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Resumo

O cancro é uma das principais causas de morte em todo o mundo, cuja incidéncia se preveée
que continue a aumentar ao longo das proximas décadas. A elevada taxa de mortalidade
associada a esta doenca é explicada pela toxicidade nao especifica e reduzida eficacia
terapéutica dos tratamentos usados na clinica, nomeadamente a cirurgia, quimioterapia
e radioterapia. Em particular, os agentes quimioterapéuticos apresentam uma rapida
degradacdo bem como reduzida solubilidade e seletividade para as células cancerigenas.
Dentro das novas abordagens terapéuticas que tém vindo a ser desenvolvidas,
destaca-se a aplicacdo de nanomateriais capazes de mediar um efeito fototérmico (i.e.
aumentar a temperatura em resposta a um estimulo de luz com um determinado
comprimento de onda), com o objetivo de eliminar as células cancerigenas. Dentro dos
varios nanomateriais aplicados na terapia fototérmica (PTT), destacam-se as
nanoparticulas de ouro revestidas com silica (AuMSS) que apresentam excelentes
propriedades fisico-quimicas que permitem a sua acao como agentes fototérmicos e de
entrega de farmacos. Os diferentes parametros do niicleo de ouro (e.g. tamanho, forma)
podem ser ajustados para melhorar a capacidade fototérmica destas nanoparticulas e,
consequentemente, a sua eficicia terapéutica. Adicionalmente, a combinacdo das
nanoparticulas AuMSS com outros materiais e moléculas pode melhorar a eficicia
fototérmica das mesmas. Apesar do elevado potencial terapéutico apresentado por estas
nanoparticulas, a sua aplicacao clinica é dificultada pelo seu reduzido tempo de

circulacao na corrente sanguinea e baixa especificidade para o tecido tumoral.

Desta forma, o trabalho desenvolvido durante o meu 2° ano de mestrado teve como
objetivo proceder a funcionalizacdo da superficie das nanoparticulas AuMSS em forma
de bastonete com polimeros biofuncionais, com a finalidade de aumentar o seu tempo
de circulacdo na corrente sanguinea e ainda incrementar a sua internalizacio pelas
células cancerigenas. Para tal, as AuMSS em forma de bastonete foram quimicamente
modificadas com Polietilenoglicol metil éter (PEG-CH;) e Gelatina (GEL). O PEG-CH,4
foi escolhido devido a sua natureza anfifilica e elevada solubilidade, propriedades estas
que permitem reduzir a adsorcao de proteinas na superficie das nanoparticulas e,
consequentemente, aumentar o seu tempo de circulagdo na corrente sanguinea. Por
outro lado, a GEL trata-se de um polimero natural que possui na sua constituicao
sequéncias de aminoacidos de arginina-glicina-acido aspartico (RGD) cujos recetores
estdo sobreexpressos nas células cancerigenas. Paralelamente, o IR780 foi também

encapsulado pela primeira vez nas nanoparticulas AuMSS de forma a aumentar a sua
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capacidade fototérmica e fotodinamica e, consequentemente, o seu potencial

terapéutico.

Os resultados obtidos neste estudo demonstraram que o revestimento dos AuMSS em
forma de bastonete com os polimeros GEL e PEG-CH; permitiu a neutralizacao da carga
de superficie das nanoparticulas de -23 para -7.46 mV. O sucesso da ligacdo dos
polimeros as nanoparticulas foi ainda confirmado por analise termogravimétrica (TGA)
e por espectroscopia de infravermelho por transformada de Fourier (FTIR). Nos estudos
efetuados in vitro, as nanoformulacoes mostraram ser biocompativeis quando em
contacto com células cancerigenas (cancro do colo do tutero) e células saudaveis
(fibroblastos) até a méaxima concentracdo testada de 200 pg.mL. Adicionalmente a
funcionalizacao das nanoparticulas com GEL aumentou a sua internalizaciao pelas
células cancerigenas nao afetando a sua capacidade fototérmica. Contudo a encapsulacao
do IR780 (IR780@AuMSS/T-PEG-CH;/T-GEL) promoveu um aumento da capacidade
fototérmica das nanoparticulas e da geracao de espécies reativas de oxigénio (ROS). Por
fim, todas as nanoformulacoes estudadas foram capazes de induzir eficazmente a morte

das células cancerigenas.

Em suma, os resultados obtidos confirmam que a funcionaliza¢do das nanoparticulas
com os polimeros GEL e PEG-CH; foi bem-sucedida. Adicionalmente, foi ainda
demostrado o potencial da combinacdo das nanoparticulas AuMSS com o IR780,
podendo estas realizar simultaneamente PTT e terapia fotodindmica com

direcionamento para as células cancerigenas.
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Resumo alargado

O cancro é uma das principais causas de morte em todo o mundo, cuja incidéncia se preveée
que continue a aumentar ao longo das proximas décadas. A elevada taxa de mortalidade
associada a esta doenca é explicada pela toxicidade nao especifica e reduzida eficacia
terapéutica dos tratamentos usados na clinica, nomeadamente, a cirurgia, quimioterapia
e radioterapia. Em particular, a quimioterapia € o tratamento mais utilizado, apesar das
suas diversas limitacoes. Os agentes quimioterapéuticos administrados apresentam uma
baixa solubilidade em &gua, sao facilmente degradados e eliminados, apresentam uma
baixa seletividade para o tecido tumoral, bem como diversos efeitos secundarios
associados e, consequentemente, uma baixa eficacia terapéutica. Para além disso, as
células cancerigenas podem adquirir um fenotipo de resisténcia a multiplos farmacos o
que limita ainda mais a eficicia deste tipo de tratamento. Desta forma, torna-se urgente

o desenvolvimento de novas abordagens terapéuticas no combate ao cancro.

Os avancos na area da nanotecnologia permitiram o desenvolvimento de diferentes
sistemas a escala nanométrica capazes de ultrapassar as limitacoes apresentadas pelas
terapias convencionais, abrindo assim caminho para uma nova geracao de
medicamentos que podem ser aplicados no tratamento do cancro. Estes nanosistemas
(nanoparticulas) constituem uma abordagem terapéutica promissora, uma vez que
possuem a capacidade de encapsular firmacos, protegem-nos da degradacdo e
eliminacao prematura, controlam a sua libertacao e permitem que estes sejam entregues
especificamente as células cancerigenas. Paralelamente, a terapia fototérmica (PTT)
mediada por nanomateriais tem atraido a atencao de diferentes investigadores em todo
mundo. Esta abordagem terapéutica explora a capacidade intrinseca que as
nanoparticulas possuem em se acumularem no tumor. Uma vez presentes no tumor e
sob exposicao a estimulos especificos, nomeadamente radiacdo do infravermelho
proximo (NIR), determinadas nanoparticulas conseguem converter a energia da luz
incidente em calor. Este aumento de temperatura localizado na regiao do tumor podera
induzir efeitos citotoxicos nas células cancerigenas, que podem levar a sua destruicao ou
sensibilizacao para outras terapias (e.g. quimioterapia). A utilizacao de luz na regiao NIR
permite que este tipo de terapia nao induza danos nos tecidos saudaveis, uma vez que o
comprimento de onda utilizado (750-1,100 nm) nao interage com os componentes
bioldgicos. Desta forma, a acdo combinada da quimioterapia com a PTT constitui uma

das abordagens anticancerigenas mais exploradas.
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Dentro dos nanomateriais com capacidade de mediar um efeito fototérmico, as
nanoparticulas de ouro com revestimento de silica (AuMSS) possuem propriedades
fisico-quimicas unicas, que permitem a sua aplicacdo nao s6 na terapia (p.ex. PTT,
entrega de farmacos) como na imagiologia. O nicleo de ouro possui elevada absorcao na
regido NIR conferindo a capacidade de converter a energia da radiacdo incidente em
calor. Este aumento de temperatura podera promover alteracoes celulares irreversiveis
nas células cancerigenas. Por sua vez, o revestimento com silica mesoporosa protege o
nucleo de ouro de fendmenos de degradacao e agregacao, servindo ainda como um local
de carga adicional para o encapsulamento de diferentes agentes terapéuticos no interior
dos seus poros. Apesar do elevado potencial terapéutico apresentado por estas
nanoparticulas a sua aplicacao é muitas vezes dificultada pelo seu reduzido tempo de

circulacao na corrente sanguinea e reduzida especificidade para o tecido tumoral.

Desta forma, diversas abordagens tém vindo a ser desenvolvidas com o intuito de
melhorar a capacidade fototérmica das nanoparticulas bem como a sua especificidade
para o tecido tumoral. No caso das nanoparticulas a base de ouro, a otimizacao da eficicia
fototérmica pode ser conseguida através do ajuste de diferentes parametros fisicos (e.g.
tamanho, forma) bem como através da sua combinacdo com outros materiais e
moléculas. Adicionalmente, a superficie das nanoparticulas pode ser modificada com
agentes (p.ex. anticorpos, aptameros, proteinas) que vao permitir o direcionamento ativo
destas para o tecido tumoral, explorando o reconhecimento especificos de moléculas

sobreexpressas ou unicamente expressas nas células cancerigenas.

Assim sendo, o trabalho desenvolvido durante o meu 2° ano de mestrado teve como
objetivo proceder a funcionalizacdo da superficie das nanoparticulas AuMSS em forma
de bastonete com polimeros biofuncionais. Esta modificacdo de superficie teve como
finalidade aumentar o tempo de circulacao das nanoparticulas na corrente sanguinea e
ainda incrementar a sua internalizacdo pelas células cancerigenas. Para tal, o
Polietilenoglicol metil éter (PEG-CH;) e a Gelatina (GEL) foram quimicamente
imobilizados na superficie das AuMSS. O PEG-CH; foi escolhido devido a sua natureza
anfifilica e elevada solubilidade. Estas propriedades permitem reduzir a adsorcao de
proteinas na superficie das nanoparticulas e, consequentemente, aumentar o seu tempo
de circulacao na corrente sanguinea e ainda a probabilidade de se acumularem no tumor.
Por outro lado, a GEL trata-se de um polimero natural, biodegradavel e biocompativel
que possui na sua constituicdo sequéncias de aminoacidos de arginina-glicina-acido
aspartico (RGD) cujos recetores de integrinas avf3; estao sobreexpressos nas membranas
das células cancerigenas. Paralelamente, o IR780 foi também encapsulado pela primeira

vez nas nanoparticulas AuMSS. Esta molécula tem a capacidade de promover um
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aumento de temperatura (PTT) e ainda produzir espécies reativas de oxigénio (terapia
fotodinamica-PDT) sob acdo de um laser NIR. Contudo quando presente na sua forma
livre, o IR780 possui uma baixa solubilidade e elevada toxicidade. Desta forma, a
combinacdo das nanoparticulas AuMSS e IR780 permitirdA aumentar a capacidade
fototérmica e fotodinamica do nanosistema e, consequentemente, o seu potencial

terapéutico.

Os resultados obtidos neste estudo demonstram que as AuMSS em forma de bastonete
apresentaram uma morfologia uniforme, com um nicleo de ouro e revestimento de silica
bem definidos. A funcionalizacdo dos AuMSS em forma de bastonete com a GEL e PEG-
CHj, foi efetuada através de uma reacao de condensacao entre as AuMSS e os polimeros
previamente modificados com um silano (Isocianato de 3-(trimetoxisilil)
propril-TESPIC). A modificacao das AuMSS com GEL e PEG-CH; resultou na
neutralizacao da carga de superficie dos AuMSS de -23 para -7.46 mV. Adicionalmente,
a imobilizacdo da GEL e PEG-CHj; na superficie das AuMSS foi ainda confirmada através
das técnicas de FTIR e TGA. Por outro lado, avaliando a capacidade fototérmica dos
nanosistemas observou-se que tanto as AuMSS e AuMSS/T-PEG-CH;/T-GEL mediaram
um aumento de temperatura de =35°C quando irradiadas com radiacao NIR. Contudo,
as nanoparticulas AuMSS/T-PEG-CH;/T-GEL carregadas com IR780 apresentaram
uma capacidade fototérmica superior promovendo um aumento de temperatura de
aproximadamente =40°C. Nos ensaios biologicos in vitro, foi demostrada a
biocompatibilidade das AuMSS e AuMSS/T-PEG-CH;/T-GEL até concentracoes
méximas de 200 pug.mL. Para além disso, verificou-se que a funcionalizacao com GEL
aumentou a internalizacdo das nanoparticulas pelas células cancerigenas do colo do
atero. Adicionalmente, também foi verificado que a encapsulacio do IR780
(IR780@AuMSS/T-PEG-CH;/T-GEL) além de aumentar a capacidade fototérmica das
nanoparticulas também promove uma maior geracao de espécies reativas de oxigénio
(ROS) quando irradiadas com luz NIR. Por fim, foi observado que as
AuMSS/T-PEG-CH;/T-GEL mediavam a destruicao completa das células cancerigenas,
independentemente da presenca ou auséncia de IR780, quando irradiadas com luz NIR
e a concentracoes superiores a 100 ug.mL?. Por outro, foi observada uma maior
toxicidade nas AuMSS/T-PEG-CH;/T-GEL contendo IR780 quando a concentracao das

nanoparticulas foi reduzida para 50 ug.mL™.

