa elevada plasticidade metabodlica permite que as células de
melanoma se adaptem a condigdes hostis, como hipoxia ou escassez de nutrientes, sustentando
ndo apenas a proliferacdo, mas também promovendo resisténcia a diferentes modalidades
terapéuticas (Wang et al., 2024; Mishra & Banerjee, 2021).

Diversos mecanismos moleculares sustentam essa flexibilidade metabolica. Enzimas da
via glicolitica, como LDHA, HK2, PFK e PK, encontram-se desreguladas no melanoma,
favorecendo a conversao de glicose em lactato (Muhammad et al., 2024; Takaoka et al., 2019).
Além disso, transportadores de metabdlitos, como os monocarboxilatos (MCTs), piruvato
(MPCs) e receptores como o GPRS81, participam ativamente da manutencdo da homeostase
metabolica tumoral (Brown & Ganapathy, 2020). O fator de transcri¢ao HIF-1, regulador chave
em condi¢des de hipoxia, também contribui para essa reprogramagdo, podendo ter sua
expressdo potencializada por precursores da melanina, como a L-tirosina (Malekan,
Ebrahimzadeh & Sheida, 2021; Slominski et al., 2014).

No melanoma, essa dominancia glicolitica confere vantagens adaptativas, permitindo
uma resposta eficiente as flutuagdes do microambiente tumoral. Ainda assim, as células mantém
capacidade de alternancia metabdlica, utilizando a fosforilagao oxidativa quando necessario, o
que reforca sua agressividade e versatilidade fenotipica (Gurel et al., 2024).

As mitocondrias tumorais também s3o fontes importantes de espécies reativas de
oxigénio (ROS), subprodutos da respiragdo mitocondrial. Em niveis fisiologicos, as ROS
exercem fungdes sinalizadoras. Contudo, sua producdo exacerbada resulta em estresse
oxidativo, comprometendo a integridade de proteinas, lipidios e DNA (Ma et al., 2018; Attique
et al., 2025).

A produgao de ROS ¢ um elemento-chave no metabolismo do melanoma, influenciada
por alteragdes genéticas e pelo microambiente tumoral (Bhardwaj e He, 2020). Mutagdes em
BRAF, como a V600OE, promovem ativacao constitutiva da via MAPK e aumento da atividade
mitocondrial, elevando a geracdo de ROS (Cesi et al 2017; Liu-Smith & Meyskens, 2016;
Corazao-Rozas et al., 2013). Além disso, a perda de funcdo de 7P53 compromete a resposta
antioxidante celular, amplificando o estresse oxidativo (Kastenhuber & Lowe, 2017).

As ROS participam ativamente de diversos processos oncogénicos, incluindo
proliferagdo celular, ativacdo de vias de sinalizagdo, angiogénese, remodelagdo da matriz
extracelular e aumento da capacidade invasiva (Chen et al., 2013; Attique et al., 2025). No
entanto, seu acimulo excessivo pode desencadear apoptose, tornando-as alvos atrativos para
intervengdes terapéuticas. Compostos como curcumina e partenolideo demonstraram eficacia

em induzir apoptose de células de melanoma via geragdo de ROS, além de inibir a progressao



do ciclo celular na fase G2/M por meio da regulacao negativa de Cdc25c¢ e ciclina A (Lee et al.,
2024; Rozenblat et al., 2008; Hu et al., 2017).

Dados clinicos indicam que melanomas metastaticos apresentam niveis
significativamente mais elevados de estresse oxidativo em comparagdo aos tumores primarios,
o que reflete um estado adaptativo das células tumorais (Zhang et al., 2024; Piskounova et al.,
2015). Para sobreviverem em ambientes hostis e sob pressdo terapéutica, essas células
demonstram uma notavel capacidade de modular dinamicamente sua homeostase redox,
ativando sistemas antioxidantes como SOD2, GPX4 ¢ PRDX1, que evitam danos irreversiveis
ao DNA e as organelas. Essa regulagdo permite o uso controlado de ROS como moléculas
sinalizadoras, promovendo a ativagdo de vias pro-oncogénicas, como a MAPK e a angiogénese,
e favorecendo a proliferacao, invasdo e resisténcia tumoral (Arslanbaeva & Santoro, 2020).

Essa plasticidade redox ¢ particularmente importante no contexto da resisténcia a
terapias-alvo, como os inibidores de BRAF e MEK. Células que desenvolvem resisténcia
frequentemente apresentam aumento da atividade mitocondrial, o que contribui para a
manuten¢do da producdo de ATP mesmo com a inibicdo da glicolise, ao custo de maior
producdo de ROS (Ruiz-Iglesias & Maiies, 2021). Essa dependéncia do metabolismo oxidativo
cria uma vulnerabilidade exploravel, visto que a inducao excessiva de estresse oxidativo pode
levar a morte celular por apoptose ou ferroptose (Becker e Indra, 2023; Wang et al., 2018).

Intervengdes terapéuticas que perturbem a homeostase redox, seja por aumento do
estresse oxidativo além da capacidade antioxidante do tumor ou pela inibi¢do de seus sistemas
de defesa mostram-se promissoras para potencializar a eficacia dos tratamentos
convencionais (Avagliano et al., 2020). Nesse contexto, estratégias combinadas que visem
simultaneamente a inibi¢ao da biogénese mitocondrial, o bloqueio das defesas antioxidantes e
a modulacao do metabolismo energético emergem como abordagens inovadoras para superar a
resisténcia terapéutica e conter a progressao do melanoma (Arslanbaeva & Santoro, 2020).

2.3 Estratégias Terapéuticas e Resisténcia

O tratamento do melanoma avancado passou por uma revolu¢do nas ultimas décadas,
com a introducao das terapias-alvo e da imunoterapia, transformando o manejo clinico e
proporcionando aumento significativo na sobrevida dos pacientes. No entanto, a eficacia dessas
abordagens ¢ frequentemente limitada pelo desenvolvimento de resisténcia primaria ou
adquirida, o que representa um dos principais desafios terapéuticos atuais. A compreensao dos
mecanismos moleculares subjacentes a resisténcia ¢ fundamental para a construcdo de

estratégias terapéuticas mais eficazes e duradouras. (Huang; Zappasodi, 2022; Fateeva et al.,



2024).

As terapias-alvo mais utilizadas no melanoma envolvem inibidores da via MAPK,
particularmente aqueles que bloqueiam mutacdes ativadoras no gene BRAF, como os inibidores
de BRAF (vemurafenibe, dabrafenibe) ¢ de MEK (trametinibe, cobimetinibe). A combinagao
dessas duas classes demonstrou eficidcia superior a monoterapia, aumentando as taxas de
resposta e a sobrevida livre de progressao (Lee et al., 2023). No entanto, a maioria dos pacientes
desenvolve resisténcia apos 6 a 12 meses de tratamento (Falcone et al., 2020). Os mecanismos
incluem a reativagdo da via MAPK, mutacdes em NRAS, amplificagdo de BRAF, ativagao de
vias alternativas como PI3K/AKT/mTOR e alteragdes epigenéticas que promovem fenotipos
invasivos e indiferenciados (Shirley, 2018).

A imunoterapia, especialmente com inibidores de checkpoints imunolégicos como anti-
PD-1 (nivolumabe, pembrolizumabe) e anti-CTLA-4 (ipilimumabe), também revolucionou o
tratamento do melanoma. Esses agentes atuam restaurando a funcdo dos linfocitos T exauridos,
permitindo a destruicao das células tumorais (Wei; Duffy; Allison, 2018). Apesar das respostas
duradouras em alguns pacientes, muitos ndo respondem inicialmente ao tratamento ou
desenvolvem resisténcia ao longo do tempo. Entre os mecanismos implicados estdo a auséncia
de infiltracdo de linfécitos T, expressdo aumentada de moléculas imunossupressoras,
deficiéncia na apresentacao de antigenos e o recrutamento de células reguladoras e mieloides
supressoras no microambiente tumoral (Huang & Zappasodi, 2022; Madonna et al., 2018).

Outra abordagem emergente ¢ a reprogramacao metabolica do microambiente tumoral,
uma vez que a adaptacao metabodlica das células tumorais e imunes influéncia diretamente a
eficdcia das terapias. A alta taxa glicolitica das células tumorais compete com os linfocitos T
por nutrientes essenciais, como glicose e glutamina, reduzindo a atividade citotoxica e
favorecendo o escape imune (Bhardwaj; Ele, 2020). Além disso, a acidose e a hipoxia do
microambiente comprometem a fun¢ao imune e promovem fenotipo resistente (Kopecka et al.,
2021). Esses mecanismos de resisténcia sdo representados de forma integrada na Figura 2, a
qual resume as principais alteragdes moleculares, celulares e do microambiente tumoral que
contribuem para o escape terapéutico no melanoma.

Figura 2 — Mecanismos de resisténcia as terapias no melanoma.
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Desenho esquematico dos mecanismos de resisténcia ao tratamento do melanoma. Alteragcdes genéticas
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Elaborada com o BioRender. Disponivel em: https://www.biorender.com

A compreensao detalhada desses mecanismos tem impulsionado o desenvolvimento de
novas estratégias terap€uticas combinadas, com o objetivo de contornar a resisténcia e
potencializar as respostas clinicas. Terapias que integram inibidores de checkpoint com agentes
anti-BRAF/MEK, antiangiogénicos, moduladores do metabolismo ou vacinas tumorais tém
mostrado resultados promissores em estudos recentes (Kalaora et al., 2022 Wei et al., 2024).

Avangos terapéuticos recentes tém se concentrado na intensificacdo das estratégias
combinadas e no desenvolvimento de terapias personalizadas. A combina¢do de imunoterapia
com terapias-alvo tem demonstrado resultados promissores, como evidenciado no ensaio
clinico randomizado de fase IIl que avaliou a eficacia do spartalizumabe (anti-PD-1) em
associacdo com dabrafenibe e trametinibe em pacientes com melanoma metastatico ou
irressecavel com mutacdo BRAF V600, mostrando aumento nas taxas de resposta objetiva e
sobrevida livre de progressdo (Dummer et al., 2022; Subbiah et al., 2023). Além disso, a
identificacdo de biomarcadores como a expressao de PD-L1, carga mutacional tumoral (TMB)
e perfis de expressdo génica tem permitido maior personaliza¢do do tratamento, otimizando a

escolha terapéutica (Knight et al., 2023).



Estratégias inovadoras como vacinas terapéuticas baseadas em RNA mensageiro tém
ganhado destaque como uma alternativa inovadora. O estudo de fase 2b KEYNOTE-942
revelou que a combinagdo da vacina personalizada mRNA-4157 (V940) com o anticorpo anti-
PD-1 pembrolizumabe resultou em redu¢do significativa do risco de recorréncia (49%) e de
metastases a distancia (62%) em pacientes com melanoma em estagio III/IV de alto risco apds
resseccao completa, quando comparado ao uso isolado de pembrolizumabe (Moderna; Merck,
2023).

As terapias celulares, como o uso de linfocitos infiltrantes de tumor (TILs), também t€ém
se mostrado promissoras em ensaios clinicos com pacientes refratarios (Borgers et al., 2025).
Paralelamente, o uso de bidpsias liquidas tem se consolidado como ferramenta de
monitoramento dindmico da resposta ao tratamento (Ricciardi et al., 2023), enquanto
abordagens que integram dados Omicos com inteligéncia artificial estdo ajudando a prever
resisténcia a farmacos e guiar intervengdes mais precisas (Mao et al., 2025).

Estratégias emergentes incluem o uso de vacinas personalizadas baseadas em
neoantigenos, terapia com células T modificadas (como TILs e CAR-T) e inibidores de vias
metabolicas que visam reverter o estado imunossupressor do microambiente tumoral. Esses
avangos refletem a transi¢cdo para uma abordagem mais integrada, na qual o perfil molecular e
imunologico do paciente guia intervengdes terapéuticas especificas, com o objetivo de superar
a resisténcia e alcancar respostas mais duradouras (Borgers et al., 2025; Righi et al., 2023).

Portanto, o futuro do tratamento do melanoma reside na personalizacao terapéutica
baseada na integracdo de dados moleculares, imunoldgicos e metabolicos. A superagdo da
resisténcia requer a compreensao profunda da biologia tumoral e do microambiente, bem como
o uso racional de combinagdes terap€uticas que visem simultaneamente multiplas
vulnerabilidades do tumor (Falcone et al., 2020).

2.4 Nanoparticulas de Ouro

Nas ultimas décadas, os nanomateriais tém despertado crescente interesse no campo
biomédico, particularmente devido as suas propriedades Unicas e a versatilidade de aplicagao.
Entre os diversos nanomateriais estudados, as nanoparticulas de ouro (AuNPs) t€m se destacado
como plataformas promissoras para aplicacdes terapéuticas e diagnoésticas, especialmente no
contexto oncologico, em razdo de sua elevada biocompatibilidade, facilidade de
funcionalizacdo e propriedades Opticas e fisico-quimicas singulares (Zhu et al., 2014; Vines et

al., 2019).



As AuNPs podem ser obtidas em diferentes formatos, como esferas, conchas, estrelas e
bastdes, sendo que a variacao de forma e tamanho influencia diretamente suas propriedades
Opticas, distribui¢do biologica e mecanismos de interagao celular. Dentre esses formatos, os
nanobastoes de ouro (AuNRs) tém recebido atengdo crescente devido a sua forte absor¢ao no
infravermelho préximo (NIR), decorrente do fendmeno de ressonancia plasmonica localizada
na longitudinal do bastdo, o que os torna particularmente tteis em aplicacdes como terapia
fototérmica e imagem biomédica (Tiwari et al., 2011; Deinavizadeh et al., 2024).

No tratamento do melanoma, as AuNPs tém sido exploradas em diversas abordagens
terapéuticas, com destaque para a terapia fototérmica, a radiosensibilizacdo e a entrega de
farmacos. A literatura atual tem demonstrado que os AuNRs, especialmente aqueles com razao
de aspecto (comprimento/didmetro) entre 3 e 5, apresentam desempenho superior na conversao
de energia luminosa em calor, sendo eficazes na inducao de hipertermia localizada em células
tumorais (Deinavizadeh et al., 2024). Essa propriedade ¢ explorada na terapia fototérmica, na
qual a irradiacdo infravermelha proxima (NIR) 808 nm e 1064 nm provoca aumento localizado
da temperatura, levando a morte celular por necrose ou apoptose. Essa abordagem tem se
mostrado seletiva, com baixa toxicidade para os tecidos adjacentes, e pode ser combinada a
outras modalidades terapéuticas (Kesharwani et al., 2023; Lopes et al., 2025; Chuang et al.,
2022).

Além da aplicagdo fototérmica, os AuNRs também tém sido investigados como
radiossensibilizadores. Sua elevada densidade atomica permite a amplificacdo local da dose de
radiacdo ionizante, intensificando os danos ao DNA tumoral e permitindo a redugdo da dose
total de radiagdo necessaria, o que pode mitigar os efeitos adversos associados a radioterapia
convencional (Kumar e Lim., 2021; Rosa et al. 2017; Zhang et al., 2019).

Outra frente de aplicagdo relevante ¢ o uso dos AuNRs como sistemas de entrega de
farmacos. A funcionalizacao da superficie dessas nanoparticulas com quimioterapicos, acidos
nucleicos, anticorpos ou peptideos permite a liberacdo controlada e dirigida dos agentes
terapéuticos no microambiente tumoral. Estratégias como o revestimento com vesiculas
extracelulares ou polimeros visam aumentar a estabilidade em meio bioldgico, prolongar a
circulacao sistémica e evitar a depuragdo precoce pelo sistema imune (Wang et al., 2023;
Dastgheib et al., 2024; Carredn Gonzalez et al., 2023).

No diagnostico oncoldgico, AuNRs também vém sendo utilizados como agentes de
contraste em técnicas como tomografia por coeréncia Optica, fluorescéncia e espectroscopia
Raman, proporcionando imagens com maior resolucdo e sensibilidade, o que favorece a

deteccao precoce e o monitoramento de resposta ao tratamento (Qiu et al., 2023).



Em termos de mecanismos moleculares, estudos tém demonstrado que AuNRs podem
ser internalizados por células de melanoma, induzindo estresse oxidativo, disfuncao
mitocondrial e ativacdo de vias pro-apoptoticas. Além disso, ha evidéncias de que essas
particulas possam modular vias de sinalizagdo relacionadas a proliferagdao e inflamagao,
impactando diretamente o comportamento tumoral (Wang et al., 2023; Zhang et al., 2024).

Recentemente, abordagens combinadas com imunoterapia t€ém sido investigadas, nas
quais os AuNRs sdo utilizados para aumentar a imunogenicidade do tumor, promovendo a
ativacao de células T e potencializando os efeitos de inibidores de checkpoints imunolédgicos.
Essa sinergia representa uma estratégia inovadora, especialmente relevante em casos
refratarios ou metastaticos (He et al., 2021; Aggarwal et al., 2025; Wang et al., 2023).

Apesar do avango significativo nas pesquisas pré-clinicas, ainda persistem desafios para
a translacao clinica das AuNPs. Entre os principais obstaculos estdo o controle preciso da
morfologia em algumas abordagens de sintese, a estabilidade em meio fisioldgico, a
produ¢do em escala e a avaliacdo rigorosa da correlag@o a longo prazo (Moni et al., 2025).
No entanto, os resultados experimentais obtidos até o0 momento indicam que os nanobastoes
de ouro possuem um papel promissor na oncologia de precisdo, especialmente quando
integrados a terapias-alvo e imunoterapias inovadoras (He et al., 2021).

2.5 Nanoparticulas de ouro e goma arabica

A sintese de AuNPs em meio aquoso apresenta vantagens significativas, especialmente
em aplicacdes biomédicas. Além de dispensar o uso de solventes organicos potencialmente
toxicos, o ambiente aquoso proporciona um processo mais biocompativel, preservando a
viabilidade celular e facilitando o uso in vivo. Outro aspecto relevante estd nos diferentes
métodos que tém permitido avangos significativos na obtencdo de AuNPs com formatos
variados, como esferas, prismas e bastdes (Thambiraj; Hema; Ravi Shankaran, 2018; Li;
Lane, 2019). Essa versatilidade estrutural amplia consideravelmente suas aplicagdes, que
incluem diagnostico molecular, terapia dirigida, liberagdo controlada de farmacos e
imunomodulacao. (Zeng al., 2023).

Em particular, o revestimento superficial das nanoparticulas de ouro em formato de
bastdes (AuNRs) exerce influéncia decisiva sobre a captagao celular, estabilidade coloidal e
eficdcia terapéutica. O brometo de cetiltrimetilaménio (CTAB), frequentemente empregado
na sintese de AuNRs para garantir sua morfologia e estabilidade, apresenta alta toxicidade

celular, restringindo seu uso em contextos clinicos. Como consequéncia, ha um esforgo



crescente na substituigdo do CTAB por revestimentos alternativos mais biocompativeis, a
fim de reduzir os riscos associados e otimizar a seguranca das aplicagdes terapéuticas (Zhu
et al., 2014; Huang et al., 2021).

A superficie funcionalizdvel das AuNPs permite a conjugacdo com diferentes
biomoléculas incluindo anticorpos, peptideos, acidos nucleicos e agentes terapéuticos,
aumentando significativamente seu desempenho em aplicagcdes diagnoésticas e terapéuticas
(Kumar et al., 2021). Nesse contexto, a goma ardbica (GA) tem ganhado destaque devido a
sua combinacdo singular de propriedades fisico-quimicas e biologicas. Trata-se de um
heteropolissacarideo complexo, extraido das exsudagdes de Acacia senegal e Acacia seyal,
amplamente utilizado nas industrias alimenticia e farmacéutica em virtude de sua alta
biocompatibilidade, baixa toxicidade, boa solubilidade em agua. (Nayak; Pal, 2018; Al-
Jubori et al., 2023).

Essa interacdo molecular confere elevada estabilidade coloidal ao sistema, evitando a
agregacao e sedimentacdo das nanoparticulas, caracteristicas essenciais para aplicagdes em
encapsulamento e liberagdo controlada de farmacos. Além de suas propriedades fisico-
quimicas, a GA ¢ biodegradavel, de origem natural e ambientalmente sustentavel, aspectos
que a tornam particularmente atrativa para o desenvolvimento de sistemas terapéuticos
aplicaveis a area da saude (Prasad et al., 2022; Xiaojing et al., 2022; Ai et al., 2023).

Estudos demonstram que a estrutura ramificada da GA, composta por polissacarideos e
proteina, confere baixa afinidade por proteinas plasmaticas, o que contribui para a reducao
da formagdo da chamada “coroa proteica” um fendomeno amplamente relacionado a
agregacao e a perda de funcionalidade de nanoparticulas em ambientes bioldgicos (Ai et al.,
2023).

Essa menor interagdo com proteinas séricas resulta em maior estabilidade in vivo e
favorece a entrega mais direcionada de agentes terapéuticos as células-alvo, otimizando os
mecanismos de internalizagdo celular (Mohamed et al., 2025; Kattumuri et al., 2007).

Outro fator que reforca a eficicia da GA como agente estabilizante ¢ a presenga de
arabinogalactana-proteina, que proporciona maior repulsdo estérica em comparagao a outras
biomoléculas estabilizantes. Essa propriedade preserva as caracteristicas fisico-quimicas das
AuNPs, assegurando sua integridade funcional ao longo do tempo (Ai et al., 2023; Xiaojing
et al., 2022). A alta solubilidade da GA em meio aquoso complementa esse perfil,
viabilizando sua aplicacdo em formulagdes coloidais em escala nanométrica com elevado

grau de dispersibilidade e estabilidade (Mohamed et al., 2025).



Paralelamente as suas propriedades estabilizantes e funcionalizantes, a GA também vem
sendo investigada por seus efeitos terapéuticos diretos em modelos oncologicos. Trata-se de
um polissacarideo bioativo com reconhecidas acgdes antioxidantes, anti-inflamatorias e
imunomodulatérias (Siednamohammeddeen et al., 2022; Avelino et al., 2022). Dentre os
principais mecanismos atribuidos a sua bioatividade, destaca-se a neutralizagdo de ROS,
contribuindo para a reducdo do estresse oxidativo, condicdo frequentemente associada a
progressao tumoral e a resisténcia a quimioterapicos , além disso, a GA tem a capacidade de
modular vias inflamatorias relevantes, como NF-«xB ¢ TNF-a, promovendo um
microambiente menos permissivo a proliferacao neoplésica (Ali et al., 2013; Ahmed et al.,
2022).

A composic¢ao estrutural da GA, composto majoritariamente por polissacarideos, dentre
os quais se destaca a arabinogalactana (AG) rica em residuos de acticar como arabinose e
galactose, também permite sua interagdo com receptores do tipo lectina, como DC-SIGN e
Dectin-1, expressos em células apresentadoras de antigenos, como macrofagos e células
dendriticas (Peters et al.,2016). Essas interacdes modulam a sinalizagdo inflamatéria e
aumentam a capacidade dessas células de processar e apresentar antigenos, influenciando
positivamente a ativacao de linfocitos T na resposta adaptativa, conferindo a GA um papel
imunomodulador relevante. Combinada a sua biocompatibilidade e capacidade de
funcionalizagdo, a GA se destaca como um elemento promissor em estratégias terapéuticas
baseadas em nanobiotecnologia (Ahmed et al., 2022; Baien et al., 2020; Xiaojing et al.,
2022). Diversas evidéncias indicam que a GA ¢ uma excelente candidata para o revestimento
de AuNPs em aplicagdes biomédicas, devido a sua capacidade de conferir estabilidade
prolongada, biocompatibilidade e eficacia terapéutica (Xiaojing et al., 2022; Ai et al., 2023;
Prasad et al., 2022).

Estudos prévios demonstraram que a GA pode atuar como estabilizante de AuNPs em
diferentes formatos, como no caso dos AuNRs. Barros et al. (2016) mostraram que a
funcionalizagdo pds-sintese de AuNRs com GA ocorre por meio de interagdes eletrostaticas
entre os grupos anionicos da GA e os AuNPs. Com o objetivo de avaliar a interagdo espacial
e morfoldgica entre a GA e AuNRs, Gongalves (2020) realizou experimentos utilizando a
técnica de contrastacdo negativa, seguida de analise por microscopia eletronica de
transmissao (MET).

As imagens obtidas por MET permitiram a visualizagdo direta das estruturas da GA,

que se apresentaram como particulas arredondadas de tamanhos variados, consistentes com



observagoes anteriores descritas na literatura (Gashua; Williams; Baldwin, 2016). Nos GA-
AuNRs, foi possivel observar que as particulas de GA se dispdem de forma envolvente ao
redor de cada AuNR, evidenciando uma associacdo estreita entre o polimero e a
nanoparticula. Essa organizacdo sugere uma funcionalizacdo eficiente, com potencial para
conferir estabilidade coloidal e influenciar o comportamento bioldgico do sistema
(Gongalves, 2020).

Figura 3 — Interagdo Espacial entre GA e AuNRs

GA-AuNRs

Fonte: Gongalves (2020).
Legenda: Imagem de MET com contrastagdo negativa usando acetato de uranila. Flechas =

nanoparticulas de ouro, asterisco (*) = goma arabica.

Os diferentes padrdes de organizacdo observados entre GA e nanoparticulas de ouro
decorrem das distintas formas de interagdo entre os componentes. Para AuNPs, utilizados no
estudo, a funcionalizagdo ocorre apds a sintese quimica das nanoparticulas, por meio da
interagdo eletrostatica entre os grupamentos carboxilicos da GA e a bicamada formada pelo

surfactante CTAB na superficie dos AuNRs. Essa bicamada resulta das propriedades
anfifilicas do CTAB, permitindo que uma face interaja com o ouro ¢ a outra com a GA. Esse
tipo de interagdo possibilita que um tinico AuNR se associe a multiplas particulas de GA, o
que justifica a disposi¢ao da goma ao redor das nanoparticulas observada nas imagens de
MET (Barros et al., 2016b; Gongalves, 2020).

Essa organizagdo estrutural observada entre GA e as AuNRs ¢ relevante nao apenas do
ponto de vista morfoldégico, mas também funcional, uma vez que pode influenciar
diretamente a estabilidade coloidal e o comportamento bioldgico das nanoparticulas
(Gongalves, 2020).

Nesse contexto, a eficacia dos AuNRs com goma arabica (GA-AuNRs) foi avaliada por

Gongalves (2020) utilizando modelos celulares de melanoma (B16-F10) e fibroblastos nao



tumorais (Balb/3T3). Os resultados demonstraram que as GA-AuNRs permaneceram
estaveis por até sete dias e que as concentragdes de 0,018; 0,18 e 1,8 mg L' ndo apresentaram
citotoxicidade apds 96 horas de exposi¢do. A andlise morfologica revelou auséncia de
alteracdes significativas nas células tumorais, sendo observada apenas uma leve reducdo da
densidade celular em regides de alta confluéncia, de forma dependente da concentracdo, o
que reforga a seguranca das doses selecionadas.

Figura 4 — Morfologia de células de melanoma apods exposi¢do a concentragdes nao

citotoxicas de GA-AuNRs.
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Fonte: Gongalves (2020).

Legenda: Células B16-F10 (melanoma murino) foram cultivadas na presenca de diferentes
concentragdes de GA-AuNRs (0,018 a 1,8 mg L-1) ou GA 0,4% (controle) por 96 horas. As células
foram entdo fixadas e processadas para MEV. As imagens apresentadas sao representativas de 2
experimentos independentes realizados em duplicata técnica. Barras de escala: imagens superiores =
100 pm, imagens inferiores = 10 pm.