Em suma, os resultados obtidos confirmam a modificacao da superficie das AuMSS em
forma de bastonete com os polimeros GEL e PEG-CHj. Esta funcionalizacao aumentou a
seletividade das AuMSS para as células cancerigenas do colo do ttero. Adicionalmente,

foi ainda demonstrado o potencial da combinacao das nanoparticulas AuMSS com o
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IR780, podendo este nanosistema realizar simultaneamente PTT e PDT, o que

consequentemente se traduz numa maior capacidade anticancerigena.
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Abstract

Cancer is one of the leading causes of death worldwide and its incidence is expected to
continue to increase over the next few decades. Such is explained by the non-specific
toxicity and reduced therapeutic efficacy displayed by conventional treatments currently
used in the clinic, namely surgery, chemotherapy, and radiotherapy. Particularly,
chemotherapeutic agents are rapidly degraded and present a reduced solubility and
selectivity to cancer cells. Among the new therapeutic approaches that have been
developed, the application of nanomaterials capable of mediating a photothermal effect
(i.e. increasing the temperature in response to a light stimulus with a specific
wavelength), to induce the cancer cell deaths have been gaining increased attention.
Among the several nanomaterials applied in photothermal therapy (PTT), gold core silica
shell (AuMSS) nanoparticles presented excellent physicochemical properties that allow
their application as photothermal and drug delivery agents. Different parameters of the
gold core (e.g. size, shape) can be optimized to improve the photothermal capacity of
these nanoparticles, and consequently their therapeutic efficacy. Additionally, the
combination of AuMSS nanoparticles with other materials and molecules can also
improve their photothermal effectiveness. However, despite the high therapeutic
potential of AuMSS nanoparticles, their clinical application is hampered by their reduced

circulation time in the bloodstream and lack of specificity to the tumoral tissue.

Taking this into account, the research work developed during the second year of my MSc
aimed to develop a new surface functionalization for rod-shaped AuMSS nanoparticles,
based in biofunctional polymers to increase both its half-life in the bloodstream and
internalization by cancer cells. For this purpose, the rod-shaped AuMSS nanoparticles
were chemically modified with Polyethyleneglycol methyl ether (PEG-CH;) and Gelatin
(GEL). The PEG-CH; was chosen due to its amphiphilic nature and high solubility, which
reduces the protein adsorption on the nanoparticles’ surface and consequently increases
its blood circulation time. On the other hand, GEL is a natural polymer that contains
arginine-glycine-aspartic acid (RGD) amino acid sequences with specificity for receptors
overexpressed in cancer cells. Simultaneously, the encapsulation of IR780 was also
tested for the first time in AuMSS nanoparticles to increase the photothermal and

photodynamic capacity, and consequently its therapeutic potential.

The obtained results demonstrated that the functionalization of rod-shaped AuMSS

nanoparticles with GEL and PEG-CH; polymers led to a neutralization of the surface



charge from -23 to -7.46 mV. The successful incorporation of the polymers on
nanoparticles surface was also confirmed by thermogravimetric analysis (TGA) and by
Fourier transform infrared spectroscopy (FTIR). The in vitro studies demonstrated the
biocompatibility of the different nanoformulations when in contact with cancer cells
(cervical cancer) and healthy cells (fibroblasts) up to the maximum tested concentration
of 200 pg.mL*. Additionally, the AuMSS functionalization with GEL increased their
internalization by cancer cells without affecting their photothermal capacity. Otherwise,
it was also observed that the encapsulation of IR780 resulted in an enhanced
photothermal capacity of AuMSS/T-PEG-CH;/T-GEL nanoparticles and increased the
generation of reactive oxygen species (ROS) upon irradiation with a NIR laser. Finally,
the AuMSS/T-PEG-CH;/T-GEL nanoparticles were capable of effectively inducing the

death of cancer cells.

In summary, the obtained results confirm the successful functionalization of AuMSS
nanoparticles with the GEL and PEG-CHs;. Additionally, the potential of the
AuMSS/IR780 combination was also demonstrated, where this nanosystem can
simultaneously perform PTT and photodynamic therapy (PDT), which translates to an

enhanced anticancer capacity.

Keywords

Cancer, gold core silica shell nanoparticles, photothermal therapy, IR780, GEL,
PEG-CH,.
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Chapter 1

I
Introduction

This chapter is based on the publication entitled: “Strategies for improving the

photothermal capacity of gold-based nanomedicines”, Acta Biomaterialia, 2020



1. Introduction

1.1. Cancer development, hallmarks, and treatments

1.1.1. Cancer

Cancer is one of the leading causes of death, with a growing incidence in the worldwide
population [1]. In the current year, only in the United States of America (USA), it is
predicted that more than one million eight hundred thousand new cancer cases will be
detected and cancer will be responsible for more than six hundred thousand deaths [2].
Moreover, in the world, it is estimated that 1 in 5 men and 1 in 6 women develop cancer
during their lifetime, and 1 in 8 men and 1 in 10 women die from cancer every year [3].
In Portugal, sixty thousand new cases and thirty thousand of cancer-related deaths were
registered in 2018. Further, in the next five years, it is expected that the number of
prevalent cancer cases will be approximately one hundred and fifty thousand [3]. As a
matter of fact, a study developed by Direcao Geral de Satide (2017) reports that cancer

incidence has been increasing at a rate of 3% per year, in Portugal [4].

Cancer is a highly complex group of diseases whose mechanisms are not yet fully
understood. However, several risk factors have been associated with increased
probabilities to develop cancer, including diet, smoking, alcohol and drug consumption,
obesity, infections, and genetic predisposition [5, 6]. Moreover, the exposure to
environmental agents (e.g. pollution and radiation), as well as the global population
growth and aging, have been associated with cancer development [5]. Additionally, the
gender of the population is also considered to be a factor in cancer prevalence [7]. In the
most recent reports, men are the most affected by cancer, registering higher mortality
and incidence rates. In men, lung cancer is the most prevalent and lethal, followed by
prostate and colorectum cancer. In contrast, breast cancer is the most prevalent type of

cancer in women, followed by lung and cervical cancer [3].

1.1.2. Cancer development and hallmarks

Cancer is a highly complex group of diseases characterized by the formation of a
heterogeneous tissue that shows uncontrolled cellular proliferation through a multistep
process in response to genetic and epigenetic alterations [8]. These alterations can
ultimately lead to the malignant transformation of normal cells and promote the invasion

of surrounding tissues or migration to other sites in the body [9].

Apart from cancer cells, cancer tissue is also composed of immune and stromal cells
(e.g. endothelial cells and fibroblast), compounds of the extracellular matrix (ECM)

(e.g. collagen), and signalling molecules that form the tumor microenvironment (TME)



[10]. The elements of TME establish dynamic interactions that play an important role in
tumor establishment, progression, and metastasis. In fact, the interaction of cancer cells
with TME elements can trigger different pro-survival, invasion, and proliferation
pathways that are crucial for cancer development and progression. In this way, Hanahan
and Weinberg defined several key characteristics designated by hallmarks of cancer that
are responsible for the development, maintenance, and progression of cancer cells [11].
The capacity of cancer cells to maintain their proliferative signalling is one of its most

important characteristics [11].
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Figure 1: Cancer cells’ hallmarks and examples of the drug types that target each one of these key
characteristics for tumor growth and progression (Adapted from [11]).

In this way, cancer cells possess the ability and autonomy to produce their growth factors
through autocrine signalling (e.g. platelet-derived growth factor), to stimulate the TME
elements to produce growth factors (paracrine signalling) or even overexpress the
receptors related to cell growth pathways [12, 13]. Thus, cancer cells become less
dependent on the surrounding tissues and will be more responsive to lower levels of
growth factors. On the other hand, cancer cells can become insensitive to anti-growth
factors, particularly those responsible for cell apoptosis regulation (e.g. tumor
suppressor protein 53 and retinoblastoma protein) and simultaneously increase the
expression of anti-apoptotic proteins (e.g. B-cell lymphoma 2 family) [14-16].

Additionally, the overexpression of telomerase confers to cancer cells the potential to



replicate indefinitely. The telomerase is a DNA polymerase responsible for maintaining
the length of telomeres (chromosomal ends of DNA) by adding repeated sequences to the
DNA ends. In normal cells, the expression of telomerase is mostly absent, and through
the replicative cycles the capacity to conserve the telomeres decreases, which
consequently leads to cell apoptosis or senescence. In opposite, the overexpression of
telomerase in cancer cells maintains the telomeres integrity, prevents the DNA damages,

and avoids cancer cell death [17, 18].

Due to the high proliferative state of cancer cells, the continuous supply of nutrients and
oxygen is crucial as well as an alternative to eliminate all metabolic wastes. All these facts
require high tumor vascularization (blood and lymphatic vessels) and blood supply. Thus
cancer cells can induce angiogenesis through the activation of angiogenic inducers
(e.g. platelet-derived growth factors, vascular endothelial growth factor, and
angiopoietins), and suppressing angiogenic inhibitors (e.g. thrombospondin-1), which
facilitates the formation of new blood vessels [19, 20]. Additionally, cancer cells can
acquire an invasive phenotype and metastasize through the inhibition of cell-cell and
cell-ECM adhesion molecules (e.g. E-cadherin) and increase the production of enzymes
that degrade the ECM. This in conjugation with a defective tumor vasculature
(1.e. fenestra’s with an abnormal size) enables the extravasation of cancer cells to other
sites in the body [21, 22]. In recent years, it was also described that cancer cells can
modify their cellular metabolism (glycolytic pathways) to support the high proliferative
state and improve tumor progression [11]. Additionally, it was also described that cancer
cells can evade recognition from the immune system and consequently avoid cellular

destruction [11].

1.1.3. Conventional therapies

Currently, in the clinic, the most common treatments for cancer are surgery [23, 24],
chemotherapy [25, 26], and radiotherapy [27, 28]. Particularly, the patients are subject
to a combination of these therapies, usually a combination of surgery with chemotherapy
and/or radiotherapy [28]. However, these therapeutic procedures are not selective,
present a reduced efficacy, and promote several side effects (e.g. nausea, fatigue, pain,
infertility, and cardiovascular toxicity) that in some cases can lead to organ failure or
even patient death [29, 30]. In the case of surgery, the complete removal of the tumor is
not guaranteed, and the surrounding healthy tissues can be affected during the
procedure [31]. Similarly, radiotherapy can affect healthy tissues close to the tumor or
even induce systemic damages [32]. In turn, chemotherapy uses highly cytotoxic drugs
that present a low bioavailability, non-specific toxicity, rapid degradation, and low water

solubility [33, 34]. Moreover, cancer cells can acquire a multipledrug resistance (MDR)



phenotype, being another factor that contributes to the reduction of the therapeutic
effectiveness of chemotherapeutic agents [35]. In this case, cancer cells can surpass and
modify the drugs’ mechanisms of action by inhibiting the apoptosis, inducing mutations
in the drug target, reducing the drugs’ absorption, increasing the DNA repair and
membrane transporters that are involved in drug efflux (e.g. glycoprotein P) [36].
Additionally, cancer cells with an MDR phenotype to a specific drug can acquire
resistance to other drugs, even those with different chemical structures and mechanisms

of action [37].