A partir dessa avaliagdo inicial de biocompatibilidade, investigou-se também a
capacidade de internalizagao das GA-AuNRs pelas células tumorais e sua possivel relacao
com os efeitos citotoxicos que foram observados em concentragdes mais elevadas.

Diante disso, a internaliza¢do celular das GA-AuNRs e sua relagdo com a citotoxicidade
foi avaliada por Gongalves (2020), que demonstrou sua interacao eficiente com células de
melanoma.

A toxicidade e a interacdo das AuNPs com tecidos biologicos sdao influenciadas por
parametros como tamanho, forma, superficie ¢ a massa de ouro internalizada (Kus et al.,

2021). No caso das GA-AuNRs, foi observada uma internalizagdo eficiente pelas células



tumorais, com distribuicdo intracelular compativel com mecanismos endociticos,
evidenciada por microscopia eletronica de transmissao (MET) e fluorescéncia (Gongalves,
2020). A analise quantitativa da internalizagdo, realizada por espectrometria de emissao
optica com plasma indutivamente acoplado (ICP-OES), revelou que o processo ¢ dependente
da concentragio. A medida que a concentragdo das nanoparticulas aumentava, também
aumentava a massa de ouro internalizada pelas células (Gongalves, 2020).

Esse resultado reforca a hipdtese de que a massa de ouro internalizada, e ndo
necessariamente o numero de particulas ou sua area superficial, € o fator mais determinante
para os efeitos citotoxicos. Além disso, os dados sugerem que a GA atua ndo apenas como
estabilizante, mas também como um agente carreador ativo, facilitando a entrega das AuNRs
ao interior celular, o que potencializa seus efeitos bioldgicos (Gongalves, 2020). Esse
comportamento estd de acordo com evidéncias da literatura que relacionam forma e
superficie das nanoparticulas a eficiéncia de internaliza¢dao celular (Chithrani; Ghazani;
Chan, 20006).

Dada essa influéncia intracelular das GA-AuNRs, o estudo investigou se os efeitos
observados poderiam impactar fungdes fenotipicas associadas ao comportamento tumoral.
Considerando que a capacidade invasiva das células tumorais ¢ um dos primeiros eventos
associados ao processo metastatico, também foi avaliado se as GA-AuNRs poderiam
interferir nessa caracteristica funcional. Por meio de ensaios de invasdo celular em sistema
transwell, observou-se que, apds 72 horas de exposi¢ao a concentracao intermediaria (0,18
mg L"), apresentou uma redugdo de 12,9% na capacidade invasiva das células de melanoma
(Gongalves et al., 2020).

Esses resultados demonstram que os GA-AuNRs podem modular a capacidade invasiva
das células tumorais, o que representa um passo inicial crucial no processo metastatico.
Dando continuidade a investigacdo dos efeitos desses nanomateriais sobre caracteristicas
funcionais associadas a malignidade, avaliou-se também se GA-AuNRs seriam capazes de
interferir na capacidade das células de melanoma formarem coldnias, para tal, foi realizado
um ensaio em matriz tridimensional de alginato. Embora as diferentes concentragdes testadas
(0,018; 0,18 e 1,8 mg L") ndo tenham alterado significativamente a quantidade de coldnias
formadas, observou-se uma redu¢do no tamanho das colonias em 25%, 12,5% ¢ 25%,
respectivamente (figura 5). Dessa forma os dados indicam que os GA-AuNRs, mesmo em
concentragdes nao citotoxicas, sdo capazes de impactar negativamente a proliferacao tumoral

tridimensional, reforcando seu potencial antitumoral (Gongalves, 2020).



Figura 5 — Capacidade de formagao de colonias de células de melanoma apos exposi¢ao a

concentracoes nao citotoxicas de GA-AuNRs
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Fonte: Gongalves (2020).

Legenda: A) Células de melanoma B16-F10 foram plaqueadas na presenca de GA-AuNSs ou
GAAuNRs em placas AlgiMatrix™ 3D Culture System e incubadas por 6 dias. As colonias formadas
foram fixadas e coradas com cristal violeta. Os hidroggis de alginato foram fotografados sobre placas
de Petri com fundo quadriculado (grades de 2mm, B1 e B2) e as colonias contadas (normalizando
pela area analisada de cada hidrogel, C1 e C2) e medidas (D1 e D2) usando o programa Fiji.

Os valores de cada amostra foram comparados aos valores do respectivo controle (GA

0,4%, representado pela linha tracejada nos graficos C1 e C2). As linhas tracejadas em D1 e



D2 representam a mediana de tamanho das col6nias de cada grupo. Foram realizados pelo
menos 4 experimentos independentes em duplicata técnica. Teste t pareado (C1 e C2) ou
Mann-Whitney (D1 e D2). ***p<0,0001.

Com o intuito de validar os achados in vitro em um modelo in vivo, o estudo prosseguiu
com a inoculacdo subcutanea e modelo de metéstase experimental por inoculagdo na veia
caudal com células de melanoma em camundongos, seguida do tratamento com GA-AuNRs.
Os resultados revelaram redugdo de 45% no crescimento do tumor primario, acompanhada
de alteragdes histologicas compativeis com um melhor prognostico. Além disso, foi
observada uma diminui¢do na profundidade das metéstases pulmonares superficiais e na
incidéncia de metastases intrapulmonares (Gongalves, 2020).

Dessa forma, os dados apresentados refor¢gam o potencial das GA-AuNRs como agentes
terapéuticos inovadores no tratamento do melanoma. No entanto, embora os tratamentos com
GA-AuNRs em modelos murinos tenham demonstrado efeitos antitumorais significativos,
com modulagdo do comportamento celular e auséncia de toxicidade sist€émica aparente,
ainda sdo limitados os dados sobre sua eficacia em modelos de melanoma humano. Essa
lacuna ressalta a necessidade de estudos translacionais que validem esses resultados em
linhagens humanas. A combinacao entre a biocompatibilidade conferida pela goma arabica
¢ o potencial terapéutico dos nanobastdes de ouro posiciona essa abordagem como uma

estratégia promissora frente as limitagdes das terapias convencionais.

3 OBJETIVOS
3.1 OBJETIVO GERAL

Investigar os efeitos do tratamento com Ga-AuNRs em linhagens de melanoma
humano com diferentes perfis mutacionais.

3.2  OBJETIVOS ESPECIFICOS

1. Avaliar a viabilidade celular apds 96 horas de exposigdo a concentragdes crescentes de
GA-AuNRs (0,0018 a 18 mg-L™") em linhagens de melanoma humano com diferentes
perfis mutacionais (Sk-Mel-28 BRAF, Sk-Mel-147 NRAS, MeWo NFI) e em fibroblastos
humanos (CCD-1059Sk);

2. Determinar a densidade celular nas mesmas condi¢cdes experimentais de tempo e
concentragdo, nas linhagens mencionadas;

3. Quantificar a producdo ROS apds a exposi¢ao aos Ga-AuNRs



4. Avaliar a capacidade clonogénica das células tumorais apos a exposi¢ao aos Ga- AuNRs
5. Investigar a capacidade migratoria das células frente a exposicdo aos Ga-AuNRs
6. Identificar as vias de sinalizagao celular moduladas pelo tratamento com os

nanocompdsitos, por meio de abordagens de biologia de sistemas.

4 MATERIAIS, METODOS, RESULTADOS E DISCUSSAO
Esta sessdo da dissertacdo serd apresentada em formato de artigo, gerado a partir

dos resultados obtidos com trabalho desenvolvido durante o periodo do doutorado, conforme
permitido no regimento interno do Programa de Po6s-Graduagdo em Biologia Celular e

Molecular da Universidade Federal do Parana, Segao X, Art. 47, § Unico.



EVALUATION OF GOLD-GUM ARABIC NANOCOMPOSITE ACTIVITY IN
HUMAN MELANOMENA LINES: IN VITRO TESTS AND MODELING OF
BIOLOGICAL NETWORKS



ABSTRACT

Melanoma is an aggressive form of skin cancer originating from melanocytes, characterized by
high plasticity, invasive capacity, and resistance to conventional treatments. Its progression
involves complex metabolic adaptations and alterations in the tumor microenvironment, as well
as the activation of signaling pathways such as PI3K/AKT, MAPK/ERK, and Wnt/B-catenin.
Given the need for innovative therapeutic approaches, gold nanoparticles have been studied and
have shown promising potential in melanoma therapy. Gold nanorods stabilized with gum
arabic (GA-AuNRs) have demonstrated the ability to modulate cellular responses without
exhibiting cytotoxicity in a murine melanoma model.In this study, the effect of non-cytotoxic
concentrations of GA-AuNRs was investigated on three human melanoma cell lines with
distinct mutations: SK-MEL-28 (BRAF), MEWO (NF1), and SK-MEL-147 (NRAS), as well as
on non-tumoral human fibroblasts (CCD-1059Sk). The experiments were conducted in vitro to
assess cell viability, cell density, reactive oxygen species (ROS) production, colony formation,
and migration. In parallel, in silico analyses using protein—protein interaction (PPI) networks
aimed to identify potential molecular targets modulated by GA-AuNRs.Cell viability and
density assays showed that fibroblasts maintained both viability and density across all tested
concentrations, confirming the biocompatibility of GA-AuNRs in normal cells. The clonogenic
assay revealed distinct behaviors among the melanoma cell lines: SK-MEL-28, clonal area
decreased in the presence of GA-AuNR at 1.8 mg-L !, while MEWO presented larger colonies
at 0.18 mg-L™' compared to the control group (GA 0.4%). SK-MEL-147 showed no significant
variation in colony formation at any tested concentration. In cell migration assays, SK-MEL-28
showed significant inhibition at 0.18 mg-L™' GA-AuNR, wherecas MEWO at the same
concentration exhibited a higher migration rate compared to the GA 0.4% control. SK-MEL-
147 presented no significant differences. These findings suggest that GA-AuNR efficacy varies
according to the molecular context of each cell line: in SK-MEL-28, they impacted tumor
malignancy parameters, whereas in MEWO, compared to the control, they increased colony
size and migration speed.Computational PPI network analyses supported the experimental
observations, highlighting critical nodes in RHOA and RACI, associated with cytoskeletal
remodeling and cell migration, regulated downstream by MAPK/ERK and PI3K/AKT
pathways. CTNNBI1 (B-catenin) and TPT1 were also identified as regulators of cell survival and
proliferation. These elements, potentially susceptible to modulation by GA-AuNRs, emerge as
key points in controlling tumor cell migration and proliferation. Taken together, the data
demonstrate that GA-AuNRs exert selective antitumor activity, influenced by both
concentration and the genetic context of melanoma.

Keywords: Melanoma; Gold nanorods (AuNRs). Gum arabic (GA). Cell viability; Cell density.
Clonogenic assay. Cell migration. In vitro. In silico.



1 INTRODUCTION

Melanoma is a malignant neoplasm originating from melanocytes, the pigment-producing
cells located in the basal layer of the epidermis. Although cutaneous melanoma is the most
prevalent form, it can also arise in other anatomical sites, such as the eyes, meninges, and
mucosal surfaces (1). This malignancy is characterized by the dysregulated proliferation of
melanocytes, and its oncogenic transformation occurs progressively, driven by genetic,
epigenetic, and environmental factors (2). The continuous increase in melanoma incidence,
particularly among fair-skinned populations, has raised public health concerns, with annual
growth rates ranging from 3% to 7%. This trend, combined with the low survival rates in
advanced stages, poses significant challenges to healthcare systems (3,4).

The high incidence and biological complexity of melanoma are closely linked to the
invasive nature of melanoma cells, which exhibit pronounced plasticity, migratory capacity,
and adaptability to the tumor microenvironment. These cells undergo metabolic reprogramming
to sustain proliferation and facilitate metastasis formation, contributing to resistance against
conventional therapies (5). This metabolic flexibility is essential for sustaining rapid cell
division and tissue invasion, especially in tumor niches characterized by nutrient deprivation
and high oxygen tension. In this context, reactive oxygen species (ROS) play a crucial role by
influencing several signaling pathways involved in cell migration (6). The increased
production of ROS can activate the PI3K/Akt pathway, promoting cell survival and migration,
as well as interacting with the MAPK/ERK pathway, which regulates cytoskeletal dynamics
and facilitates cell invasion. Studies also indicate that ROS can modulate the Wnt/B-catenin
pathway, which is essential for epithelial-mesenchymal transition (EMT), a key process in
melanoma invasion and metastasis (7). Furthermore, ROS influence the activation of proteins
such as Racl, which regulate lamellipodia formation and cell motility. These interactions
between ROS and signaling pathways directly contribute to the ability of tumor cells to migrate
and invade adjacent tissues, facilitating melanoma progression (8, 9).

In this context, the identification and characterization of key genetic mutations in
melanoma, such as mutations in BRAF, NRAS, and NFI, have been essential for guiding the
development of targeted therapies. These mutations lead to the constitutive activation of
oncogenic signaling pathways, such as the MAPK cascade, contributing not only to tumor
progression but also to increased production of ROS, which in turn promote genomic

instability, cell proliferation, and treatment resistance (10, 11).



A deeper understanding of the molecular pathways and signaling networks that regulate
melanoma progression and metastasis is critical for the advancement of targeted and
personalized treatment approaches (12). Although significant progress has been achieved with
therapies targeting RAF/MEK pathways and immune checkpoint inhibitors such as
pembrolizumab and nivolumab, resistance to treatment and the intrinsic genetic heterogeneity
of melanoma continue to represent major therapeutic obstacles. Furthermore, conventional
chemotherapy, while still employed in metastatic cases, often demonstrates limited efficacy,
highlighting the urgent need for novel treatment strategies and the continued pursuit of
personalized medicine to optimize therapeutic outcomes (13, 14).