Despite the low efficacy and safety of chemotherapy, this remains in most cases the first
line of treatment for cancer therapy [34]. In this way, a huge effort has been made to
develop novel and more effective anti-cancer therapeutics, such as gene therapy [38],

immunotherapy [39], and hyperthermia [40].

1.2. Hyperthermia

Currently, hyperthermia is one of the most studied modalities for cancer treatment [41].
Hyperthermia-based cancer therapies explore the exposition of the tumor site to higher
temperatures to eliminate the cancer cells. Temperatures superior to 45°C can induce
proteins denaturation and DNA damages as well as inhibit different cellular functions
that will trigger the death of cancer cells [42, 43]. Alternatively, cancer cells can become
more sensitized to other therapies (e.g. chemotherapy, radiotherapy) when temperature
range between 40-45°C (mild hyperthermia). Conventional hyperthermia approaches
often rely on outside-in approaches (e.g. superficial, regional, and whole-body
hyperthermia) mediated by external sources (e.g. microwaves, radiofrequency, and
thermal baths) to induce an increase in the tumor tissue temperature. The superficial
hyperthermia increases the temperature in a small area and is used for treating
superficial tumors or metastases in the skin or superficial tissues [44]. In the case of
regional hyperthermia, entire tissues and organs are targeted [44, 45], whereas in the
whole-body hyperthermia the overall temperature of the body is raised [44, 46].
However, in these approaches, the maximum temperature is reached in the body surface
and decreases with the distance from the external heat source, which reduces the
therapeutic efficacy. Moreover, the healthy tissues are also affected which can lead to

several side effects [47].

Due to this, different studies have been performed to develop novel and more efficient
approaches to surpass the limitations of conventional hyperthermia. To accomplish that,
nanoparticles capable of generating heat in response to outside stimuli have been applied

to trigger a localized and selective thermal ablation with minimal damages in the



surrounding healthy tissues [48]. The nanomaterials take advantage of their reduced size
and the defective vasculature of tumors to become accumulated in cancer cells [47, 49].
Once accumulated in the tumor, the nanoparticles can mediate the thermal ablation of
cancer cells in response to an external stimulus (e.g. near-infrared (NIR) laser, magnetic
field, and ultrasound) [48]. This fact led to the development of nanomedicine-based
hyperthermia therapies that can be classified in magnetic, ultrasound, and photothermal
based hyperthermia therapies. Particularly, the nanomedicine-based photothermal
therapy (PTT) is one of the most applied hyperthermia therapies, triggering the selective
ablation of cancer cells by irradiation of the tumor area with a NIR laser [50]. The
application of NIR radiation (700-1,200 nm) is crucial since the major components of
the human body (e.g. water, proteins, collagen, hemoglobin) present an insignificant
absorption in this region of the electromagnetic spectrum, which decrease the
interactions and possible damages on healthy tissues [47, 51]. Moreover, the optical
transparency of the human body to NIR radiation allows the minimization of absorption
and scattering phenomena, which improves the radiation penetration and photothermal

efficacy [47].

1.2.1. Nanomaterials application in photothermal therapy

The PTT mediated by nanomaterials is highly dependent on several parameters such as
the capacity of the nanomaterials to generate heat and its selectivity towards the tumor
tissue as well as the laser irradiation parameters. Considering the systemic
administration, the nanomaterials must be able to accumulate in the tumor tissue by
passive accumulation (enhanced permeability and retention effect or vascular burst
events) and/or active targeting (receptor-ligand or antigen-antibody interactions)
[52, 53]. Therefore, the nanomaterials bioavailability in tumors is closely linked to
several physicochemical parameters such as the nanoparticle size, surface charge,
corona, and surface moieties, as reviewed in detail by [54, 55]. Then, the nanomaterials
PTT is triggered by irradiating the tumor zone with a light source, usually a NIR laser.
Several laser light parameters affect the heat generation by the nanomaterials, such as
wavelength, power density, number of irradiations, laser distance, and duration [56-59].
The biological transparency windows located in the NIR region of spectra (i.e. NIR-I;
700—900 nm and NIR-II; 1,000—-1,700 nm) decrease the off-target interaction of the
radiation and endow a deeper penetration in the body [60]. Further, the laser wavelength
should also match the absorption peak of the nanomaterial to maximize the heat
generation (Figure 2) [61]. Otherwise, the power density (total energy per second
delivered into a specific area) of NIR irradiation will influence the penetration depth and

the heat generated by the nanomaterials [62]. The utilization of higher power densities



is associated with an increased nanoparticle excitation and heat generation [63].
Nevertheless, excessive power densities can also induce side-effects (e.g. skin burns) due
to off-target interaction [64]. Furthermore, the photothermal effect can also be enhanced
by optimizing the duration of the laser irradiation and the application of multiple
irradiation sessions [65, 66]. Upon the irradiation of the tumor site, the radiation-to-heat
conversion efficiency of nanoparticles will be determinant for achieving an effective PTT.
In gold-based nanomaterials, the radiation-to-heat conversion efficiency is dependent
on the localized surface plasmon resonance (LSPR) phenomenon (defined by the
nanoparticle size and shape) and can be enhanced through the combination of gold with
other materials (e.g. silica, iron oxide, and graphene) or small molecules (e.g. IR780 and

Indocyanine green (ICG)) (reviewed in section 1.2.5.).

1.2.2. Gold nanomaterials

Gold nanoparticles have been widely explored for cancer therapy applications, such as
drug delivery and PTT [67]. Particularly, in PTT different design criteria affect the gold
nanomaterials performance, such as the LSPR phenomenon, the radiation-to-heat
conversion efficiency, and the surface functionalization. The LSPR phenomenon is
defined by the light-induced resonant oscillation of the free electrons on the particle’s
surface, which can result in the light scattering or absorption [68]. Upon light
absorption, the free electrons progress to an excited state and can release the absorbed
energy in the form of heat during relaxation [69]. In gold nanomaterials, the LSPR
wavelength can be adjusted to the NIR region by fine-tuning the particle size and
organization [70]. Additionally, the shape also plays an important role in the LSPR
phenomenon of gold nanomaterials. In this regard, the sphere, rod, star, and cage-like
shapes are the most explored ones for the biological application of gold nanomaterials,
namely in cancer PTT. Nevertheless, it is worth to notice that there are less explored
shapes such as nanovesicles [71-73], bellflowers [74-76], nanobipyramids [77], and
nanoprisms [78-83] that can also be explored to mediate a photothermal effect in
response to irradiation with a NIR laser. The optimization of gold nanostructures to
match the LSPR wavelength with the NIR laser irradiation results in increased energy

absorption and consequently an enhanced heat generation (Figure 2).
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Figure 2: Representation of the main factors affecting the gold nanoparticles PTT performance. The light-
to-heat conversion efficiency and consequently the thermal ablation is directly affected by the shape and size
of gold nanoparticles as well as the laser irradiation parameters, such as power laser wavelength, power
density, and irradiation time.

1.2.3. Optimization of the gold nanomaterials’ size and shape

1.2.3.1. Nanostructures based on gold nanospheres

The gold nanoparticles are usually produced by promoting the nucleation of gold atoms
upon the reduction of a gold source in the presence of stabilizing agents [84]. The gold
spheres are originated when this reaction occurs under thermodynamically controlled
conditions [85]. Nevertheless, the optimization of the gold nanospheres size only leads
to slight changes in the LSPR absorption band, in the 500 to 600 nm region [86].
Alternatively, the organization of gold nanospheres as clusters or shells has
demonstrated the ability to imprint in the nanosystem a PTT capacity [87, 88]. This

change in the physical properties of the gold nanostructures is attributed to the



interactions of the near-field of one particle with the adjacent ones in close proximity
promoting the coupling of the plasmon oscillations [89]. This phenomenon is more
pronounced when the interparticle gaps are decreased, using smaller nanospheres or

reduce the space between them [90].

1.2.3.1.1. Gold nanoclusters

The gold nanoclusters are formed by promoting the aggregation/coupling of gold
nanospheres. Different strategies have been explored to mediate this process, such as the
use of polymeric spacer-arms linking different particles, dendrimers/polymeric matrices
encapsulating the gold nanospheres, large templates based on proteins, polymers, or
DNA, and the utilization of organic solvents or small molecules to promote the
aggregation of gold nanospheres [91-93]. Chegel et al. demonstrated that the organic
compounds containing amine and thiol groups such as cysteamine, ethanolamine, and
thiourea can promote the aggregation of citrate coated gold nanoparticles originating
nanoclusters [94]. The produced single gold nanospheres presented a diameter of 10-15
nm and a single absorption peak at =520 nm. The authors observed that the increase of
the thiourea concentration from 1 uM to 5 uM induced a decrease in the absorption peak
at 520 nm with a concurrent appearance of a second broad absorption peak in the
660-800 nm region. The authors also recorded a similar behavior when cysteamine
(5 uM) was added to the gold nanospheres, however, the shift in the absorption peak
occurred only in 623-640 nm. Otherwise, only ethanolamine concentrations in the
millimolar ranges induced alterations in the gold nanospheres absorption spectra, with
the appearance of low intensity and a very broad shoulder in the range of 550-800 nm.
Park and colleagues explored albumin to produce gold nanoclusters for the photothermal
treatment of colon cancer [95]. The gold nanoclusters were produced through a
desolvation process, incubating gold nanospheres (=5 nm of diameter) with albumin,
followed by  glutaraldehyde-mediated crosslinking. = The resulting gold
nanocluster-loaded albumin nanoparticles (size 105-182 nm) showed a greater
absorbance over the 600—900 nm region, contrasting with the single absorption peak at
520 nm of the gold nanospheres. Additionally, the authors observed the gold
nanocluster-loaded albumin nanoparticles (200 pg.mL?) irradiation (808 nm, 1.5
W.cm2, for 10 min) could induce a temperature increase up to =70°C. This photothermal
capacity rendered to the nanosystem the capacity to increase the tumor tissue
temperature to values superior to 50°C (808 nm, 1.5 W.cm2, for 5 min), 6 h after the
nanoparticle’s injection via tail vein of HCT116 tumor-bearing mice. Further, the authors
also reported that gold nanocluster-loaded albumin nanoparticles mediated the

suppression of the tumor growth and the decrease of the tumor volume to 17.8 mms3 on



day 20, contrasting with the =1,850 mms3 registered in the control group (treated with
phosphate-buffered saline (PBS)), without eliciting any significant damages on major
organs. Similarly, Iodice and coworkers used poly(lactic-co-glycolic acid) (PLGA)-based
nanoparticle for promoting the clustering of gold nanospheres with 6 nm in diameter
[96]. With that in mind, the gold nanospheres were resuspended in a chloroform solution
containing PLGA and allowed to dry. Then, the resulting film was dissolved in
acetonitrile and added to an ethanol (EtOH) solution containing
L-a-Phosphatidyl-DL-Glycerol and 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-
N-Carboxy(Polyethylene glycol (PEI))-2000. These authors observed that the increase
in the initial amount of gold nanospheres (25-150 pg) resulted in bigger nanoparticles
(100-170 nm). Accordingly, the authors reported an overall enhancement of the
nanoparticles absorbance along the spectra and higher initial concentrations of gold
nanospheres resulted in a larger shift in the absorption peak of the nanoparticles, from
520 to 580 and 600 nm for the initial gold nanospheres amount of 100 and 150 pg,
respectively. Moreover, upon irradiation with an 800 nm laser (fluence: 20 J.cm2, pulse
width: 400 ms, pulse frequency: 1 Hz, during 1 min), the nanoparticles formed with 150
ug of gold nanospheres mediated an increase in the temperature of 20°C. Further, these
authors also demonstrated that this photothermal capacity induced the death of breast
cancer cells (SUM-159) as well as the almost complete ablation of tumor spheroids
composed of glioblastoma multiforme cells (U87MG cells). Alternatively, Li et al.
produced gold nanoclusters using1,9-nonanedithiol to promote the crosslinking of gold
spheres (10 nm in diameter) previously modified with Cys-Arg-Gln-Ala-Gly-Phe-Ser-
Leu-5-ALA  (CRQAGFSL-5-ALA) and  Cys-Arg-Gln-Ala-Gly-Phe-Ser-Leu-Cys.5
(CRQAGFSL-Cys5.5) [97]. Then, PEGylated U11 targeting peptides were immobilized on
the surface of the gold nanoclusters (=53 nm in diameter). The authors reported that the
1,9-nonanedithiol-mediated aggregation of gold nanospheres provoked an increase in
the absorbance in the NIR region (i.e. 700-800 nm) and a red-shift in the absorption
peak from the 532 to 544 nm. Further, the gold nanoclusters irradiation with a NIR laser
(750 nm, 2 W.cm2, for 5 min) induced a 30°C increase in the medium temperature,
reaching a maximum of 50°C. Such photothermal capacity inhibited the growth of
orthotopic pancreatic tumors (intravenous administration of nanoclusters at a dose of 2
pmol per mouse). Further, the authors observed the almost complete tumor eradication
after 15 days when the PTT effect was combined with the 5-ALA action (photodynamic
agent).