In this context, gold nanoparticles (AuNPs) have emerged as promising candidates in
cancer therapy due to their unique physicochemical properties. At non-cytotoxic
concentrations, AuNPs have been shown to exert antitumor effects by modulating the
phenotypes of tumor cells (15). Among them, gold nanorods (AuNRs) have been extensively
investigated for melanoma treatment, with various therapeutic applications. In addition to their
photothermal application, AuNRs function as radiosensitizers, amplifying the dose of ionizing
radiation in the tumor and allowing for a reduction in the total dose required, minimizing the
adverse effects of conventional radiotherapy (16, 17, 18). As drug delivery systems, their
surface functionalized with chemotherapy drugs or antibodies enables the controlled release of
therapeutic agents into the tumor microenvironment, increasing stability and systemic
circulation (19, 20).

In diagnostics, they are used as contrast agents in techniques such as optical coherence
tomography and Raman spectroscopy, favoring early detection and treatment monitoring
(21,22). At the molecular level, AuNRs induce oxidative stress, mitochondrial dysfunction, and
activate pro-apoptotic pathways, as well as influence proliferation and inflammation pathways,
directly impacting tumor behavior (2,23). Combined approaches with immunotherapy are being
explored, with AuNRs increasing tumor immunogenicity and enhancing the effects of immune
checkpoint inhibitors, representing a promising strategy, especially for refractory or metastatic
cases (23,24,18). Notably, recent studies indicate that AuNRs may also exert anticancer activity
independent of light activation, suggesting a broader therapeutic potential.

Our research group has previously demonstrated the therapeutic efficacy of gold nanorods
stabilized with the anionic polysaccharide gum arabic (GA) against melanoma. In vitro studies
revealed that this nanocomposite (GA-AuNRs) exhibited significant antitumor and

antimetastatic effects without inducing notable cytotoxicity in a murine melanoma model (25).



In vivo, treatment with GA-AuNRs led to a 45% reduction in solid melanoma tumor
growth, with outcomes comparable to dacarbazine therapy. Moreover, the treatment induced
structural alterations in tumor tissue, including reduced areas of necrosis and vascularization,
pointing toward an overall improvement in tumor prognosis (25).

Therefore, the present study aimed to evaluate, both in vitro and in silico, the effects of GA-
AuNRs at non-cytotoxic concentrations, with a focus on their potential to modulate key cellular
functions involved in melanoma progression. Human melanoma cell lines harboring distinct
oncogenic mutations were utilized for the in vitro experiments. For the in silico analyses, protein
interaction network databases were employed to predict potential molecular disruptions
occurring during the metastatic phase of melanoma. Elucidating these interactions is essential
for advancing precision oncology, as it enables the development of more targeted and effective
therapeutic strategies for metastatic melanoma.

2 MATERIALS AND METHODS
2.1 GOLD NANORODS SYNTHESIS, FUNCTIONALIZATION, AND

CHARACTERIZATION
Gold nanoparticles were chemically synthesized, according to the seed-mediated method

and as described in Silva (2013). The nanorods arrived in a solution containing
cetyltrimethylammonium bromide (CTAB), and were functionalized with gum arabic (GA)
under sterile conditions (26). Briefly, the suspension was centrifuged at 11,200 rpm for 20
minutes and washed once with ultrapure water (also by centrifugation), and the pellet was
resuspended in sterile 0.4% GA solution. The gold concentration was determined by ICP-
OES The GA-AuNRs characterization used in this study was based on protocols previously
described by Barros et al. (2016) (27) and was performed by UV-visible spectroscopy.

2.2 CELL CULTURE

In this study, three human melanoma cell lines were used: Sk-Mel-28 (ATCC® HTB-
72), MeWo (ATCC® HTB-65) and Sk-Mel-147 (ATCC® CRL-9446TM). These cell lines
represent different genetic profiles of melanoma, with mutations in BRAF, NFI and NRAS
genes, respectively. In addition, the human fibroblast cell line CCD-1059Sk was included as a
comparative control. The cells were cultured in specific media following the protocols of the
American Type Culture Collection (ATCC).

The melanoma cell lines were maintained in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 1.5 g/ sodium bicarbonate, 10% fetal bovine serum, 1 pg/mL
penicillin and 1 pg/mL streptomycin. The culture was carried out in a humidified incubator at

37 °C and 5% COz with subculture according to the ATCC protocols.



Nanorod suspensions were prepared by serial dilutions (1:10) in 0.4% GA solution. For
in vitro cell exposure, the nanorods were added to culture medium at a proportion of 20% of the
respective assay final liquid volume. The 0.4% GA solution was used as a control in all
experimental conditions.

2.3 CELL VIABILITY AND DENSITY ASSAY

Cell viability was assessed using the neutral red (NR) dye retention assay, which is
based on the ability of viable cells to absorb and retain the dye within lysosomes, reflecting the
integrity of endomembranes. The principle of the method involves the passive diffusion of the
uncharged form of the dye across the plasma membrane of viable cells. Once inside acidic
organelles such as lysosomes, the dye becomes protonated and charged, which prevents its exit
and leads to its accumulation within these structures.

For viability and cell density assays, Sk-Mel-28 (2,500 cells/well), MeWo and Sk- Mel-
147 (2,000 cells/well) and CCD-1059Sk (4,000 cells/well) cell lines were seeded in 96- well
plates. Six hours after plating, they were treated with five concentrations of Ga-AuNRs (0.0018;
0.018; 0.18; 1.8; and 18 mg L") for 96 hours. The control group received only 0.4% GA.

After the exposure period, to assess viability, the cells were incubated for 3 hours with
neutral red solution 0.04 mg/mL, after which they were incubated with an extraction solution
composed of ethanol, ultrapure water, and acetic acid (50:49:1, v/v). The plate was shaken for
homogenization and absorbance was measured in a microplate spectrophotometer (BioTek®
Instruments, Inc., Winooski, USA) at 540 nm. Cell density was quantified using the crystal
violet staining assay, which stains the nucleic acids of adherent cells at the end of the treatment.
The dye, which is cationic in nature, binds to negatively charged cellular components such as
DNA and proteins, allowing for the estimation of the number of viable cells based on the
intensity of the retained staining. After the extraction solution removal, the cells were stained
with 0.25 mg/mL crystal violet for 20 minutes. Then, the dye was removed and eluted with 33%
acetic acid in ultrapure water. Absorbance was determined in a microplate reader (BioTek®
Instruments, Inc., Winooski, USA) at 570 nm.

2.4 CLONOGENIC ASSAY

This assay was performed as described by Franken et al. (2006), with adaptations. Sk-
Mel-147 (500 cells/well), Sk-Mel-28, and MeWo (400 cells/well) melanoma cell lines were
seeded into 6-well plates. After 24 hours, treatment with 0.18 or 1.8 mg L' GA-AuNRs was
applied. The control group received 0.4% GA. Cells were then incubated for 6 days. At the end

of the incubation period, the supernatant was discarded, and cells were fixed with a solution of



50% ethanol and 2% glacial acetic acid in ultrapure water for 20 minutes, followed by one wash
with ultrapure water. Colonies were stained with 0.25 mg/mL crystal violet solution for 20
minutes.

The parameters considered for analysis were: total area, representing the culture plate
extent occupied by cell colonies, reflecting the ability of cells to proliferate and expand on a
substrate; area covered by cells, referring to the total area fraction effectively occupied by viable
cells, indicating cells density within the formed colonies; density, defined as the ratio between
the cells number and the area occupied by colonies, reflecting cells compactness degree; and
finally, colonies number, which represents the count of cells groupgs formed after the
incubation period and serves as an indicator of cells clonogenic efficiency.

The formed colonies were photographed using a stereomicroscope and counted using
the ImageJ Fiji software.

2.5 ANALYSIS OF REACTIVE OXYGEN SPECIES (ROS)

Oxidative metabolism was assessed by quantifying ROS production. For this purpose,
150 x 103 cells/well were seeded in 6-well plates. The cells were treated with 0.18 or 1.8 mg
L™ GA-AuNRs for 24 hours. The control group received only 0.4% GA, while the positive
control was treated with 5 pL. of 33% H-0O- for 15 minutes.

ROS production was determined using 10 uM 2’,7-dichlorofluorescein diacetate
(DCFH-DA) for 30 minutes. DCFH-DA diffuses passively into cells, where it is hydrolyzed by
esterases to 2',7'-dichlorofluorescein (DCFH), a non-fluorescent compound that is impermeable
to the cell membrane. DCFH reacts with ROS, especially hydrogen peroxide, and is oxidized
to dichlorofluorescein (DCF), a highly fluorescent compound. Fluorescence was analyzed by
flow cytometry on a FACS Melody (BD Biosciences) instrument.

2.6 MIGRATION

To evaluate the migratory capacity of melanoma cells exposed or not to the
nanocomposite, the wound healing assay described by Liang et al. (2007) was used. Cells were
seeded in a 4-compartment CELL view cell culture plate at a density of 6,000 cells per well.
After 24 hours of plating, cells were treated with 0.18 or 1.8 mg L™ of GA-AuNR. The control
group received 0.4% GA. After 72 hours, cells were exposed to 20 pg/mL of mitomycin C for
2 hours to prevent cell proliferation from interfering with the assay. After the incubation period
with mitomycin C, a scratch was performed with a 10 pL tip on the cell monolayer.
Subsequently, the wells were washed, and 500 pl of Dmem without fetal bovine serum was

added.. The cells were then taken to the Confocal A1R MP+ Nikon where images were captured



for 23 h, with captures every 30 minutes. The images obtained were analyzed in ImageJ (NIH,
Washington, USA). To analyze the migration speed, the formula described by Jonkman et al.
(2014) was used. First, the linear regression (linear equation =y = a + Bx) of the graph of the
decay of the opening area rate over time was calculated, where represents the intercept and f3
represents the slope of the line. The migration speed was calculated using the following
formula:

Speed (um/h) = | slope of the line |

2x image width
2.7 STATISTICAL ANALYSIS

All experiments were performed at least three times for statistical analysis. Statistical
analysis was performed in GraphPad Prism 8.4.3 (GraphPad Software) and
statistical tests: Kruskal-Wallis test with Dun test. Data are presented as mean + standard error.

2.8 IN SILICO ANALYSIS

The gene expression data analyzed in this study were obtained from the GSE255256
dataset available at https://www.ncbi.nlm.nih.gov/geo/. From this dataset, expression profiles
corresponding to MeWo and Skmel-28 melanoma cell lines were extracted. Constitutive gene
expression was evaluated using the RankProduct method (28), which ranks genes based on their
consistency of differential expression across replicate experiments. Data preprocessing was
performed within the R/Bioconductor (29). For each sample, the average signal intensity of
identical probes was calculated and applied to normalized gene expression data using the limma
package. All expression values were subsequently log2-transformed to satisfy the assumptions
of the RankProduct algorithm. The analysis was conducted with 1,000 permutations, and
differentially expressed genes were selected based on a p-value threshold of < 0.01, this more
stringent cutoff was adopted to reduce the false-positive rate resulting from multiple testing in
gene expression analysis and to enhance the statistical robustness of the results. Resulting gene
lists were stratified into positive and negative categories, corresponding to upregulated and
downregulated genes, respectively. Genes with a g-value < 0.05 were considered statistically
significant.

Subsequent analyses employed the constitutive gene expression profiles of each cell line
to predict a chemical-protein—protein interaction (CPPI) network, simulating potential
interactions resulting from in vitro treatments involving gold in combination with major
components of arabic gum (arabinose, galactose, rhamnose, and glucuronic acid). Network

construction was performed using the STITCH 5.5 metasearch platform (30), incorporating



evidence from text mining, experimental data, biological databases, and coexpression. A
confidence score threshold of 0.4 was applied, and disconnected nodes were excluded from
further analysis.

To characterize the topological properties of the resulting CPPI networks, degree and
betweenness centrality metrics were computed using the CentiScaPe 2.2 plugin in Cytoscape

(31). Degree centrality reflects the number of direct connections of a given node, and in this
study, the average degree was calculated as the sum of all degree values divided by the total

number of nodes in the network. Betweenness centrality, defined as the number of shortest paths
passing through a given node, was also calculated. The average betweenness value was
similarly determined as the ratio between the total betweenness scores and the number of nodes.
The mathematical formulations of these centrality metrics are described in detail in a previous
publication by our group (32).

Finally, to assess the overlap between candidate nodes modulated by gold and/or Arabic
gum compounds and genes associated with cell proliferation and migration, Venn diagram
analyses were performed. Diagrams were generated using the online tool available at

http://bicinformatics.psb.ugent.be/webtools/Venn/. All molecular entities related to migration

and proliferation were considered, based on Gene Ontology (GO) terms obtained from the

Molecular Signatures Database (MSigDB) (33).

3. RESULTS
3.1 VIABILITY AND CELL DENSITY TESTS

Thus, we evaluated whether GA- AuNRs alter cell viability or density. Tumor cells SK-
MEL-28 (BRAF), MEWO (NF1) and SK-MEL-147 (NRAS), in addition to non-tumorigenic
fibroblasts (CCD-1059Sk), were exposed to concentrations of GA-AuNRs (0.0018 up to 18 mg
L™" for 96 hours (Figure 6). For fibroblasts, there was no statistical difference in any parameter
analyzed, and for tumor lines, only MEWO showed a significant reduction (p = 0.01) in neutral
red retention at a concentration of 18 mg L' For cell density, only the Sk-Mel-28 line showed

a significant reduction (p = 0.01) at a concentration of 18 mg L.
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Figure 6. Effect of GA-AuNRs on cell viability and density. MeWo, SK-MEL-28, SK-MEL-
147, and CCD-1059Sk cell lines were cultured in the presence of increasing concentrations of GA-
AuNRs (0.0018 mg L'to 18 mg L™) for 96 hours. Cell viability was assessed using the neutral red
uptake assay (figure Al, B1, C1, and D1), while cell density was determined by crystal violet (CV)
staining (figure A2, B2, C2, and D2). Absorbance values obtained from the NR and CV assays were
normalized to the 0.4% GA control. Cells treated with the nanocomposites were compared to their
respective controls in each experiment. Data are presented as mean + standard deviation (SD) from three
independent experiments performed in technical triplicates. Statistical analysis was performed using the

nonparametric Kruskal-Wallis test with Dunn's post hoc correction (p < 0.05).

3.2 CLONOGENIC ASSAY

For the Sk-Mel-28 cell line, a statistically significant reduction in colony formation
capacity was observed, evidenced by the decrease in the total area and the area occupied by
cells at the highest non-cytotoxic concentration tested (1.8 mg L"), compared to the 0.4% Ga
control group (Figure 7 A, B).

In the MeWo cell line, there was a significant increase in the total area and area occupied
by cells and in cell density at a concentration of 0.18 mg L' compared to the 0.4% Ga control
(where the group treated with the 0.18 mg L' concentration exhibited larger colonies) (Figure
7 E, F, G). On the other hand, in the Sk-Mel-147 line, no statistically significant differences
were observed in colony formation, regardless of the variable analyzed (total area, area with
cells, number of colonies and density), in relation to the Ga 0.4% control group (Figure 7 1, J,
K, L). The representative photographic images of each lineage (Figure 8) demonstrate the

reduction in the area of the colonies.
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Figure 7. Assessment of colony formation in human melanoma cell lines treated with GA- AuNRs.
SK-MEL-28, MeWo, and SK-MEL-147 cells were cultured in the presence of GA-AuNRs (0.18 mg L™
and 1.8 mg L") for 6 days. Cells exposed to the nanocomposites were compared to the corresponding
controls (GA 0.4%). The graphs above show representative wells from each group. For the three cell
lines: panels (A, E, 1) display the total area (um?) occupied by the colonies; panels (B, F, J) indicate the
cell-covered area (um?); panels (C, G, K) show cell density; and panels (D, H, L) present the number of
colonies formed. Data represent the mean =+ standard error of the mean (SEM) from three independent
experiments. Statistical analysis was performed using the nonparametric Kruskal-Wallis test with

Dunn's post hoc correction (p < 0.05).
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Figure 8. Photos of the evaluation of colony formation in human melanoma cell lines treated with

GA-AuNRs.SK-MEL-28, MeWo, and SK-MEL-147 cells were cultured in the presence of GA- AuNRs

(0.18 mg L'or 1.8 mg L") for 6 days. Cells exposed to the nanocomposites were compared to the

corresponding controls (GA 0.4%).



3.3 ANALYSIS OF REACTIVE OXYGEN SPECIES (ROS)

The assessment of oxidative stress, through ROS quantification, did not reveal

statistically significant differences between the groups treated with GA-AuNRs and the 0.4%

GA control (Figure 9). It is possible to observe the results overlayed in Figure 10.
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Figure 9. Evaluation of reactive oxygen species (ROS) generation in human melanoma cell lines
treated with GA-AuNRs. SK-MEL-28, MeWo, and SK-MEL-147 cells were treated with two
concentrations of GA-AuNRs (0.18 or 1.8 mg L) for 24 hours. ROS levels was analyzed by flow
cytometry. Graphs represent the mean + standard deviation of at least three independent experiments.
Panels (A), (C), and (E) show the percentage of ROS-positive cells, while panels (B), (D), and (F)
display the quantification of mean fluorescence intensity (MFI), reflecting intracellular ROS levels.
Statistical analysis was performed using the nonparametric Kruskal-Wallis test with Dunn's post hoc

correction (p < 0.05).
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Figure 10. Gating strategy for reactive oxygen species (ROS) analysis and fluorescence histogram
(FL1-H) representing the production ROS. A The population of interest was initially delimited by
excluding debris. Next, the fluorescence threshold in the FL1-H channel was defined from the control
sample, allowing the distinction between ROS-negative and -positive cells. Finally, the fluorescence
distribution of the selected population was plotted, indicating the percentage of ROS+ cells (figure A).
The peak on the left (channel 10°-10") represents non-fluorescent cells (untreated control), while the
shift to the right reflects increased ROS levels. Each curve represents the fluorescence distribution under

different treatment conditions (figure B).




Migration Speed

3.4 MIGRATION

To assess migratory capacity and speed, SK-MEL-28, MeWo, and SK-MEL-147 tumor
cells were exposed to 1.8 mg L'or 0.18 mg L' GA-AuNRs for 24 hours (Figure 11). In the
SK-MEL-28 cell line, a statistically significant reduction in migration speed was observed at
the 0.18 pg/mL concentration compared to the Ga 0.4% control group (Figure 11). In the MeWo
cell line, this reduction was significant when comparing the treatment at a concentration of 1.8
mg L' with the Ga 0.4% control (where the treated group showed a higher migration rate
compared to the control) (Figure 11B). On the other hand, in the SK- MEL-147 cell line, no
statistically significant differences were observed compared to the Ga 0.4% control group
(Figure 11C). The representative images of a test are shown in (Figure 12), where A represents

the initial moment, time 0 and in B the final moment after 22 hours.
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Figure 11. Migration speed assessment in human melanoma cell lines treated with GA-AuNRs.
SK-MEL-28, MeWo, and SK-MEL-147 cells were treated with two concentrations of GA-AuNRs (0.18
mg L™ or 1.8 mg L") for 24 hours and subsequently the cell monolayer was scratched. The cells were
then taken to the confocal microscope where time-lapse capture was performed (20x objective) for 22
hours. Data represent the mean + standard error of the mean (SEM) from three independent experiments.
Statistical analysis was performed using the nonparametric Kruskal-Wallis test with Dunn's post hoc

correction (p < 0.05).
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Figure 12. Migration speed assessment in human melanoma cell lines treated with GA-AuNRs
Figure 12. Assessment of migration speed in human melanoma cell lines treated with GA-AuNRs
SK-MEL-28, MeWo, and SK-MEL-147 cells were treated with two concentrations of GA-AuNRs (0.18
mg L' or 1.8 mg L") for 24 hours. The cells were then placed under a confocal microscope, where
time-lapse images (20x objective) were obtained for 22 hours. (Figures Al, A2, and A3) represent the
initial time point and (B1, B2, and B3) the final time point. Representative photo of an experiment.

3.5 TARGET AND FUNCTIONAL PATHWAY PREDICTION VIA SYSTEMS
BIOLOGY

C-PPI networks were constructed for the MeWo and Sk-Mel-28 cell lines, integrating
Arabic gum-derived compounds and gold with known protein—protein interaction data (Figure
12-A). The resulting networks contained 482 and 507 nodes, and 6,374 and 6,224 edges for
MeWo and Sk-Mel-28, respectively, indicating a high degree of connectivity and topological
complexity. To confirm the intricate connectivity, Centrality analysis was performed. Based on
this analysis, is possible to identify the most prominent hub—bottleneck (H-B) nodes in each

network, considering degree and betweenness values (Figure 12-B).



A

These nodes represent central elements in the functional architecture of the networks and
may serve as key regulatory points in the cellular response to the tested compounds.

The overlap between H-B nodes and genes/proteins associated with proliferation and
migration is shown in a Venn diagram (Figure 12-C). Shared targets between both cell lines are
highlighted in white, suggesting conserved mechanisms of biological response induced by the
compounds.

In the MeWo network, two H-B nodes (RHOA, CTNNBI) were simultaneously
associated with both migration and proliferation. Additionally, eight H-B nodes were exclusive
to the proliferation (mitosis) category, and one (RAC!) was exclusive to migration. In the SK-
MEL-28 network, four H-B nodes (RHOA, CTNNBI, TGFBI1, APP) were involved in both
migration and proliferation. One node (7PT1) was specific to proliferation, and five nodes
(RACI, FN1, CALR, STAT1, NOS3) were associated only with migration.

Collectively, these data reveal a partially conserved molecular profile between the two
melanoma cell lines. Notably, the genes RHOA, CTNNBI, TPTI and RACI were consistently
identified as central H-B nodes across both networks and were functionally linked to key
tumorigenic processes. These shared targets likely represent core regulatory elements

modulated by the tested compounds.
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Figure 13. Systems biology-based predictions. A. Compound—protein—protein interaction (C-
PPI) networks for MeWo and SK-MEL-28 cell lines. Yellow nodes denote Arabic gum-derived
compounds or gold, while red edges indicate their predicted interactions with other proteins in the
network. B. Topological centrality analysis of each C-PPI network. Dashed lines represent threshold
values for degree and betweenness centralities. The ten most prominent hub-bottleneck (H-B) nodes
are annotated in each graph. C. Venn diagram depicting the overlap between H-B nodes and
proliferation- or migration- associated genes/proteins, as identified from Gene Ontology (GO)

annotations.



Nodes corresponding to genes/proteins common to both cell lines are represented in white.

4. DISCUSSION

The assessment of cell viability and density is fundamental in the development of safer
and more effective antitumor therapies. The search for alternatives to traditional cytotoxic
agents has favored the use of compounds and nanomaterials with selective cytotoxicity, capable
of minimizing systemic side effects without compromising therapeutic efficacy. In this context,
gold nanoparticles (AuNPs) have been widely investigated for their antitumor potential (34).

Previous studies, such as that by Gongalves (2020), demonstrated that GA-AuNRs
significantly reduced cell density in a murine melanoma cell line, with evidence of
concentration-dependent cytotoxicity. Expanding this analysis to human cell lines in the present
study revealed that, in the tumor lines evaluated, the effects were variable and dependent on
both concentration and the specific genetic context of each cell line. Significant reductions were
detected only at higher concentrations, in the MEWO (neutral red retention) and SK-MEL-28
(cell density) lines (Figure 2). Unlike what was observed in murine models, there was no
increase in VN dye uptake, suggesting a mechanism of action more related to the direct
induction of cytostatic or cytotoxic effects (35).

Regarding non-tumoral fibroblasts (CCD-1059Sk), these maintained stable viability and
cell density after exposure to all tested concentrations (0.0018 to 18 mg-L™"). Shahhoseini et al.
(2021) reported that non-irradiated gold nanoparticles did not compromise the viability of
normal fibroblasts, even after prolonged exposure and at high concentrations of up to 4 mM. In
the present study, the highest concentration used (18 mg-L™") corresponds to approximately
91.37 mM more than 22 times higher than that reported without causing toxic effects in
fibroblasts, further reinforcing the safety profile of GA-AuNRs. In the same study, the human
melanoma cell line MM418-C1 also showed resistance to the direct toxicity of AuNPs, with no
significant reduction in cell viability (36).

Among the tumor cell lines, only MEWO, which carries a mutation in the NF'/ gene,
showed a significant reduction in neutral red retention at the highest concentration (18 mg-L™).
This greater sensitivity may be associated with the functional loss of neurofibromin 1, the
protein encoded by NFI, which acts as a tumor suppressor and negative regulator of the
RAS/MAPK pathway. The absence of this regulation can lead to uncontrolled activation of the
pathway, making cells more dependent on this axis for survival. Thus, the greater vulnerability
observed in MEWO cells may result from the combination of RAS/MAPK pathway

dysregulation with the interference of GA-AuNRs in critical signaling cascades, contributing to



redox imbalance and induction of cell death (37,38,39,40).

On the other hand, the significant reduction in cell density observed exclusively in the
SK-MEL-28 cell line, which carries a mutation in the BRAF gene, seems to be related to an
adverse effect of treatment, possibly due to the induction of nonspecific cellular stress caused
by high nanoparticle concentrations. This result may be associated with resistance mechanisms
mediated by MAPK pathway activation, typical of this line, which can be overcome by high
nanoparticle concentrations, as suggested by previous studies (41,42).

The analysis of clonogenic capacity revealed differential effects of GA-AuNRs on the
evaluated cell lines. Since the clonogenic assay particularly evaluates the activity of cancer stem
cells (CSCs), changes in this parameter directly reflect the impact of treatments on the most
aggressive and resistant subpopulation of melanoma cells (43).

The SK-MEL-28 cell line, harboring the BRAF V600E mutation, showed a significant
reduction in both total colony area and colony-occupied area only at the highest non-cytotoxic
concentration tested (1.8 mg-L™"). Although the crystal violet density assay did not detect
relevant changes in overall proliferation at this concentration, the clonogenic assay revealed a
specific effect on the sustained proliferative capacity of CSCs, reflected in the formation of
smaller colonies (Figure 3). This profile, restricted to high concentrations, is consistent with
mechanisms already described in the literature for CSC resistance, such as the activation of
alternative signaling pathways and the overexpression of proteins associated with therapeutic
resistance, such as ABCBS, which can be partially overcome by high concentrations of
antitumor agents (44,45,46).

The effects observed in clonogenic assays with GA-AuNRs are consistent with previous
reports that also used AuNPs to evaluate clonogenic capacity in tumor cells. For example,
spherical PEG-coated nanoparticles (1.9 to 20 nm) reduced the clonogenicity of MDA-MB-231
cells after prolonged incubation for two weeks, especially when combined with radiation (47).
In A549 lung cells, spherical nanoparticles conjugated with doxorubicin (12 nm) significantly
reduced the number of colonies after 7 days of treatment (10 pg/mL) (48).

Conversely, the MeWo line, showed an increase in colony area and density after
treatment with GA-AuNRs at 0.18 mg-L™', compared to the control group (GA 0.4%) (Figure
3). This finding suggests that, at low concentrations, GA-AuNRs may have triggered adaptive
proliferative responses in this cell line, possibly mediated by constitutive hyperactivation of the
RAS/MAPK pathways. Such behavior is consistent with the high phenotypic plasticity reported
for CSC subpopulations, whose ability to adapt to environmental stimuli favors clonal

expansion under sublethal stress conditions. Furthermore, the paradoxical effect of proliferation



induced by low doses of stress-inducing agents a phenomenon previously described in several
tumor models may have contributed to the clonal expansion observed in this context (37,49).

In contrast, the SK-MEL-147 cell line (NRAS mutation) showed no significant changes
(Figure 3), indicating CSC resistance to GA-AuNRs, possibly due to the constitutive activation
of survival pathways or tumor evasion mechanisms already described for this line (50,51).

Supporting these findings, Huai et al. (2019) demonstrated that spherical gold
nanoparticles with an average diameter of about 20 nm inhibit the proliferation of various tumor
cell lines through the modulation of pathways related to the cell cycle, oxidative stress, and
apoptosis, without necessarily inducing direct cell death (52).