1.2.3.1.2. Gold nanoshells
The gold nanoshells, likewise the nanocluster, can present absorption in the NIR region

of the spectra when different gold nanospheres are immobilized in proximity. Loo and

10



coworkers demonstrated that the gold nanoshells absorption spectra, in a predetermined
inner core radius, is dependent on the shell thickness [98]. The authors produced gold
nanoshells by grafting small gold seeds (1-3 nm) on the surface of amine-modified silica
nanoparticles (60 nm in diameter). Then, the gold modified silica nanoparticles were
incubated with a gold source (HAuCl,) allowing the growth of the seeds and the
formation of the gold nanoshell. The authors observed that the decrease in the gold
nanoshell thickness from 20 to 10, 7, and 5 nm induced a red-shift in the absorption peak
of the nanoparticles from =730 nm to =820, =910, and =1,020 nm, respectively.
Similarly, Gao and colleagues reported the development of multilayered gold nanoshells
by promoting the growth of small gold seeds (2 nm) attached on the surface of gold core
organosilica shell nanospheres via gold-thiol interactions [99]. The multilayered gold
nanoshells were composed of a spherical gold core with 50 nm in diameter, an
organosilica layer with 30 nm, and an outer gold nanoshell with 20 nm. The authors
reported that the formation of the gold nanoshells resulted in two absorption bands
located in the 590 and 780 nm region, contrasting with the single absorption peak at 555
nm of the gold core organosilica shell nanospheres. Moreover, the authors observed that
the size increase of the spherical gold core from 30 to 50, and 70 nm in diameter induces
a red-shift on both absorption peaks, respectively to 560 and 760 nm, 590 and 790 nm,
and 615 and 815 nm. Further, the photothermal experiments revealed that upon NIR
laser irradiation (808 nm, 2 W.cm2, for 15 min), the multilayered gold nanoshells
mediated the temperature increase up to 55°C. The assays performed in MDA-MB-231
breast cancer cells demonstrated that the PTT capacity of this multilayered gold
nanoshells could promote the death of 90% of the cells and the increase in the tumor
tissue temperature to =58°C upon intravenous administration (100 pL, 4 mg.mL™?) in
MDA-MB-231 tumor-bearing mice and NIR laser irradiation for 5 min. In turn, Luo et
al. produced a gold nanoshell on the surface of chitosan-coated oleanolic acid liposomes
for mediating chemo-photothermal antitumor therapy [100]. For that purpose, small
gold seeds were produced via NaBH, reduction of gold salt and incubated with the
previously formed chitosan-coated oleanolic acid liposomes. The attachment of the gold
seeds occurred through the formation of Au-N bonds due to the amine groups available
in the chitosan backbone. Then, the gold seeds modified liposomes were reacted with a
growth solution containing AuCl; originating the gold nanoshell. The authors observed
that the formation of the gold nanoshell rendered to the liposomes a broad absorption
band between 600 and 850 nm, contrasting with the single absorption peak at 520 nm
observed in the gold seeds modified liposomes. The authors explored this absorption
capacity in the NIR region of the spectra to trigger the drug release, drug release of 92%

and 69% at pH 5.5 and 7.4 after NIR laser irradiation (808 nm, 1 W.cm, for 4 min)
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whereas in the absence of NIR laser these values decreased to 80% and
=55%, respectively. Moreover, the combined action of the photothermal effect and faster
drug release resulted in an increased antitumoral effect. The authors reported that the
size of U14 tumors in the groups treated with the gold nanoshells presented a slower
growth, with 79.65% and 50% inhibition rate for the irradiated (daily NIR laser
irradiation 808 nm, 1 W.cm?, for 4 min) and non-irradiated groups, respectively.
Rastinehad and colleagues reported the clinical results of the application of silica core
gold nanoshells (AuroShells®, 15 nm thickness gold shell) in the PTT of prostate tumors
[101]. The authors observed that the AuroShells administration at a dose of 7.5 mL.kg™
(AuroShells concentration 4.8 mg.mL) followed by the NIR laser irradiation (810 nm
for 3 min) mediated the tumor ablation in 15 of 16 patients at 3 months, with 14 of 16

patients presenting the ablation zones negative for tumor after 12 months.

1.2.3.2. Gold nanorods

The rod-like shape of gold nanoparticles has been the standard for the application of the
gold-based nanomaterials in PTT. This gold shape is usually produced using a seed-
mediated growth methodology in the presence of a structure-directing agent [102]. In
this process, small spherical gold spheres (i.e. seeds) are produced by using a strong
reducing agent to promote the nucleation of gold atoms [103]. Subsequently, the gold
seeds are added to a “growth solution”, which is composed of gold salt (e.g. chloroauric
acid), silver nitrate, and a stabilizing agent (e.g. -cetyltrimethylammonium
bromide-CTAB) inducing a rod-shaped growth [104]. The shape of gold nanorods
renders to them two absorption bands in the electromagnetic field due to the specific
LSPR phenomenon occurring in the two different dimensions of the nanorods (i.e.
longitudinal and transversal axis) [105]. The LSPR phenomena of the nanorod’s short
axis correspond to the transverse plasmon resonance band, which leads to an absorption
peak with lower intensity at 500-600 nm region. Otherwise, the longitudinal plasmon
band that occurs along the major axis can be tuned to the NIR region of the spectra by
optimizing the nanorods aspect ratio (A.R.) (i.e. rod length/width coefficient) [106].
Wang and colleagues demonstrated that increasing the gold nanorods A.R. mediated a
red-shift in the longitudinal absorption peak [107]. The authors observed that the
longitudinal absorption peaks occurred at 650, 760, 840, 920, 1,000 nm for gold
nanorods with an A.R. of 2.2, 3.5, 4.1, 5.1, and 6.3, respectively. Further, apart from the
A.R., the actual dimensions of gold nanorods also impact its absorption spectra and
photothermal capacity [106]. The authors observed that by maintaining the A.R. (3.4-
3.5) changes on the size of the nanorods (length and width) 38 x 11, 28 x 8, and 17 x 5
nm provoked shifts on the longitudinal absorption peak 740, 770, and 755 nm,

respectively. Further, the authors also registered alterations on the nanorods
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photothermal capacity upon irradiation with a NIR laser (808 nm, 5.8 W.cm2, for 2
min), when compared to the 38 x 11 and 17 x 5 nm nanorods, the photothermal-to-heat
conversion efficiency of 28 x 8 nm gold nanorods was 2.05 and 1.40 times superior.
Accordingly, the photothermal effect on HSC-3 cells was also superior in the 28 x 8 gold
nanorods group, with a cell viability of 17% contrasting with the 100% and 29% recorded
for the cells treated with 38 x 11 and 17 x 5 nm gold nanorods. Maestro et al. studied the
light-to-heat conversion efficiency of gold nanorods with the longitudinal absorption
peaks in the first (700-950 nm) and second NIR biological window (1,000-1,400 nm)
[108]. The authors produced gold nanorods with 28 x 7 and 77 x 16 nm with longitudinal
absorption peaks at 808 nm and 1,000 nm. The authors observed that the heating
efficiency of gold nanorods with 28 x 7 nm was =40% superior to that of 77 x 16 nm gold
nanorods. Further, the subcutaneous injection (5 pL, 1.0x10" nanoparticles per mL) of
gold nanorods in chicken breast tissues demonstrated the upon irradiation with NIR
laser (808 or 1,090 nm, 1 W.cm2), the heating generated by the 28 x 7 nm gold nanorods
(808 nm laser) is limited to the injected area, whereas the heating of 77 x 16 nm gold
nanorods (1,090 nm laser) spread to adjacent tissues. Xu and co-workers functionalized
gold nanorods with Anti-HER2 antibody-modified hyaluronic acid (HA)-containing
hydrazide and thiol groups for the targeted PTT and photodynamic therapy (PDT) of
breast cancer [109]. For this purpose, gold nanorods with 55 x 11 nm were prepared via
the seed-mediated growth method and reacted with Anti-HER2 antibody-modified
HA-containing hydrazide and thiol groups, exploring the gold-thiol affinity.
Additionally, the authors incorporated 5-Aminolevulinic acid and Cy7.5 into the coated
nanorods via hydrazone and amide linkages, respectively. The produced gold
nanorod-based system presented a longitudinal absorption peak at 800 nm and upon
irradiation with a NIR laser (20 pg.mL, 808 nm, 2 W.cm=2, for 10 min) mediated a
temperature increase up to 55°C. Moreover, the authors reported that the intravenous
administration of the gold nanorod-based system (0.2 mL at 1 mg.mL) in breast cancer
cell line (MCF-7) tumor-bearing mice mediated the increase in the tumor tissue
temperature up to 60°C upon NIR laser irradiation (808 nm, 1 W.cm, for 5 min). This
photothermal effect slowed the tumor growth and when combined with the PDT, the

tumors were eliminated without reoccurrence for 20 days.

1.2.3.3. Gold nanocages

Gold nanocages have a hollow quasi-cubic structure with porous walls and emerged as a
novel plasmonic nanoparticle with excellent tunable optical properties [70, 110]. These
gold-based nanoparticles are produced through the use of a galvanic replacement
reaction between a silver nanocube template and a gold salt [111]. During this process,

due to the different electrochemical potentials between these two metals, silver ions will
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dissolve into the solution while simultaneously a thin layer of gold is being formed at the
silver nanocube outer surface [112]. The thickness of the gold layer is adjusted according
to the amount of gold source (e.g. HAuCl,) added to the solution. With the extension of
this reaction, the silver from the interior of the nanocube and the gold-silver alloy walls
will be removed, forming the porous gold cage-like nanostructures. The LSPR peaks of
gold nanocages can be adjusted to the NIR region by optimizing the thickness of the gold
layer, i.e. adjusting the amount of gold source and the Ag/Au ratio. Panfilova et al.
observed a red-shift in the gold nanocubes absorption peak with the increase of HAuCl,
added to the silver nanocubes [113]. The addition of 0.1, 0.2, and 0.5 mL of HAuCl,
(1 mmol.L?) provoked a shift in the absorption peak from 448 to 480, 500, and 700 nm,
respectively. The authors also described changes in the structure of the nanocube, the
addition of 0.1 mL of the HAuCl, solution resulted in the production of Au/Ag “alloy
islands” and the increase to 0.2 mL promoted the transition of this nanostructures to
nanoboxes, which progressed to hollow gold nanocages with the increase of HAuCl,
solution to 0.5 mL. Similarly, Yang and colleagues also demonstrated that the addition
of increasing volumes of HAuCl, solution (0.2, 0.4, 0.6, 0.8, 1.6, 1.8, 2.2, 4.0, and 6.0 mL
at 0.5 mM) to silver nanocubes induce a gradual red-shift on the LSPR peak from 495 to
1,250 nm [114]. Moreover, the authors also observed that excessive amounts of HAuCl,
(volumes superior to 6 mL) had a negative impact on the gold nanocubes absorption,

registering a blueshift in the LSPR peak to 530 nm (Figure 3).
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Figure 3: Characterization of the gold nanocubes absorption spectra. Photographs (A) and UV-Vis

absorbance spectra (B) of the gold nanocubes solutions with increasing amounts (0.2-6.0 mL) of 0.5 Mm
HAuCl, (Adapted from [114]).
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Chen and co-workers developed gold nanocages combined with lauric acid
(a phase-change material) for delivering selenous acid (precursor of selenite) in the
combinatorial therapy of lung cancer [115]. For that purpose, the gold nanocages with 49
nm of edge length and 5.4 nm of wall thickness were produced using the conventional
galvanic replacement process. Then, the hollow cavity of gold nanocages was loaded with
lauric acid/selenous acid mixture. The gold nanocages presented the LSPR peak at 810
nm and induced a temperature increase to =75°C and =50°C upon irradiation with a NIR
laser (808 nm, 4 min) at a power density of 0.8 W.cm=and 0.4 W.cm. The authors also
demonstrated that this heat generation could prompt the release of selenous acid, the
drug concentration increased from 7.5 ug.mL* when incubated at 37°C to 27 and
72 ug.mL* upon NIR laser irradiation at a power density of 0.4 W.cm2and 0.8 W.cm™.
Moreover, the photothermal effect mediated by the gold nanocubes upon NIR laser
irradiation (808 nm, 0.8 W.cm2, for 10 min) mediated the decrease in the A549 tumor
cells viability to values close to 58%, and when combined with the simultaneous selenous

acid action the viability of A549 cells decreased to 31%.