The assessment of oxidative stress in this study, performed by quantifying reactive
oxygen species (ROS), did not reveal statistically significant differences between the groups
treated with GA-AuNRs and the control group containing only 0.4% gum arabic (GA) (Figure
4). Although this result indicates that GA-AuNRs did not induce detectable changes in oxidative
stress under the experimental conditions used, it is important to note that several studies have
already demonstrated that AuNPs can modulate ROS levels in tumor cells, often promoting an
increase in the production of these species and generating oxidative stress (53).

For example, in HCT-116 colorectal cancer cells, exposure to spherical AuNPs resulted
in a significant increase in ROS production at concentrations of 25 and 50 pug/mL, accompanied
by a reduction in the activity of antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPX), indicating an imbalance in the cellular redox
system and contributing to the induction of apoptosis (54).

It has also been demonstrated that gold nanoparticles can induce oxidative stress
independently of irradiation or external excitation. Tang et al. (2015) reported that, in A549
lung cancer cells, gold nanorods (AuNRs) with lengths of 42—52 nm and widths of 22.5-27.5
nm, applied at concentrations of 10 and 15 pg/mL, were efficiently internalized, localizing
predominantly in lysosomes, membranous vesicles, and the cytoplasm. Under these conditions,
a significant increase in ROS production, mitochondrial swelling, an increase in the number of
lysosomes, and a reduction in cell viability were observed (55).

However, it is essential to consider that the ability of AuNPs to induce oxidative stress
may depend on several factors, including cell type, the physicochemical characteristics of the
nanoparticles (such as size, shape, and surface functionalization), and the specific experimental
conditions (56).

Several studies also demonstrate that AuNPs, especially when functionalized, can

modulate fundamental processes involved in tumor progression, such as cell migration, which



is directly related to the invasive and metastatic potential of cancer cells (57).

In this study, the assessment of migration showed that GA-AuNRs exert distinct effects
on cell motility, depending on the cell line and the concentration used. In the SK-MEL-28 line,
a statistically significant reduction in migration speed was observed at the non-cytotoxic
concentration of 0.18 mg-L™', compared to the control with 0.4% GA (Figure 3A). These
findings indicate that GA-AuNRs may directly interfere with regulatory processes involved in
cell motility, possibly through alterations in cytoskeletal dynamics and the expression of
adhesion-related proteins, such as integrins and cadherins (58,59). Interestingly, the lowest
concentration of GA-AuNRs (0.18 mg-L™") was more effective in reducing cell migration than
the higher concentration (1.8 mg-L™"). This non-linear response phenomenon, compatible with
a bell-shaped dose-response curve, may be related to the selective modulation of cellular
pathways such as PI3K/Akt and cytoskeletal reorganization at moderate concentrations,
whereas higher doses may induce nonspecific or compensatory cellular responses, reducing the
efficacy of the nanoparticles (60).

Similar results were reported by Shahhoseini et al. (2021), who observed reduced cell
migration in human melanoma (MM418-C1, BRAF V600E mutant) and colorectal
adenocarcinoma (SW48) cell lines after exposure to 15 nm AuNPs, without impact on cell
viability. The authors suggested that these effects may be related to actin cytoskeleton
reorganization and modulation of adhesion proteins (36).

Interestingly, in the MeWo line, the group treated with GA-AuNRs at 1.8 mg-L™!
showed a higher cell migration rate than the control group (0.4% GA). This result suggests that,
at higher concentrations, GA-AuNRs may exert a stimulatory effect on cell migration.
Considering that the MeWo line carries a mutation in the NF'/ gene, leading to hyperactivation
of the RAS/MAPK pathways, it is possible that interaction with nanorods at high concentrations
may have potentiated pathways associated with cytoskeletal reorganization and cell motility,
including changes in actin dynamics, integrin expression, or activation of small GTPases (Rho,
Rac, Cdc42). Grzincic and Murphy (2015) reported that gold nanorods incorporated into
collagen matrices promoted a progressive increase in the spontaneous migration of breast cancer
cells in a concentration-dependent and cell internalization-independent manner, indicating that
nanoparticle-induced modifications to the extracellular matrix may also contribute to cell
motility (61).

In the SK-MEL-147 line, no significant differences in cell migration were observed at
any of the concentrations tested. This resistance may be attributed to intrinsic characteristics of

the line. Studies show that this line exhibits constitutive activation of the Rho/MRTF-A



pathway, resulting in the spontaneous formation of actin stress fibers (F-actin) and nuclear
translocation of MRTF-A, even in the absence of external stimuli. This activation leads to the
overexpression of genes associated with cell motility and invasiveness, such as MYL9, CYR61,
and CTGF, contributing to a highly migratory phenotype resistant to interventions aimed at
inhibiting migration (62,63).

Several studies support these findings, highlighting that AuNPs can significantly
interfere with cell migration without inducing direct cytotoxic effects. Liu et al. (2021) observed
reduced migration in papillary thyroid carcinoma cells treated with spherical AuNPs (7.73 nm)
at 50 pg/mL, accompanied by decreased expression of the metalloproteinases MMP-2 and
MMP-9 (64). Ali et al. (2013) and Saha et al. (2016) also described similar inhibitory effects
on cell migration in ovarian and pancreatic cancer, respectively, suggesting that AuNRs and
AuNSs may exert multiple actions, such as increasing nuclear stiffness and modulating
intercellular communication (59,65).

The identification of RHOA, RACI, CTNNBI, and TPT1 as central nodes in protein—
protein interaction (PPI) networks associated with cell proliferation and migration provides a
molecular basis for interpreting the observed effects of GA-AuNR treatment in human
melanoma cell lines. The results indicated that, while SK-MEL-28 showed a significant
reduction in migration and colony area, the MeWo line exhibited opposite responses, with
increased migration and clonal growth in the groups treated with GA-AuNRs compared to the
GA control group. In the case of SK-MEL-28, the observed inhibitory effects may be related to
the functional suppression of RHOA and RACI, members of the Rho GTPase family that
control actin cytoskeleton dynamics and the formation of cellular protrusions required for
migration and invasion (66). Negative modulation of these nodes may have resulted in the
inhibition of cytoskeletal reorganization and the reduced motility observed in the migration
assays (67).

The reduction in clonogenic colony size may also be explained by interference with the
Wnt/B-catenin signaling pathway, in which CTNNBI1 (B-catenin) acts as a key mediator in the
transcription of genes related to proliferation, EMT, and maintenance of pluripotency (68).
Inhibition of B-catenin nuclear translocation or interference with its regulatory phosphorylation,
possibly induced by GA-AuNRs, may have impaired the activation of proliferative genes,
resulting in reduced colony-forming capacity (69).

In addition, translationally controlled tumor protein (TPT1) plays a crucial role in cell
survival, stress response, and protein synthesis in tumor contexts. Studies show that TPT1

overexpression is associated with tumor progression, promoting cell proliferation, inhibiting



apoptosis, and contributing to resistance to antineoplastic therapies (70). Suppression of TPT1
can increase the sensitivity of tumor cells to oxidative stress, leading to reduced long-term
proliferative capacity. Thus, negative regulation of TPT1 in cells exposed to GA-AuNRs may
have contributed to the observed reduction in clonogenicity, making cells more susceptible to
nanoparticle-induced stress (71).

On the other hand, the distinct response of the MeWo line which showed larger colonies
and increased migration in groups treated with GA-AuNRs may reflect a differentiated
molecular profile, possibly related to a mutation in the NF1 gene, resulting in constitutive
activation of the PI3K/Akt pathway (72). In this scenario, GA-AuNRs may have induced pro-
survival compensatory responses or even indirectly activated the RAC1 and TPT1 signaling
nodes, resulting in more aggressive phenotypes (73).

Collectively, the data suggest that GA-AuNRs modulate critical signaling pathways
involved in migration and clonogenicity through the regulation of RHOA, RAC1, CTNNBI,
and TPT1. However, phenotypic effects are strongly influenced by the molecular profile of each
melanoma cell line, reinforcing the need for personalized approaches in the development of
nanotherapies and highlighting the potential of GA-AuNRs as selective tools for therapeutic

intervention, provided that the tumor’s molecular context is characterized in advance.

5. CONCLUSIONS

This study demonstrated that GA-AuNRs exhibit selective antitumor activity, with
distinct effects on different human melanoma cell lines. The SK-MEL-28 cell line, harboring a
BRAF mutation, showed sensitivity to treatment, with a significant reduction in migration and
clonogenic capacity, possibly associated with the modulation of pathways involving RHOA,
RACI1, CTNNBI, and TPT1, as identified in the in silico analyses. In contrast, the MeWo cell
line, mutated in NF/, exhibited increased proliferation and migration, indicating an adaptive
response. Finally, the SK-MEL-147 cell line showed no effect upon exposure to GA-AuNRs.
The absence of cytotoxicity in normal fibroblasts further reinforces the biocompatibility profile
of GA-AuNRs. These findings highlight the potential of these nanoparticles in personalized
therapeutic strategies and underscore the importance of the tumor’s molecular profile in
determining responses to nanomaterials. Further investigations are recommended to deepen the
understanding of the molecular mechanisms involved and to optimize the use of GA-AuNRs as

therapeutic tools for the treatment of metastatic melanoma.
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CONSIDERACOES FINAIS

O avango das terapias antitumorais demanda alternativas que aliem eficécia a seguranca,
superando as limitagdes impostas pelos agentes citotoxicos tradicionais. Nesse contexto, os
nanomateriais, como os GA-AuNRs, surgem como ferramentas promissoras, capazes de
modular processos celulares de forma seletiva. Este estudo buscou aprofundar a compreensao
sobre os efeitos dos GA-AuNRs em diferentes linhagens de melanoma humano, com foco na
viabilidade, densidade, capacidade clonogénica, estresse oxidativo e migracao celular.

Os resultados obtidos demonstraram que os GA-AuNRs foram eficazes em interferir na
capacidade proliferativa e clonogénica de células tumorais, especialmente em linhagens com
perfis genéticos especificos, como observado na Sk-Mel-28. Este achado estd em consonancia
com estudos anteriores, que evidenciam a capacidade das AuNPs de limitar a expansao tumoral
sem, necessariamente, induzir citotoxicidade direta. A reducdo do tamanho das colonias,
mesmo em concentragdes subcitotoxicas, reforca a ideia de que esses nanomateriais atuam
como moduladores do crescimento celular, comportamento desejavel em terapias que buscam
controlar a progressao tumoral com menor impacto sistémico.

A diferenca observada entre os efeitos das concentragcdes de GA-AuNRs nos ensaios de
migra¢ao e formagao de colonias pode ser atribuida a natureza distinta dos processos celulares
avaliados. Enquanto a migragao celular esta fortemente associada a dinamica do citoesqueleto,
adesdo e sinalizagdo motora, a formacao de colonias depende da capacidade de proliferagdo e
sobrevivéncia celular a longo prazo. Neste estudo, a menor concentracao de GA-AuNRs (0.18
mg L') mostrou-se eficaz na inibicdo da migracdo para a linhagem Sk-Mel-28, sem
comprometer drasticamente outras func¢des celulares. Por outro lado, no ensaio de
clonogenicidade, a maior concentragdo (1.8 mg L") resultou em col6nias menores, o que sugere
um efeito acumulativo sobre a capacidade proliferativa das células, mesmo na auséncia de
citotoxicidade.

Entretanto, diferentemente de algumas descrigdes na literatura que apontam a indugao
de estresse oxidativo como um dos mecanismos de acdo das AuNPs, no presente estudo nao

foram observadas alteracdes significativas na producao de espécies reativas de oxigénio (ROS).



Este resultado sugere que, sob as condi¢des avaliadas, os GA- AuNRs ndo desencadearam
estresse oxidativo detectavel, indicando uma atuagdo mais direcionada a inibi¢do da
proliferagdo do que a inducdo de dano oxidativo. Essa divergéncia em relagdo a outros modelos
pode ser explicada pelas caracteristicas fisico-quimicas especificas das nanoparticulas
utilizadas, pelo tipo celular ou pela auséncia de estimulos adicionais, como radiacdo,
frequentemente associados ao aumento de ROS.

Refletindo sobre o conjunto dos resultados, este estudo refor¢ca que o potencial
terapéutico dos GA-AuNRs reside na sua capacidade de atuar de forma seletiva sobre a
proliferacdo tumoral e a motilidade celular. A auséncia de efeitos colaterais relacionados ao
estresse oxidativo pode ser interpretada como um indicativo de seguranga adicional, evitando
danos colaterais frequentemente associados a terapias agressivas.

Contudo, a variabilidade observada entre as respostas das diferentes linhagens evidencia
um dos desafios centrais da oncologia: a determinagdo da eficacia terapéutica pelo perfil
genético e molecular tumoral. A presenca de mutacdes especificas pode desencadear
mecanismos de resisténcia, o que reforca, a necessidade de abordagens terapéuticas

personalizadas, alinhadas as particularidades biologicas de cada neoplasia.

CONCLUSOES

Este estudo demonstrou que GA-AuNRs exibem atividade antitumoral seletiva, com
efeitos distintos em diferentes linhagens celulares de melanoma humano. A linhagem celular
SK-MEL-28, portadora de mutacdo BRAF, apresentou sensibilidade ao tratamento, com
redugdo significativa na capacidade de migracao e clonogenicidade, possivelmente associada a
modulagdo de vias envolvendo RHOA, RACI1, CTNNBI e TPT1 que foram identificadas nas
analises in silico. Em contraste, a linhagem celular MeWo, mutada em NF'/, exibiu aumento na
proliferagdo e migracao, indicando uma resposta adaptativa. Por fim a linhagem SK-MEL-147,
ndo apresentou nenhum efeito mediante a exposicdo aos GA-AuNRs. A auséncia de
citotoxicidade em fibroblastos normais refor¢a ainda mais o perfil de biocompatibilidade de
GA-AuNRs. Esses achados destacam o potencial dessas nanoparticulas em estratégias
terapéuticas personalizadas e reforgam a importadncia do perfil molecular do tumor na
determinagdo das respostas aos nanomateriais. Novas investigagdes sdo recomendadas para
aprofundar a compreensdo dos mecanismos moleculares envolvidos e otimizar o uso de GA-

AuNRs como ferramentas terapéuticas no tratamento do melanoma metastatico.



7. LIMITACOES E PERSPECTIVAS

Este estudo apresenta algumas limitagdes que devem ser consideradas. A andlise
realizada concentrou-se nos efeitos agudos do tratamento, sendo necessario, em investigagoes
futuras, avaliar as consequéncias a longo prazo da exposicao ao complexo GA-AuNRs. Além
disso, embora tenham sido utilizados modelos preditivos para identificar possiveis alvos
moleculares modulados pelo tratamento, ainda se faz necessaria a validagdo experimental
desses alvos, tanto em nivel de expressao génica (RNA) quanto proteica.

A simulagdo computacional da goma arabica como polimero foi realizada, porém o
complexo completo com os nanobastdes de ouro ndo foi representado neste trabalho. Assim,
propde-se como perspectiva futura a aplicacdo de abordagens de biologia estrutural para
modelar esse complexo e avaliar com maior precisdo seu impacto bioldgico nas linhagens
celulares estudadas. Essas estratégias permitirdo uma compreensdo mais aprofundada dos
mecanismos de a¢do envolvidos e poderdo contribuir para o desenvolvimento de abordagens

terapéuticas mais eficazes.



8. REFERENCIAS BIBLIOGRAFICAS

AGGARWAL, Rishabh et al. Understanding gold nanoparticles and their attributes in ovarian
cancer therapy. Molecular CancerBioMed Central Ltd, , 1 dez. 2025.

AHMED, Noha et al. Arabic Gum Could Alleviate the Aflatoxin B1-provoked Hepatic Injury in Rat:
The Involvement of Oxidative Stress, Inflammatory, and Apoptotic Pathways. Toxins, v. 14,n. 9, 1
set. 2022.

Al, Chao et al. Gum arabic as a sole wall material for constructing nanoparticle to enhance the stability
and bioavailability of curcumin. Food Chemistry: X, v. 18, 2023.

AKBANI, Rehan et al. Genomic Classification of Cutaneous Melanoma. Cell, v. 161, n. 7, p. 1681—
1696, 20 jun. 2015.

ALI, Badreldin H. ef al. Effect of Gum Arabic on Oxidative Stress and Inflammation in Adenine-
Induced Chronic Renal Failure in Rats. PLoS ONE, v. 8, n. 2, 2013.

AL-JUBORI, Yamamh et al. The Efficacy of Gum Arabic in Managing Diseases: A Systematic
Review of Evidence-Based Clinical Trials. BiomoleculesMDPI, , 1 jan. 2023.

AROZARENA, Imanol; WELLBROCK, Claudia. Targeting invasive properties of melanoma cells.
FEBS Journal, 2017.

ARSLANBAEVA, Liaisan R.; SANTORO, Massimo M. Adaptive redox homeostasis in cutaneous
melanoma. Redox Biology, 2020.

ATEFI, Mohammad et al. Combination of pan-RAF and MEK inhibitors in NRAS mutant melanoma.
Molecular Cancer, v. 14, n. 1, 2015.

ATKINS, Michael B. et al. The state of Melanoma: Emergent challenges and opportunities. Clinical
Cancer Research, v. 27, n. 10, p. 2678-2697, 1 maio 2021.

ATTIQUE, Igra et al. Reactive Oxygen Species: From Tumorigenesis to Therapeutic Strategies in
Cancer. Cancer MedicineJohn Wiley and Sons Inc, , 1 maio 2025.

AUBUCHON, M. M. F. et al. Epidemiology, management and survival outcomes of primary
cutaneous melanoma: A ten-year overview. Acta Chirurgica Belgica, v. 117, n. 1, 2017.

AVAGLIANO, Angelica et al. Metabolic Plasticity of Melanoma Cells and Their Crosstalk With
Tumor Microenvironment. Frontiers in Oncology, 2020.

AVELINO, André Luis Nunes et al. Antioxidant and Antigenotoxic Actions of Gum Arabic on the
Intestinal Mucosa, Liver and Bone Marrow of Swiss Mice Submitted to Colorectal Carcinogenesis.
Nutrition and Cancer, v. 74, n. 3, 2022.

BAIEN, Shima Hassan ef al. Antimicrobial and Immunomodulatory Effect of Gum Arabic on Human
and Bovine Granulocytes Against Staphylococcus aureus and Escherichia coli. Frontiers in
Immunology, v. 10, 2020.

BARBA, Ignasi; CARRILLO-BOSCH, Laura; SEOANE, Joan. Targeting the Warburg Effect in
Cancer: Where Do We Stand? International Journal of Molecular Sciences, 2024.

BARROS, Heloise Ribeiro et al. Surface interactions of gold nanorods and polysaccharides: From
clusters to individual nanoparticles. Carbohydrate Polymers, v. 152, 2016.



BECKER, Alyssa L.; INDRA, Arup K. Oxidative Stress in Melanoma: Beneficial Antioxidant and
Pro-Oxidant Therapeutic Strategies. Cancers, 2023.

BHARDWAJ, Vikas; HE, Jun. Reactive oxygen species, metabolic plasticity, and drug resistance
in cancer. International Journal of Molecular Sciences, 2020.

BLANK, Lucas, M. W. et al. Neoadjuvant Nivolumab and Ipilimumab in Resectable Stage 111
Melanoma. New England Journal of Medicine, 2024.

BORGERS, Jessica S. W. et al. Personalized, autologous neoantigen-specific T cell therapy in
metastatic melanoma: a phase 1 trial. Nature Medicine, v. 31, n. 3, p. 881-893, 1 mar. 2025.

BROWN, Timothy P.; GANAPATHY, Vadivel. Lactate/GPR81 signaling and proton motive force
in cancer: Role in angiogenesis, immune escape, nutrition, and Warburg phenomenon.
Pharmacology and Therapeutics, 2020.

CANCER GENOME ATLAS NETWORK. Genomic classification of cutaneous melanoma. Cell, v.
161,n. 7, p, 2016.

CARREON GONZALEZ, José Luis; GARCIA CASILLAS, Perla Elvia, CHAPA GONZALEZ,
Christian. Gold Nanoparticles as Drug Carriers: The Role of Silica and PEG as Surface Coatings in
Optimizing Drug Loading. Micromachines, v. 14, n. 2, 2023.

CASTELLANI, Giorgia et al. BRAF Mutations in Melanoma: Biological Aspects, Therapeutic
Implications, and Circulating Biomarkers. Cancers, 2023.

CELESIA, Adriana et al. Oncogenic BRAF and p53 Interplay in Melanoma Cells and the Effects of
the HDAC Inhibitor ITF2357 (Givinostat). International Journal of Molecular Sciences, v. 24, n.
11,2023.

CESI, Giulia et al. ROS production induced by BRAF inhibitor treatment rewires metabolic processes
affecting cell growth of melanoma cells. Molecular Cancer, v. 16, n. 1, 8 jun. 2017.

CHEN, Chung Yu et al. DC-81-enediyne induces apoptosis of human melanoma A375 cells:
Involvement of the ROS, p38 MAPK, and AP-1 signaling pathways. Cell Biology and Toxicology, v.
29,n.2,2013.

CHITHRANI, B. Devika; GHAZANI, Arezou A.; CHAN, Warren C. W. Determining the size and
shape dependence of gold nanoparticle uptake into mammalian cells. Nano Letters, v. 6, n. 4, 2006.

CHUANG, Yao-Chen ef al. Recent Advances in Gold Nanomaterials for Photothermal Therapy.
Journal of Nanotheranostics, v. 3, n. 2, 2022.

CORAZAO-ROZAS, Paola et al. Mitochondrial oxidative stress is the achille’s heel of melanoma
cells resistant to Braf-mutant inhibitor. Oncotarget, v. 4, n. 11, 2013.

COUPLAND, S. E. et al. Molecular pathology of uveal melanoma. /n: 2013.

DANISHEVICH, Anastasiia et al. CDKN2A Gene Mutations: Implications for Hereditary Cancer
Syndromes. Biomedicines, v. 11, n. 12, 2023.

DASTGHEIB, Z. S. et al. Gold nanoparticles as promising photothermal agents for
cancer therapy: Recent advances and future perspectives. Heliyon, v. 10, n. 5, €28062, 2024.



DECKERS, E. A. et al. The association between active tumor volume, total lesion glycolysis and
levels of S-100B and LDH in stage IV melanoma patients. European Journal of Surgical Oncology,
v.46,n. 11, 2020.

DEINAVIZADEH, Maryam et al. An Overview of the Application of Gold Nanorods in Photothermal
Cancer Therapy. Materials Chemistry Horizons, v. 3, n. 4, p. 1-20, 1 dez. 2024.

DUMMER, Reinhard ef al. Randomized Phase I1I Trial Evaluating Spartalizumab Plus Dabrafenib and
Trametinib for BRAF V600-Mutant Unresectable or Metastatic Melanoma. Journal of Clinical
Oncology, v. 40, n. 13, 2022.

ELDER, David E. Melanoma progression. Pathology, v. 48, n. 2, p. 147-154, 2016.

FALCONE, Italia et al. Tumor microenvironment: Implications in melanoma resistance to
targeted therapy and immunotherapy. Cancers, 2020.

FATEEVA, Anna; EDDY, Kevinn; CHEN, Suzie. Current State of Melanoma Therapy and Next
Steps: Battling Therapeutic Resistance. CancersMultidisciplinary Digital Publishing Institute
(MDPI), , 1 abr. 2024.

FERNANDEZ, Manuel Felipe; CHOI, Jacob; SOSMAN, Jeffrey. New Approaches to Targeted
Therapy in Melanoma. Cancers, 2023.

FISCHER, Grant M. et al. Molecular profiling reveals unique immune and metabolic features of
melanoma brain metastases. Cancer Discovery, v. 9, n. 5, 2019.

GARREFFA, Emanuele; LEE, Rachel. Hereditary and familial cancer. Surgery (United
Kingdom), 2024.

GASHUA, 1. B.; WILLIAMS, P. A.; BALDWIN, T. C. Molecular characteristics, association and
interfacial properties of gum Arabic harvested from both Acacia senegal and Acacia seyal. Food
Hydrocolloids, v. 61, 2016.

GERSHENWALD, Jeffrey E. et al. Melanoma staging: Evidence-based changes in the American Joint
Committee on Cancer eighth edition cancer staging manual. CA: A Cancer Journal for Clinicians, v.
67,1n. 6,2017.

GONCALVES, Jenifer Pendiuk. Gold and silica in nanomedicine: promising materials for the
development of new cancer treatments. 2020. 153 f. Tese (Doutorado em Ciéncias — Biologia Celular e
Molecular) — Universidade Federal do Parana, Curitiba, 2020. Disponivel em:
https://acervodigital.ufpr.br/xmlui/handle/1884/67875. Acesso em: 26 ago. 2025.

GU, Minzhi et al. Epigenetic regulation in cancer. MedCommJohn Wiley and Sons Inc, , 1 fev.
2024,

GUO, Yuchen ef al. TERT Promoter Mutations and Telomerase in Melanoma. Journal of
Oncology, 2022.

GUREL, Zafer et al. Metabolic modulation of melanoma enhances the therapeutic potential of immune
checkpoint inhibitors. Frontiers in Oncology, v. 14, 2024.

HAYWARD, Nicholas K. et al. Whole-genome landscapes of major melanoma subtypes. Nature, v.
545,n. 7653, 2017.

HE, Jia Shuai et al. The Application of and Strategy for Gold Nanoparticles in Cancer



Immunotherapy. Frontiers in PharmacologyFrontiers Media S.A., , 7 jun. 2021.

HU, An et al. Curcumin induces G2/M cell cycle arrest and apoptosis of head and neck squamous cell
carcinoma in vitro and in vivo through ATM/Chk2/p53-dependent pathway. Oncotarget, v. 8, n. 31,
2017.

HUANG, Alexander C.; ZAPPASODI, Roberta. A decade of checkpoint blockade immunotherapy
in melanoma: understanding the molecular basis for immune sensitivity and resistance. Nature
Immunology, 2022.

HUANG, Junfeng et al. Metal organic framework-coated gold nanorod as an on-demand drug delivery
platform for chemo-photothermal cancer therapy. Journal of Nanobiotechnology, v. 19, n. 1, 1 dez.
2021.

INTERNATIONAL AGENCY FOR RESEARCH ON CANCER - IARC. Global Cancer
Observatory. Disponivel em: https://gco.iarc.ft/. Acesso em: 20 out. 2023.

JAIN, Suneil; HIRST, D. G.; O’SULLIVAN, J. M. Gold nanoparticles as novel agents for cancer
therapy. British Journal of Radiology, 2012.

JOHANSSON, Peter A. et al. Whole genome landscapes of uveal melanoma show an ultraviolet
radiation signature in iris tumours. Nature Communications, v. 11, n. 1, 2020.

JONES, Nicholas; NONAKA, Taichiro. Circulating miRNAs as biomarkers for the diagnosis in
patients with melanoma: systematic review and meta-analysis. Frontiers in Genetics, 2024.

AL-JUBORI Y, Ahmed NTB, et al., The Efficacy of Gum Arabic in Managing Diseases: A
Systematic Review of Evidence-Based Clinical Trials. Biomolecules 2023.

KALAORA, Shelly ef al. Mechanisms of immune activation and regulation: lessons from
melanoma. Nature Reviews Cancer, 2022.

KASTENHUBER, Edward R.; LOWE, Scott W. Putting p53 in Context. Cell, 2017.

KATTUMURLI, Vijaya et al. Gum arabic as a phytochemical construct for the stabilization of gold
nanoparticles: In vivo pharmacokinetics and X-ray-contrast-imaging studies. Small, v. 3, n. 2, 2007.