1.2.3.4. Gold nanostars

The nanostars are another anisotropic gold nanostructure that is comprised of a small
gold core and several gold tips. The gold nanostars are commonly produced using a
seed-mediated method. This approach explores the reduction of a gold source (e.g.
HAuCl,) on small gold spheres in the presence of surfactant agents (e.g. CTAB and
poly(N-vinylpyrrolidone)). The surfactant agents will direct the anisotropic growth of the
tips of gold nanostars, additionally, silver nitrate can be added to the reaction increasing
the control over the particle morphology [116, 117]. The LSPR phenomenon in gold
nanostars is dependent on the core size as well as the tips dimension, number, and shape.
In general, the gold nanostars LSPR peak red-shifts with the increase in the core size,
number of tips, tip length, and sharpness [118]. Yuan and co-workers demonstrated that
the increase of Ag* concentrations (5 uM, 10 uM, 20 uM, 30 uM) led to gold nanostars
with an increased number of tips (4 to 10) as well as longer and sharper tips [116].
Accordingly, these morphological changes also impacted the gold nanostars LSPR
absorption peak from 600 to 1,000 nm. Further, the authors showed that the shift in the
LSPR absorption peak is related to the changes in the ratio between the length and base
width of the tips, increased ratios result in the tuning of LSPR peaks to the NIR region.
Additionally, the increase in the number of tips and its length as well as core size resulted
in absorption peaks with higher intensity. Espinosa et al. also observed that an increase
in the gold nanostars diameter (25, 55, 85, 120, and 150 nm) led to a red-shift on the
LSPR absorption peak from 700 nm (25 nm gold nanostars) to 790, 800, 900, and 950

nm for the nanostars with 55, 85, 120, and 150 nm in diameter, respectively [119].
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Further, the gold nanostars irradiation (808 nm, 1 W.cm2, for 10 min) induced a
temperature increase of =18°C, =45°C, and =36°C for the 25, 85, and 150 nm
nanoparticles. Li and colleagues produced polydopamine (PDA) coated gold nanostars
for mediating the PTT of cervical cancer [120]. For that purpose, the gold nanostars were
produced using the conventional seed-mediated method and then modified with
thiolated PEI, gold-thiol affinity, and coated with PDA. The produced gold nanostars
presented a mean diameter of 74 nm and the LSPR peak at 726 nm. The authors
demonstrated that the gold nanostars (Au concentration 0.35 mM) upon NIR laser
irradiation (808 nm, 1.3 W.cm2, for 5 min) could mediate a temperature increase up to
40.2°C with a light-to-heat conversion efficiency of 40%. Moreover, the intratumoral
injection of the PDA coated gold nanostars (Au concentration 5.6 mM) mediated the
increase of Human negroid cervix epithelioid carcinoma (HeLa) tumors to 58.7°C upon
irradiation with NIR laser (808 nm, 1.3 W.cm, for 10 min) promoting the complete
ablation at 20 days posttreatment. Wang and coworkers developed
Chlorin e6-PEG-functionalized gold nanostars to mediate the PDT and PTT treatment of
breast cancer [121]. In this approach, the gold nanostars were initially modified with a
thiol-terminated PEG, which was subsequently modified with Chlorin e6 via
carbodiimide chemistry. The resulting gold nanostars presented a mean size of 54 nm
and a LSPR absorption band at 670 nm. The authors observed that the irradiation of
Chlorin e6-PEG-functionalized gold nanostars with a laser (671 nm, 2 W.cm=, for 10
min) could mediate a temperature increase up to 65°C as well as induce the generation
of ROS. Further, the authors also demonstrated that the intratumoral injection of gold
nanostars in MDA-MB-435 tumor-bearing mice could be explored to induce a 23°C
increase in the tumor tissue temperature upon laser irradiation (671 nm, 1 W.cm2, for 6
min), which decreased the tumor growth during 14 days. Otherwise, the combinatorial
treatment mediated by the Chlorin e6-PEG-functionalized gold nanostars significantly
reduced the volume of MDA-MB-435 tumors being observed extensive cancer necrosis

and a decreased oxygen saturation.

1.2.4. Gold-based nanohybrid materials

Apart from the optimization of the gold nanoparticles' size, morphology, and
organization, these nanostructures can be combined with other materials to improve
their therapeutic. Various multifunctional gold-based nanohybrid materials have been
prepared to improve both the gold nanostructures PTT capacity as well as its stability

and resistance to photodegradation (Figure 4).
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Figure 4: Representation of the main gold-based nanohybrid materials and their contribution to improving
the PTT capacity of gold nanomaterials.

1.2.4.1. Gold-silica nanohybrids

The silica is a chemically inert and biocompatible material that can improve the colloidal
stability of gold nanostructures [122]. The inclusion of silica derivatives, such as
mesoporous silica, can also increase the drug loading capacity of gold nanoparticles
[123]. Further, the silica NIR light transparency does not impact the excitation of gold
cores during the PTT [124]. The modification of gold nanomaterials with silica can be
performed using the conventional Stober method or its derivations [125]. During this
procedure, a silica shell is formed in the surface of the gold nanostructures by promoting
the condensation of a silica precursor (e.g. tetraethyl orthosilicate) under alkaline
conditions [51, 67, 85, 126]. The silica shell on gold nanostructures can be fine-tuned to
optimize the LSPR peak wavelength and intensity of gold-silica nanohybrids.
Fernandez-Lopez and colleagues observed that the introduction of a silica shell in gold
nanospheres results in a red-shift in the LSPR absorption peak [127]. The authors

observed that the red-shift in the LSPR absorption peak was dependent on the size of the
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gold nanosphere. The deposition of silica shells with 24 nm in thickness resulted in a =33
nm shift in the absorption peak, from =680 to =713 nm, for gold nanospheres with 142.8
nm in diameter, whereas in gold nanospheres with 98.5 nm and 60.4 nm the red-shift in
the absorption peak was 10 and 8 nm, respectively. Similarly, Zhang and co-workers
reported a red-shift on the longitudinal LSPR peak of gold nanorods with the formation
of a silica shell [128]. The authors observed that the growth of a silica shell on the surface
of gold nanorods induced a =10 nm red-shift in the longitudinal LSPR peak (from 799 to
813 nm) when the silica thickness reached the 7 nm. The further growth of the silica shell
to 14 nm provoked an additional 10 nm shift in the longitudinal LSPR peak to 823 nm

(Figure 5).

Furthermore, Khlebtsov et al. reported that the increase in the shell thickness of
silica-coated gold nanocages from 10 to 120 nm impact both the LSPR peak wavelength
and magnitude [129]. The authors observed the red-shift in the LSPR peak with the
increase of the silica shell thickness, e.g. from 775 to 802 nm with a 20 nm shell

thickness, as well as a gradual increase in the LSPR maxima.
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Figure 5: Physicochemical characterization of gold nanorods, Au@SiO., and Au@SiO-@mSiO-
nanoparticles. Transmission electron microscopy (TEM) images of gold nanorods (a), Au@SiO: (b), and
Au@Si0-@mSiO: (c); EDX analysis (d); Nanoparticles UV-Vis absorbance spectra and respective LSPR peak
changes with silica coating (e); Corresponding extinction spectra calculated by FDTD (f) (Adapted from
[128]).

Otherwise, the silica shell also protects the gold nanomaterials from photodegradation
phenomena. The gold nanostructures exposition to high energetic radiations and high
temperatures has been associated with the reshaping of the nanoparticles and loss of the

NIR absorption capacity. Nevertheless, Chen and colleagues observed that the coating of
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gold nanorods with a silica shell enhances the thermal stability of the nanoparticles
[130]. The authors observed that the gold nanorods irradiation with 300 laser pulses of
7 ns duration at fluences superior to 4 mJ.cm resulted in alterations in the longitudinal
LSPR peak, 10% amplitude decrease in 800 nm region upon irradiation at 8 mJ.cm2 and
a strong increase of the absorption in the 600—650 nm range at higher fluences. These
changes on the gold nanorods absorption spectra were consistent with the particle
reshaping, namely the rounding of gold nanorods. However, the absorption spectra of
silica-coated gold nanorods with a shell thickness of 20 nm remained constant, with the
authors observing small changes, a 10% decrease in the 800 nm region, only when the

silica-coated gold nanorods were irradiated at 20 mJ.cm-.

1.2.4.2. Gold-graphene nanohybrids

Graphene oxide (GO) a single-atom-thick layer of sp2 hybridized carbon atoms and can
be composed of different oxygen-containing groups (e.g., hydroxyl, and epoxy groups) in
the edges and base of its aromatic structure [131]. The GO, particularly the reduced GO,
present the capacity to absorb in the NIR region, which enables their application in PTT
[132]. Therefore, the combination of gold nanoparticles with graphene materials can
improve the NIR absorption of nanomaterials, and consequently their photothermal and
bioimaging potential (e.g. fluoresce imaging, PAI, Raman Imaging). Xu and co-workers
produced nano GO-modified gold nanorods functionalized with HA to mediate the
delivery of doxorubicin (DOX) and the PTT of liver cancer [133]. For that purpose, the
authors produced carboxylated nanosized GO through the modified Hummer’s method
and exfoliation processes. Then, gold nanorods with a 3.8 A.R. (3.1+8.2 and 13.8+3.2
nm) were modified with the nanosized GO via electrostatic interactions. The resulting
gold-graphene nanohybrids were further functionalized with HA exploring the
carbodiimide coupling chemistry between the carboxyl groups on GO and amine groups
of HA. The authors reported that the GO-modified gold nanorods functionalized with HA
despite presenting the GO characteristic absorption peak at 239 nm also displayed a
significant enhancement in the intensity of the absorption band at the 760-800 nm
region. This improvement in the nanomaterials absorption capacity resulted in an
enhanced photothermal effect with the gold-graphene nanohybrids inducing an increase
in the solution temperature to ~65°C upon NIR laser irradiation (808 nm, 4 W.cm2, for
3 min), whereas the bare gold nanorods only reached the ~59°C [133]. Additionally, the
authors observed that the photothermal treatment mediated by the HA-functionalized
gold-graphene nanohybrids (808 nm, 1 W.cm2, for 5 min) induced the death of 22% of
the Huh-7 cancer cells, which increased when combined with the simultaneous delivery
of DOX inducing the death of 82% of the cells. Similarly, Turcheniuk et al. also modified
gold nanorods with GO nanosheets to improve the PTT of glioblastoma [134]. The gold-
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graphene nanohybrids were produced by exploring electrostatic interactions between the
positively charged gold nanorods (A.R. 3.8) and carboxylated nanosized GO and then
modified via carbodiimide chemistry with an amine-modified PEG. The authors
observed that the GO nanosheets attachment in the gold nanorods led to a red-shift in
the longitudinal LSPR peak from 807 to 814 nm as well as an increase in the peak
maximum absorbance. Moreover, the authors reported that the irradiation (808 nm, 0.5
W.cm2, for 10 min) of PEGylated gold-graphene nanohybrids resulted in a temperature
increase to 60°C, whereas the gold nanorods only reached the ~50°C. Additionally, the
in vivo studies also revealed that the tail vein administration of Tat-targeted PEGylated
gold-graphene nanohybrids could be explored to mediate the increase in the temperature
of U87MG tumors to 52.5°C after NIR laser irradiation (808 nm, 0.7 W.cm2, for 10 min).
Such resulted in the size reduction of the tumors from 500 mms3 to =250 mms,
contrasting with the 1,750 mms3 observed in the control group. Wu and colleagues
combined gold nanostars with GO for mediating the delivery of Chlorin e6 and the PTT
of breast cancer [135]. In this approach, the GO nanosheets were used as supports for the
gold nucleation and growth of the gold nanostars. Then, the gold-graphene nanohybrids
were functionalized with athiol-terminated PEG by exploring the gold-thiol affinity. The
resulting nanostructures presented an increased absorbance in the NIR region of the
spectra, broad absorption peak at 600 to 900 nm region. The enhanced NIR absorption
rendered to the gold-graphene nanohybrids a superior photothermal potential
prompting the temperature increase up to 75°C upon laser irradiation (660 nm, 2 W.cm-
2, for 8 min), whereas the gold nanorods and the GO nanosheets only reached the ~65°C
and =47°C, respectively (Figure 6). Similar data were observed in the in vivo studies with
the intratumoral administration of PEGylated gold-graphene nanohybrids mediating the
temperature increase of EMT6 tumors to 60°C upon laser irradiation (660 nm, 3 W.cm-
2, for 10 min), which stalled the tumor growth and when combined with the simultaneous

action of Chlorin e6 promoted the tumor eradication.
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Figure 6: Characterization of the GO/AuNS-PEG/Ce6 nanoparticles photothermal capacity. Temperature
variation curves of GO/AuNS-PEG/Ce6 under the exposure to the 660 nm laser with different power
densities, during 8 min (A); Maximum temperature reached by AuNS, GO, and GO/AuNS-PEG/Ce6 under
the exposure to the 660 nm laser with different power densities (B); Maximum temperature registered for
GO/AuNS-PEG/Ceb6 nanoparticles at different concentrations under 660 nm laser radiation at 2.0 W.cm2
for 8 min (C) (Adapted from [135]).

1.2.4.3. Gold-iron oxide nanohybrids

Iron oxide (IO) nanomaterials due to its plasmonic properties can also mediate a
photothermal effect in response to NIR laser irradiation. These nanomaterials can be
found in different chemical compositions, such as maghemite (Fe,O;), magnetite
(Fe;0,), or non-stoichiometric combinations of Fe and O [136-138]. Nevertheless, when
compared to gold nanomaterials, the IO nanomaterials demand higher energies to
induce the excitation of free electrons, which is associated with the higher free electron
density [139]. However, the production of gold-IO nanohybrids can be explored both to
improve the PTT capacity of the nanomaterials and imprint a responsivity to magnetic
fields that can enhance the tumor accumulation. Bai et al. produced hollow gold
nanospheres with I0 nanoparticles immobilized on its surface for mediating both the
imaging and PTT of cervical cancer [140]. For that purpose, dimercaptosuccinic
acid-modified IO nanoparticles were attached to the surface of the hollow gold
nanospheres exploring the gold thiol-affinity. Additionally, this gold-IO nanohybrid was
functionalized with polyvinylpyrrolidone and folic acid to confer stability and targeting
capacity, respectively. The authors observed that the introduction of I0 nanoparticles
results in a red-shift in the hollow gold nanospheres LSPR peak, from 800 to 830 nm.
Further, these gold-IO nanohybrids were able to induce a temperature increase up to
63.4°C, whereas a gold nanorod (AR: 3.5) control group only reached 56.3°C. Liang and
co-workers developed a PEGylated I0-core gold shell nanohybrids for the PTT treatment
of breast cancer [141]. For that purpose, poly(acrylic acid)-coated IO nanoparticles were
stabilized with poly(allylamine hydrochloride) and then mixed with small gold
nanoseeds. Subsequently, the seeds were grown to a gold nanoshell by promoting the
reduction of gold salt (HAuCl,) and modified with lipoic-acid-terminated PEG via
gold-thiol linkages. The authors observed that the gold-IO nanohybrids presented a

significant enhancement of the absorbance in the NIR region of the spectra, 0.88 vs. 0.1

21



of IO nanoparticles. Accordingly, the nanohybrid materials induced a superior
temperature increase upon irradiation with NIR laser (808 nm, 0.5 W.cm, for 10 min),
55°C and 39°C maximum temperature for the gold-IO nanohybrids and IO nanoparticles
respectively (Figure 7). Moreover, the authors also reported that the intratumoral
injection of gold-IO nanohybrids could mediate the temperature increase of breast
tumors up to 52°C upon NIR laser irradiation (808 nm, 0.5 W.cm=2, for 10 min)

improving the mice survival.
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Figure 7: Optical and photothermal characterization of PEGylated gold-IO nanohybrids IONC@Au-PEG).
IONC@Au-PEG and IONCs UV-Vis absorbance spectra (a); Temperature variation curves of IONCs, and
IONC@Au-PEG nanoparticles under exposure to the 808 nm laser, 0.5 W.cm~2 for 10 min (Adapted from

[141]).

1.2.4.4. Other gold-based nanohybrids

The development of more efficient photothermal agents can also be achieved by
combining the gold nanostructures with organic materials. Nam and colleagues coated
gold nanostars with PDA to mediate the DOX delivery and the PTT of colon carcinoma
[142]. The authors observed that the gold nanostars functionalization with PDA induced
a red-shift in the absorption spectra in a concentration-dependent manner. The
absorption peak for gold-PDA hybrids shifted from =780 nm to 815, 840, and 860 nm
for dopamine concentrations of 0.1, 0.2, and 0.3 mg.mL™, respectively. The authors also
reported that the inclusion of PDA increases the photostability of the gold nanostars
since no significant alterations in the relative absorbance at 808 nm were observed in
the nanohybrid materials after irradiation with a NIR laser (808 nm, 10 W.cm2, for 30
min), whereas the gold nanostars presented a =70% reduction of the relative absorbance.
Further, the gold nanohybrid materials mediated a temperature increase superior to
80°C after NIR laser irradiation (808 nm, 10 W.cm2, for 30 min) contrasting with 40°C
obtained for the gold nanostars. The authors also demonstrated that the intratumoral
injection of gold nanohybrid materials followed by NIR laser irradiation (808 nm, 1
W.cm2, for 5 min) could induce a 13°C increase in the temperature of CT26 tumors

followed by tumor regression, with complete tumor eradication in 40% of the animals.
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Hu et al. produced a PEGylated polypyrrole (PPy)-gold nanohybrid to improve PPT of
breast tumors [143]. For that purpose, PEI-PPy nanoparticles were produced using FeCl;
as the oxidant to initiate the pyrrole monomer polymerization process. Then, these
nanoparticles were PEGylated via carbodiimide chemistry (NH. groups of PEI and
COOH terminated mPEG) and small gold spheres were grown in the interior of the PPy
nanoparticles by promoting the in situ reduction of HAuCl,. The authors revealed that
the inclusion of the gold spheres enhanced the light-to-heat conversion efficiency from
35.3% to 37.1%. Accordingly, the PEGylated PPy-gold nanohybrids mediated a
temperature increase to 55.6°C upon NIR laser irradiation (808 nm, 1.5 W.cm=2, for 10
min), even after 5 cycles of irradiation, which contrasts with the 45.4°C obtained for the
PPy nanoparticles. Further, the authors reported an enhancement of the 4T1 cancer cells
PTT, the 4T1 cancer cells treated with the PPy-gold nanohybrids or PPy nanoparticles
presented cell viability of 25.2% and 34.9%, respectively, after NIR irradiation.

Otherwise, the introduction of other metals in the gold nanomaterials can also result in
an enhanced photothermal capacity. Leng et al. reported a red-shift in the longitudinal
LSPR peak of gold nanorods (A.R. 4.2) from 770 to 803 nm as well as an increase in the
light-to-heat efficiency from 39% to 56% after the gold nanorods coating with a layer of
copper sulfide [144]. Further, the authors also demonstrated that the gold-copper
nanohybrids present increased photothermal stability, mediating the temperature
increase up to 60°C even after four irradiation cycles (808 nm, 0.9 W.cm2, for 10 min)
whereas the gold nanorods exhibited a 20% decrease in the temperature elevation (from
52.5°C to 47°C) after the irradiation cycles. Similar results were reported by Kumar and
co-workers after the coating of gold bipyramids with molybdenum disulfide via
electrostatic interactions [145]. The gold-molybdenum nanohybrids presented a
red-shift in the longitudinal LSPR from 791 to 837 nm as well as an increase in the
absorption maxima. Such improved the photothermal capacity of the gold bipyramids,
registering a temperature increase up to 60.3°C, 50.6°C, and 55.6°C for the
gold-molybdenum nanohybrids, molybdenum disulfide, and gold bipyramids,
respectively, upon NIR laser irradiation (808 nm, 2 W.cm, for 10 min). The authors
also observed that the coating of gold bipyramids with molybdenum disulfide improved
the PTT against HeLa cells. The NIR laser irradiation (808 nm, 2 W.cm2, for 3 cycles of
10 min) resulted in the decrease of HeLa cells' viability to 46.2% and 21.6% for the cells

treated with gold bipyramids and gold-molybdenum nanohybrids, respectively.

1.2.5. Incorporation of small molecules with photothermal capacity
Among the different strategies explored to improve the cancer PTT mediated by the gold

nanomaterials, the encapsulation of NIR responsive small molecules have been
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displaying promising results (Table 1). In this regard, ICG and heptamethine cyanines
(e.g. IR780) are the most explored molecules to enhance the optical properties of gold

nanostructures, and consequently its photothermal potential.

The ICG is a dye approved by the Food and Drugs Administration for clinical
fluorescence imaging, such as angiography [146]. Additionally, this molecule presents a
high absorbance at 780 nm and a good light-to-heat conversion efficiency [147]. Further,
ICG can also mediate the generation of reactive oxygen species (ROS) in response to NIR
laser irradiation [148]. Higbee-Dempsey et al. produced small gold nanoclusters
consisting of 2 nm gold cores coated with dodecanethiol loaded with ICG to mediate the
PTT and photoacoustic imaging of triple-negative breast cancer [149]. For that purpose,
the authors explored the amphiphilic nature of ICG to drive the self-assembly of the
hydrophobic 2 nm gold cores in spheroid nanostructures with =61 nm in diameter. The
authors observed that the gold nanoclusters only present a slight red-shift in the LSPR
absorption peak, whereas ICG loaded gold nanoclusters displayed a strong absorption in
the 780 nm region, which is in agreement with the ICG absorption spectra. Additionally,
the irradiation of the ICG-loaded gold nanoclusters with a NIR laser (808 nm, 1.2 W.cm-
2, for 10 min) was able to induce a temperature increase up to 70°C, whereas the free ICG
solutions only reached the 45°C. Further, the authors noticed that the free ICG showed a
rapid loss of its heating capacity with multiple laser irradiations (2-3 cycles), while the
ICG-loaded gold clusters maintained its photothermal capacity. Such photothermal
capacity was also confirmed in mice bearing 4T1 tumors after intravenous
administration of ICG-loaded gold clusters induced the increase of tumors temperature
up to 52.3°C after NIR laser irradiation (808 nm, 0.7 W.cm for 30 min) contrasting
with the 45.6°C obtained in the free ICG treated group. Accordingly, the ICG-loaded gold
clusters PTT induced the regression of the 4T1 tumors until day 11 with the complete
remission of the primary tumor in two out of five mice. Otherwise, free ICG treatment
only slowed tumor growth without any significant changes in mice survival. Chen and
colleagues produced bovine serum albumin (BSA) stabilized gold nanostars loaded with
ICG to mediate the PTT of glioma [150]. The gold nanostars loading was achieved by
promoting the ICG adsorption in the surface of the nanoparticles followed by the
addition of BSA. The produced gold nanostars presented an LSPR peak at 680 nm, which
suffered a red-shift to 712 nm and also a pronounced absorption at 780 nm characteristic
of ICG. The authors reported that the ICG-nanostars combination results in a more
effective light-to-heat conversion efficiency and increased photostability, reaching the
63°C upon NIR laser irradiation (808 nm, 1 W.cm2 for 5 min). Otherwise, the free ICG
and BSA stabilized gold nanostars only reached 41°C and 59°C, respectively.
Additionally, the authors also demonstrated that this photothermal capacity can be
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explored to mediate the photothermal ablation of U87 glioma cells, 85.1% and 94.2% of
cell death for gold nanostars and ICG-loaded gold nanostar after NIR laser irradiation

(808 nm, 1 W.cm2 for 5 min).