KESHARWANI, Prashant ef al. Gold nanoparticles and gold nanorods in the landscape of cancer
therapy. Molecular Cancer, 2023.

KHAN, Naseer Ullah et al. Synthesis of gold nanorods and their performance in the field of
cancer cell imaging and photothermal therapy. Cancer Nanotechnology, 2021.

KLEE, Gina et al. Dacarbazine in the management of metastatic melanoma in the era of immune
checkpoint therapy: A valid option or obsolete? Melanoma Research, v. 32, n. 5, 2022.

KNIGHT, Andrew; KARAPETYAN, Lilit; KIRKWOOD, John M. Immunotherapy in Melanoma:
Recent Advances and Future Directions. Cancers, 2023.

KOPECKA, Joanna et al. Hypoxia as a driver of resistance to immunotherapy. Drug Resistance
Updates, 2021.

KOZAR, Ines et al. Many ways to resistance: How melanoma cells evade targeted therapies.
Biochimica et Biophysica Acta - Reviews on Cancer, 2019.



KUMAR, Panangattukara Prabhakaran Praveen; LIM, Dong Kwon. Gold-Polymer Nanocomposites
for Future Therapeutic and Tissue Engineering Applications. Pharmaceutics, 2022.

KUS-LISKIEWICZ, Matgorzata; FICKERS, Patrick; BEN TAHAR, Imen. Biocompatibility and
cytotoxicity of gold nanoparticles: Recent advances in methodologies and regulations.
International Journal of Molecular Sciences, 2021.

LEE, Jae Hyeop et al. A Lucknolide Derivative Induces Mitochondrial ROS-Mediated G2/M Arrest
and Apoptotic Cell Death in BI6F10 Mouse Melanoma Cells. Marine Drugs, v. 22, n. 12, 1 dez.
2024.

LEE, Joanna et al. BRAF inhibitor cessation prior to disease progression in metastatic melanoma:
Long-term outcomes. European Journal of Cancer, v. 179, 2023.

LI Bin; LANE, Lucas A. Probing the biological obstacles of nanomedicine with gold nanoparticles.
Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, v. 11, n. 3, 2019.

LIU-SMITH, Feng; MEYSKENS, Frank L. Molecular mechanisms of flavonoeids in melanin
synthesis and the potential for the prevention and treatment of melanoma. Molecular nutrition
& food research, 2016.

LOPES, Joana et al. Combination of gold nanoparticles with near-infrared light as an alternative
approach for melanoma management. International Journal of Pharmaceutics, v. 668, 5 jan. 2025.

LOUREIRO, Joana B. et al. Targeting p53 for melanoma treatment: Counteracting tumour
proliferation, dissemination and therapeutic resistance. Cancers, v. 13, n. 7, 2021.

MA, Lin ef al. Breast cancer-associated mitochondrial DNA haplogroup promotes neoplastic growth
via ROS-mediated AKT activation. International Journal of Cancer, v. 142, n. 9, 2018.

MA, Weijie et al. The Expression and Prognostic Value of Multiple Glucose Transporters in
Cutaneous Melanoma. Anticancer Research, v. 44, n. 9, p. 3747-3756, 1 set. 2024.

MADONNA, Gabriele et al. PD-L1 expression with immune-infiltrate evaluation and outcome
prediction in melanoma patients treated with ipilimumab. Oncolmmunology, v. 7, n. 12, 2018.

MALEKAN, Mohammad; EBRAHIMZADEH, Mohammad Ali; SHEIDA, Fateme. The role of
Hypoxia-Inducible Factor-1alpha and its signaling in melanoma. Biomedicine and
Pharmacotherapy, 2021.

MALONE, Eoghan R. ef al. Molecular profiling for precision cancer therapies. Genome
Medicine, 2020.

MAQO, Yuan et al. Emerging artificial intelligence-driven precision therapies in tumor drug
resistance: recent advances, opportunities, and challenges. Molecular CancerBioMed Central Ltd,
, 1 dez. 2025.

MCGRAIL, Kimberley ef al. Loss of Lkb1 cooperates with BrafV600E and ultraviolet radiation,
increasing melanoma multiplicity and neural-like dedifferentiation. Molecular Oncology, v. 19, n. 2,
p- 329-343, 1 fev. 2025.

MISHRA, Deepshikha; BANERJEE, Debabrata. Metabolic Interactions Between Tumor and Stromal
Cells in the Tumor Microenvironment. /n: Advances in Experimental Medicine and Biology. /S./..
S.n.J. v. 1350.



MODERNA; MERCK. Moderna and Merck Announce mRNA-4157 (V940) in Combination with
KEYTRUDA® (pembrolizumab) Demonstrated Continued Improvement in Recurrence-Free Survival
and Distant Metastasis-Free Survival in Patients with High-Risk Stage III/IV Melanoma Following
Complete Resection Versus KEYTRUDA At Three Years. 2023. Disponivel em:
https://investors.modernatx.com/news/news-details/2023/Moderna-AndMerck-Announce-mRNA-
4157-V940-In-Combination-with-KeytrudaR-PembrolizumabDemonstrated-Continued-Improvement-
in-Recurrence-Free-Survival-and-Distant-MetastasisFree-Survival-in-Patients-with-High-Risk-Stage-
HIIV-Melanoma-Following-Comple/default.aspx. Acesso em: 21 mar. 2025

MOHAMED, Shaymaa A. et al. Gum Arabic: A Commodity with Versatile Formulations and
Applications. NanomaterialsMultidisciplinary Digital Publishing Institute (MDPI), , 1 fev. 2025.

MONI, Sivakumar S. et al. Advances in Materials Science for Precision Melanoma Therapy:
Nanotechnology-Enhanced Drug Delivery Systems. PharmaceuticsMultidisciplinary Digital
Publishing Institute (MDPI), , 1 mar. 2025.

MOTWANI, Jyoti; ECCLES, Michael R. Genetic and genomic pathways of melanoma
development, invasion and metastasis. Genes, 2021.

MUHAMMAD, Siti Nur Hasyila ef a/. Terpenoids: Unlocking Their Potential on Cancer Glucose
Metabolism. Phytotherapy ResearchJohn Wiley and Sons Ltd, , 1 dez. 2024.

MULLEN, Jaren et al. Targeting ARID1A mutations in cancer. Cancer Treatment Reviews, 2021.

NAYAK, Amit Kumar; PAL, Dilipkumar. Functionalization of Tamarind Gum for Drug Delivery. /n:
[S.L:S.n.].

PAPAGEORGIOU, Chryssoula et al. Melanoma: Staging and Follow-Up. Dermatology Practical &
Conceptual, 2021.

PATEL, Meet et al. Resistance to molecularly targeted therapies in melanoma. Cancers, 2021.

PETERS, Marcus et al. Allergy-Protective Arabinogalactan Modulates Human Dendritic Cells via C-
Type Lectins and Inhibition of NF-kB. The Journal of Immunology, v. 196, n. 4, 2016.

PISKOUNOVA, Elena et al. Oxidative stress inhibits distant metastasis by human melanoma cells.
Nature, v. 527, n. 7577, 2015.

PRASAD, Niranjan ef al. Gum arabic — A versatile natural gum: A review on production,
processing, properties and applications. Industrial Crops and Products, 2022.

QIU, Xun et al. Raman spectroscopy combined with deep learning for rapid detection of melanoma at
the single cell level. Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy, v.
286, 2023.

RICCIARDI, Elena et al. Metastatic Melanoma: Liquid Biopsy as a New Precision Medicine
Approach. International Journal of Molecular Sciences, 2023.

RIGHI, Matteo et al. Enhancing CAR T-cell Therapy Using Fab-Based Constitutively Heterodimeric
Cytokine Receptors. Cancer Immunology Research, v. 11, n. 9, 2023.

ROMANO, Veronica et al. Influence of tumor microenvironment and fibroblast population
plasticity on melanoma growth, therapy resistance and immunoescape. International Journal of
Molecular Sciences, 2021.



ROSA, Soraia et al. Biological mechanisms of gold nanoparticle radiosensitization. Cancer
Nanotechnology, 2017.

ROZENBLAT, Sharon et al. Induction of G2/M arrest and apoptosis by sesquiterpene lactones in
human melanoma cell lines. Biochemical Pharmacology, v. 75, n. 2, 2008.

RUIZ-IGLESIAS, Ainhoa; MANES, Santos. The importance of mitochondrial pyruvate carrier in
cancer cell metabolism and tumorigenesis. Cancers, 2021.

RUOCCO, Maria Rosaria et al. Metabolic flexibility in melanoma: A potential therapeutic target.
Seminars in Cancer Biology, 2019.

SAMPLE, Ashley; HE, Yu Ying. Mechanisms and prevention of UV-induced melanoma.
Photodermatology Photoimmunology and PhotomedicineBlackwell Publishing Ltd, , 1 jan. 2018.

SHAKED, Yaelle; SWEARINGEN, Alyssa; LIEBMAN, Tracey N. CDKN2A Mutation: A Patient’s
and Physician’s Experience. Dermatology and TherapyAdis, , 1 fev. 2025.

SHIRLEY, Matt. Encorafenib and Binimetinib: First Global Approvals. Drugs, v. 78, n. 12, 2018.

SIEDNAMOHAMMEDDEEN, Nagat ef al. The effect of gum Arabic supplementation on cathelicidin
expression in monocyte derived macrophages in mice. BMC Complementary Medicine and
Therapies, v. 22, n. 1, 2022.

SLOMINSKI, A. et al. The role of melanogenesis in regulation of melanoma behavior: Melanogenesis
leads to stimulation of HIF-1a expression and HIF-dependent attendant pathways. Archives of
Biochemistry and Biophysics, v. 563, 2014.

SUBBIAH, Vivek et al. Dabrafenib plus trametinib in BRAFV600E-mutated rare cancers: the phase 2
ROAR trial. Nature Medicine, v. 29, n. 5, 2023.

TAKAOKA, Yuji et al. Mitochondrial pyruvate carrier 1 expression controls cancer epithelial-
mesenchymal transition and radioresistance. Cancer Science, v. 110, n. 4, 2019.

TESTA, Ugo; CASTELLI Germana; PELOSI, Elvira. Melanoma: Genetic Abnormalities, Tumor
Progression, Clonal Evolution and Tumor Initiating Cells. Medical sciences (Basel, Switzerland),
2017.

THAMBIRAIJ, S.; HEMA, S.; RAVI SHANKARAN, D. Functionalized gold nanoparticles for drug
delivery applications. /n: 2018.

TIWARI, Pooja M. ef al. Functionalized gold nanoparticles and their biomedical applications.
Nanomaterials, 2011.

TORNESELLO, Maria Lina et al. Reactivation of telomerase reverse transcriptase expression in
cancer: the role of TERT promoter mutations. Frontiers in Cell and Developmental Biology,
2023.

VAUPEL, Peter; MULTHOFF, Gabriele. Revisiting the Warburg effect: historical dogma versus
current understanding. Journal of Physiology, 2021.

VINES, Jeremy B. et al. Gold nanoparticles for photothermal cancer therapy. Frontiers in
ChemistryFrontiers Media S.A., , 2019.



WANG, Jiandong ef al. Nanocarrier-Mediated Immunogenic Cell Death for Melanoma
Treatment. International Journal of Nanomedicine, 2023.

WANG, Liqin ef al. An Acquired Vulnerability of Drug-Resistant Melanoma with Therapeutic
Potential. Cell, v. 173, n. 6, 2018.

WANG, Meng et al. Integrated genomic analyses of acral and mucosal melanomas nominate novel
driver genes. Genome Medicine, v. 14, n. 1, 2022.

WANG, Ruilong et al. Unraveling lipid metabolism reprogramming for overcoming drug
resistance in melanoma. Biochemical Pharmacology, 2024.

WEL Jing et al. Current trends in sensitizing immune checkpoint inhibitors for cancer treatment.
Molecular CancerBioMed Central Ltd, , 1 dez. 2024.

WETI, Spencer C.; DUFFY, Colm R.; ALLISON, James P. Fundamental mechanisms of immune
checkpoint blockade therapy. Cancer Discovery, 2018.

WOZNIAK, Michal; CZYZ, Malgorzata. The functional role of long non-coding rnas in
melanoma. Cancers, 2021.

XIAO,Jing Lin, et al. Green synthesis, chemical characterization of gold nanoparticles
decorated on biodegradable arabic gum modified magnetic nanoparticles for the treatment of
leukemia. Inorganic Chemistry Communications, v. 146, p. 110171, 2022.

YANG, Ting Ting et al. The Genomic Landscape of Melanoma and Its Therapeutic Implications.
Genes, 2023.

YOON, S., Hwang, B.H. Selective cytotoxicity of citrate-stabilized gold nanorods against
aggressive cancer cells and their potential in the melanoma treatment. Biotechnol Bioproc E

2024

ZENG, Leli ef al. Advancements in nanoparticle-based treatment approaches for skin cancer
therapy. Molecular Cancer, 2023.

ZHANG, Jie et al. Redox pathways in melanoma. Advances in Cancer Research, v. 162, p. 125-143,
1 jan. 2024.

ZHANG, Yumin et al. Enhanced Radiosensitization by Gold Nanoparticles with Acid-Triggered
Aggregation in Cancer Radiotherapy. Advanced Science, v. 6, n. 8, 17 abr. 2019.

ZHENG C, Sarin KY. Unveiling the genetic landscape of hereditary melanoma: From
susceptibility to surveillance. Cancer Treat Res Commun, 2024.

ZHU, Xiao Ming et al. Cellular uptake behaviour, photothermal therapy performance, and cytotoxicity
of gold nanorods with various coatings. Nanoscale, v. 6, n. 19, 2014,

Documento assinado digitalmente
“b JOSE EDUARDO VARGAS
g Data: 17/06/2025 09:51:12-0300

Verifique em https://validar.iti.gov.br

Assinatura da discente Assinatura do orientador