The heptamethine cyanines (e.g. IR780) in general present superior optical (e.g. higher
molar extinction coefficient at 780 nm) and therapeutic capabilities, when compared to
ICG [151]. Nevertheless, the application of these molecules in the clinic is hindered by its
hydrophobic character, acute toxicity, and photodegradation, which can be surpassed by
promoting the heptamethine cyanines encapsulation in nanoparticles such as gold
nanomaterials [152]. Nagy-Simon et al. prepared pluronic coated gold nanospheres
loaded with IR780 for being applied in the colon carcinoma PTT [153]. The authors
observed that apart from the characteristic LSPR peak of gold nanospheres at 522 nm,
the IR780-pluronic coated gold nanospheres also presented a second absorption peak at
780 nm due to the IR780. Further, the IR780-pluronic coated gold nanospheres
irradiation (785 nm, 170 mW for 6 min) induce a temperature increase of 9°C, whereas
the free IR780 suffered photodegradation after 2.5 min of irradiation reaching a final
temperature variation of =2°C. Similarly, Xia and co-workers developed IR780-loaded
gold nanostars functionalized with BSA and matrix metalloproteinases polypeptides
(Ac-GPLGIAGQ) for the PTT and PDT of lung cancer [154]. The IR780 loading was
physically adsorbed onto the functionalized gold nanostars via hydrophobic interactions.
The authors observed that the gold nanostars presented the LSPR peak in the 700-800
nm region and after the loading of IR780 the absorption in this region of the spectra
increased being noticed the characteristic absorption peak at 780 nm (Figure 8). Upon
irradiation with a NIR laser (808 nm, 0.8 W.cm=2, for 5 min), the IR780-loaded gold
nanostars mediated the temperature increase to 63°C, whereas the gold nanostars alone
only reached the 58.5°C. The authors confirmed the PTT potential on As549
tumor-bearing mice after the intravenous administration of functionalized with BSA and
Ac-GPLGIAGQ, observing the increase in the tumor tissue temperature to 46°C after NIR
laser irradiation (808 nm, 0.8 W.cm=2, for 5 min), which resulted in the reduction of the

tumor volume during 18 days.
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Figure 8: Optical and photothermal characterization of GNP-Plu and GNP-Plu-IR780 nanoparticles.
UV-Vis absorbance of GNP-Plu (1), GNP-Plu-IR780 (2), and IR780 (3) (A); Temperature variation curves
of GNP-Plu-IR780, GNP-Plu, and free IR780 at different concentrations under the exposure of the 785 nm
laser at 170 mW for 6 min (B) (Adapted from [153]).

26



Table 1: Application of NIR responsive small molecules that have been explored to improve the photothermal capacity of gold-based nanomaterials (N.D. — non disclosed, N.A.
— not applicable, L: length; W: width).

Small Gold Sh Si Surface LSPR peak Photothermal Effect SIfe Test Main Resul Ref.
lecules o ape 1z¢e Modification (nm) Laser o Model ain Results et.
molecu Temperature Stud
Parameters y
mPEG-PLGA BSA, RGD :
nanocapsules peptides, and U8 The PTT eflfectl m(eldiiite}i}? y tltzle
. - 7- nanocapsules loaded with go
Nanoclusters loaded  with mPEG' PLGA, 700-850 808 _nm, Lo AT=25°C Invitro MG nanoparticles and ICG induced  [155]
gold Poly(vinyl W.cm™=2, 5 min . P
nanoparticles alcohol), poly cells the reduction of the viability of
) - 0,
and ICG (acrylic acid) U87-MG cells to 35%.
The ICG/gold nanoclusters
mediated a =15°C increase in
61.22 nm gold 4T1 the temperature of 4T1 tumors,
whereas the tumors treated
nanoclusters I cells/4 ith free ICG onl P
(gold 808 nm,1.2W,7 n T1 with free only presented a
Nanoclusters N.A. 803 nm . > ’ ~60°C vitro/I AT =5°C. Further, the ICG/gold  [149]
nanoclusters min . tumor-
n viwo . nanoclusters treatment
~2 nm) coated bearing . .
: . induced the reduction of the
with ICG mice .
tumor volume until day 8
ICG followed by the tumor re-
growth until day 20.
The PTT effect mediated by the
gold/ICG nanostructures
MCF- increased the temperature of
3.4 nm gold In 7/MCF- the MCF-7 tumor to 55°C,
nanoclusters . ~700 and 808 nm, 0.5 oo . 7 whereas the free ICG only
Nanoclusters loaded  with Glutathione 800 nm W.cm2, 5 min AT=20°C lr)llf;.% T tumor- reached =40°C. Further, this [156]
ICG molecules bearing combinatorial treatment
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Nanostar

Nanocluster

Nanoshell

Nanorod

Gold nanostar

(96 nm)
loaded  with
I1ICG

1ICG loaded
gold
nanocluster
151.1 nm
hollow  gold
nanoshell
(125.3 nm)
loaded  with
1ICG
Nanosctrure

with~103 nm
comprised of

molybdenum
coated  with
gold nanorods
(L:50 nm,
width:14 nm,
AR.:3.5) and
ICG

CaCOs 800-900 nm
BSA and HA 700 nm
Broad
Gadolinium absorbance
and BSA from 700 to
900 nm
PEG 788 nm
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808 nm, 1.0
W.cm™2, 6 min

808 nm, 1.5
W.cm™2, 2 min

808 nm, 1.5
W.cm™2, 5 min

808 nm, 0.2
W.cm2, 5 min

~60°C

N.D.

=60°C

57°C

In
vitro/I
n vivo

In
vitro/I
n vivo

In
vitro/I
n vivo

In
vitro/I
n vivo

MGCS8o

3
cells/M
GC8o
tumor
bearing
mice

4T1
cells/4
T1
tumor-
bearing
mice

4T1
cells/4
T1
tumor-
bearing
mice

HelLa
cells/H
elLa
tumor-
bearing
mice

The PTT effect mediated by the
gold/ICG nanomaterials
induced the increase of the
MGC80 tumors' temperature
to =43°C, which mediated the
reduction of the tumor volume
during 20 days.

The PTT effect of the gold/ICG
nanostructures promoted a
15°C increase in the
temperature of the 4T1 tumor,
which induced the decrease of
the tumor volume during 10
days followed by the tumor re-
growth until day 12. Otherwise,
the single treatment with free
ICG or gold nanoclusters only
slowed the growth of 4T1
tumors.

The 4T1 tumors treated with
gold/ICG nanostructures
registered a  temperature
increase up to =57°C, whereas
the administration of free ICG
or gold nanoshell only reached
~48°C. This photothermal
improvement resulted in a
decrease in the 4T1 tumors'
volume during 21 days.

The gold
nanorod/molybdenum/ICG
nanohybrid led to higher tumor
weight reduction followed by
gold nanorod/molybdenum,
free ICG, gold nanorod, and
molybdenum alone.
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IR780

Nanorod

Nanorod

Nanocluster

Nanostar

ICG loaded
silica
(shell:17.34—
32.43-nm)
coated  gold
nanorod
(L:47.23 nm,
W:13.56 nm,
A.R:3.50)

ICG loaded
silica (shell:21
nm) coated
gold nanorod

(L:57.3;
W:16.2;
A.R:3.47)
31.97 nm ICG
loaded  gold
nanoclusters
(3.57 nm
spheres)

121.5 nm

IR780-loaded
gold nanostar
(80 nm)

Mesoporous
silica,  tLyp™
peptide  and
PEG

B-CD, RLA-
Ada and (DMA
CS(DMA)-PEG
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metalloprotein
ases (MMP2)
polypeptides
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754 nm

813 nm

760 nm

Broad
absorbance
from 600 to
1,000 nm

785 nm, 3 W.cm-
2 5 min

808 nm, 2
W.cm2, 5 min

808 nm, 0.8
W.cm™2, 4 min

808 nm, 0.8
W.cm™2, 2 min

~60°C

=60°C

~60°C

~60°C

Invitro

In
vitro/I
n vivo

In
vitro/I
n vivo

In
vitro/I
n vivo

MDA-
MB-231
cells

MCF-7
cells/M
CF-7
tumor
bearing
mice

4T1
cells/4
T1
tumor-
bearing
mice

A549
cells/A
549
tumor
bearing
mice

The PTT effect mediated by the
G/ICG nanostructures
provoked the reduction of the
viability of MDA-MB-231 cells
to values inferior to 20%.

The MCF-7 tumors treated with
G/ICG nanostructures
registered a  temperature
increase up to =45°C, whereas
the administration of free ICG
only reached =38°C. This
photothermal  improvement
resulted in a decrease in the
volume of MCF-7 tumors
during 21 days, whereas the
free ICG only slowed the tumor
growth.

The PTT effect mediated by the
gold/ICG nanostructures
increased the temperature of
the 4T1 tumor to 53°C, whereas
the free ICG only reached
~46°C. Further, this
combinatorial treatment
resulted in the complete
elimination of 4T1 tumors in 24
days  without recurrence,
whereas the free ICG only
slowed the tumor growth.

The A549 tumors treated with
gold/IR780 nanostructures
registered a  temperature
increase up to =46°C, whereas
the administration of free ICG
only reached =41°C. This
photothermal  improvement
resulted in a decrease in the
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Nanoprism

Heptameth
ine cyanine Nanorod
dye

30 nm gold
nanosphere
loaded  with
IR780

Ir780 loaded
on gold
nanoprisms
surface (57.5
nm)

L:48.5; W:10.7
heptamethine
cyanine  dye
coated  gold
nanorod

Pluronic F127

Lyp*and PEG

Glutathione

522 and 780 785 nm, 170

nm

600-700 nm

843 nm

mW, 30 min AT=9°C
2660 nm, 1 W.cm- ~50°C

, 5 min

808 nm; 1.5 ~50°C

W.cm™2, 5 min

Invitro

In
vitro/I
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In
vitro/I
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C26
cells
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MB-231
cells/M
DA-
MB-231
tumor
bearing
mice

A549
cells/A
549
tumor
bearing
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A549 tumors' volume during 18
days, whereas the free ICG only
slowed the tumor growth.

The combinatorial treatment
mediated by the gold/IR780
nanostructures presented a
higher number of C26 dead
cells than the treatment with
free ICG.

The MDA-MB-231 tumors
treated with gold-IR
nanostructures registered a

temperature increase up to
~50°C mediating the decrease
of the tumor volume with the
complete tumor ablation in 2 of
the 5 animals.

The PTT effect mediated by the
gold/heptamethine  cyanine
dye nanostructures increased
the temperature of the As549
tumor to 60°C promoting the
complete tumor ablation in 16
days.

[153]

[163]

[164]

30



1.2.6. Biocompatibility of gold-based nanomaterials

The wide application of gold-based nanomaterials in biomedical applications raises some
human safety concerns, which highlights the necessity to better understand their
interaction with the human body. In this regard, several studies are currently being
performed to evaluate the biodistribution and circulation of gold nanoparticles in the
bloodstream, their pharmacokinetics and elimination from the organism, as well as any
possible toxicity, i.e. adverse side effects to the organism as a whole or at the cellular and
genomic level. It is worth to notice that several parameters affect the interaction of gold
nanomaterials with the human body, such as size, shape, charge, and surface chemistry
(reviewed in detail by [165-168] (Figure 9). In a typical synthesis of gold nanorods and
other gold-based nanomaterials, the highly cytotoxic CTAB molecules are used as a
stabilizing agent impacting its applicability in humans [169]. Therefore, the
biocompatibility of these gold nanomaterials is ensured by replacing the CTAB molecules
with non-toxic materials such as PEG [170], chitosan [171], albumin [172], silica [173].
Manivasagan and colleagues reported that the silica-core gold shells functionalized with
chitosan and lipoic acid where biocompatible at concentrations up to 250 pg.mL
(i.e. cell viabilities superior to 95%), whereas a notorious decrease in the viability of
MDA-MB-231 cells was observed at concentrations superior to 150 ug.mL* [174]. Zhang
et al. evaluated the toxicity responses of mice subjected to the intraperitoneal injection
of Albumin or GSH coated gold nanoclusters at a concentration up to 7.55 mg.kg* [175].
The obtained results revealed that after 24 h no significant statistical differences were
observed in the bodyweight of the mice as well as no pathological lesions in major organs

were detected.

Nevertheless, the authors demonstrated that after 24 h the high dose of gold nanoclusters
induces acute immune responses (i.e. thymus index values increased from 2.3 to 4.2 in
the treated groups), increases the blood levels of white blood cells and creatine as well as
affects the kidney function. Interestingly, these toxicity responses were almost
completely reverted in the GSH coated gold nanoclusters after 28 days, which was
attributed to the faster metabolism and renal clearance of this nanomaterial. Otherwise,
the surface passivation of the gold nanomaterials can also enhance its colloidal stability
and increase the blood circulation time [176, 177]. Xu and coworkers observed that the
PEGylation of gold-core silica shell nanorods increased the blood circulation half-life
from 1.8 to 9.2 h [178]. Similarly, Xie et al. reported that the PEGylation of gold
nanoshells also increased the blood circulation half-life from 0.54 to 12.76 h [179].
Further, the authors also observed that increasing the blood circulation half-life resulted

in an enhanced tumor uptake from 0.15 to 0.77%ID/g.
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Aims

The main objective of this dissertation was to design and develop a novel surface
functionalization for gold core silica shell (AuMSS) nanorods. Simultaneously, the
encapsulation of IR780 in AuMSS nanoparticles was also aimed to increase the
photothermal and photodynamic capacity, and consequently its therapeutic potential.
The surface functionalization of AuMSS nanorods with Poly(ethylene glycol) methyl
ether (PEG-CH;) and Gelatin (GEL) was explored to improve both the blood circulation
time and targeting towards the cancer cells. To accomplish that, PEG-CH; and GEL were
previously modified with 3-(Triethoxysilyl)propyl isocyanate (TESPIC) (T-PEG-CH; and
T-GEL) and then were used to functionalize AuMSS nanorods, originating the
AuMSS/T-PEG-CH;/T-GEL nanorods. Additionally, the IR780 was loaded in the pores

of the mesoporous silica shell.
The specific aims of this dissertation were:

Synthesize the T-GEL and T-PEG-CH; derivatives;

Synthesize and functionalize the AuMSS nanorods;

Characterize the nanoparticles’ physicochemical properties;
Evaluate the IR780 loading capacity;

Determine the AuMSS nanoformulations’ photothermal capacity;
Evaluate the AuMSS nanoformulations’ cytocompatibility;

Characterize the nanoparticles’ cellular uptake;

YV V. V V V V V VY

Evaluate the nanoparticles’ cytotoxic activity (PTT and PDT) in cervical cancer

cells.

RGD
Receptors

Figure 10: Schematic representation of IR780@AuMSS/T-PEG-CH;/T-GEL assembly and its application
in cancer phototherapy.
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2. Experimental Section

2.1. Materials

Hydrogen tetrachloroaurate (III) hydrate (HAuCl,) was purchased from Alfa Aesar
(Karlsruhe, Germany). Tetraethylorthosilicate (TEOS) and tetrahydrofuran (THF) were
obtained from Acros Organics (Geel, Belgium). CTAB was acquired from Tokyo Chemical
Industry (Tokyo, Japan). Hydrochloric acid (HCl) was acquired from Panreac
(Barcelona, Spain). Methanol was obtained from VWR International (Carnaxide,
Portugal). L-ascorbic acid, silver nitrate (AgNOs), Dulbecco's Modified Eagle
medium-high glucose (DMEM-HG), Dulbecco's Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM-F12), ethanol (EtOH), Fluorescein 5-isothiocyanate (FITC),
resazurin, sodium borohydride (NaBH,), Paraformaldehyde (PFA), PBS solution,
PEG-CH; (Mw=223.35 g.mol*), TESPIC, GEL, IR780 iodide,2’,7’-Dichlorofluorescein
diacetate (H,DCF-DA) and trypsin were bought from Sigma-Aldrich (Sintra, Portugal).
Hoechst 33342®, calcein acetozxmethyl (Calcein AM), Propidium iodide (PI), and wheat
germ agglutinin conjugate Alexa 594® (WGA-Alexa® Fluor 594) were obtained from
Invitrogen (Carlsbad, CA). Human negroid cervix epithelioid carcinoma HeLa cells
(ATCCs CCL-2™) were acquired from ATCC (Middlesex, UK). Primary normal human
dermal fibroblast (FibH) cells were bought to Promocell (Heidelberg, Germany). Fetal
bovine serum (FBS) was acquired to Biochrom AG (Berlin, Germany). Cell imaging plates
were acquired from Ibidi GmbH (Ibidi, Munich, Germany). Cell culture t-flasks were
supplied by Orange Scientific (Braine-’Alleud, Belgium). Double deionized and filtered
water (ultrapure water) was obtained by using a Milli-Q Advantage A10 Ultrapure Water
Purification System (0.22 pum filtered; 18.2 MQ.cm™ at 25°C)

2.2. Methods

2.2.1. Synthesis of AuMSS nanorods

The rod-shaped gold nanoparticles were synthesized through a seed-mediated growth
methodology, as previously described in the literature [67, 126]. In the first step, a
solution containing small spherical gold spheres (seeds) was prepared by adding 0.6 mL
of NaBH, (0.01 M) to an aqueous solution containing 5 mL of CTAB (0.20 M) and 5 mL
of HAuCl, (0.0005 M). After 6 h at 30°C, the seed solution was added to a growth
solution, which was prepared by adding under magnetic stirring 0.21 mL of L-ascorbic
acid (0.08 M), 0.03 mL of AgNO; (0.1 M), and 0.3 mL HAuCl, (0.05 M) to an aqueous
solution containing 20 mL of CTAB (0.2 M). The final solution was left under magnetic

stirring at 30°C for 16 h, to obtain the gold nanorods.
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Then, the synthesis of the mesoporous silica shell was performed according to a method
previously described in the literature [180]. For that purpose, the gold nanorods were
centrifuged (12,000 g, 20 min at 25°C) to remove the excess of CTAB and resuspended
in ultrapure water. Subsequently, 0.7 mL of CTAB (0.01 M) was added and the resultant
solution was left under stirring overnight at 40°C. Afterward, 0.07 mL of NaOH (0.1 M)
was added to the solution and left under stirring for 30 min. After this period, three
injections of TEOS (0.03 mL at 20% v/v in methanol) were performed in 30 min
intervals. Finally, the solution was left under stirring at 40°C for 24 h and the AuMSS
nanorods were recovered by centrifugation (12,000 g for 20 min at 25°C) and washed

several times with ultrapure water.

2.2.2. Removal of the surfactant template

The cytotoxic surfactant CTAB used in the synthesis of AuMSS nanorods was removed
from the nanoparticles by adapting a solvent-based approach, previously described by
Moreira and co-workers [181]. Briefly, nanoparticles were resuspended in an acid
solution (HCl 7.5% v/v in EtOH), sonicated for 5 min, and centrifuged (18,000 g, 20 min
at 25°C). This step was repeated numerous times and was followed by additional washing
cycles with EtOH (99,9% v/v) and ultrapure water. Finally, AuMSS nanorods were

recovered by centrifugation (18,000 g for 15 min) and resuspended in ultrapure water.

2.2.3. Synthesis of T-PEG-CH; and T-GEL

The TESPIC-PEG-CH; (T-PEG-CH;) and TESPIC-GEL (T-GEL) polymers were
synthesized by adapting a method described by Rodrigues and co-workers [67]. Briefly,
0.5 g of PEG-CH; polymer were dissolved in 20 mL of THF anhydrous, whereas 0.5 g of
GEL were dissolved in 20 mL of THF (40% v/v). Both reactions were left at room
temperature under a nitrogen atmosphere and magnetic stirring for 6 h. Next, TESPIC
was added in a molar ratio of 1:1 for PEG-CH; and 2:1 for GEL and left under magnetic
stirring for 24 h. Afterward, the T-PEG-CH; and T-GEL polymers were recovered by
evaporation (Rotavap®R-215, Biichi, Switzerland), and the film obtained was

resuspended with ultrapure water, sonicated, and freeze-dried.

The successful synthesis of the polymers TESPIC derivatives was accessed using the

Fourier-transform infrared (FTIR) spectroscopy.

2.2.4. AuMSS nanorods functionalization with T-PEG-CH3; and T-GEL
The polymer silanated derivatives, T-PEG-CH; and T-GEL, were chemically coupled to
the surface of AuMSS nanorods through condensation reaction [67] (Figure 11). First, 20

mg of AuMSS nanorods were resuspended in 40 mL of EtOH (33%, pH 4) and sonicated

37



for 10 min. Then, T-PEG-CH; and T-GEL polymers were added to the AuMSS nanorods
solution with a T-PEG-CH;/T-GEL ratio of 3:1 (w/w) and left under stirring at 900 rpm
for 24 h. Finally, the AuMSS/T-PEG-CH;/T-GEL nanorods were recovered by
centrifugation (8,000 g, 20 min at 25°C) and washed several times with ultrapure water

to remove the unlinked polymers chains.

T-
——
+
T-GEL \
————
<—

AuMSS/T-PEG-CH,/T-GEL 24 h, ethanol 33%, 25 °C

Figure 11: Representation of the AuMSS nanorods’ functionalization with T-PEG-CH3; and T-GEL
polymers.

2.2.5. Characterization of nanocarriers physicochemical properties
2.2.5.1. Morphological characterization and size analysis

The morphology of the AuMSS and AuMSS/T-PEG-CH;/T-GEL nanoparticles was
evaluated by TEM (TEM-Hitachi-HT7700, Tokyo, Japan). Briefly, nanoparticles samples
were placed in formvar-coated copper grids and were left to dry at room temperature.
The TEM images were obtained at an accelerating voltage of 80 and 200 kV. Further, the
silica shell thickness and nanoparticles' total size and gold core size were measured by

software (Image J 2.0.0 NIH Image, USA).

2.2.5.2. Zeta potential and Ultraviolet-visible spectroscopy analysis

The zeta potential of AuMSS nanorods, AuMSS/T-PEG-CH;/T-GEL, and
AuMSS/T-PEG-CH;/T-GEL loaded with IR780 (IR780@T-PEG-CH;/T-GEL) was
measured using a Zetasizer Nano ZS equipment (Malvern Instruments, Worcestershire,
United Kingdom). The measurements were performed in ultrapure water at 25°C in a

disposable capillary cell.

To confirm the success of AuMSS nanoformulations’ synthesis and NIR absorption

capacity a UV-Vis spectrum was assessed using a UV-Vis spectrophotometer (Thermo
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Scientific Evolution™ 201, Bio UV-Vis Spectrophotometer, ThermoFisher Scientific Inc,

USA) with a wavelength range between 300 to 1,100 nm at a scan rate of 300 nm/min.

2.2.5.3. Fourier transform infrared spectroscopy analysis

The successful purification and functionalization of AuMSS nanorods were evaluated
through FTIR. The nanoformulations’ FTIR spectra were obtained by using a Nicolet
iS10 spectrometer with a 4 cm™ spectral resolution from 600 to 4,000 nm (Thermo
Scientific Inc (Massachusetts, USA). The Data acquired were executed in the OMNIC

spectra software (Thermo Scientific).

2.2.5.4. Thermogravimetric analysis

The T-PEG-CHz and T-GEL content on AuMSS nanorods was measured by performing
a thermogravimetric analysis (TGA) of AuMSS and AuMSS/T-PEG-CH;/T-GEL
nanoparticles. For that propose, samples were subjected to increasing temperatures up
to 600 °C (rate of 10°C/min under an inert atmosphere) and the nanoparticles’ weight

loss was recorded along the time using an SDT Q600 equipment (TA Instruments, USA).

2.2.6. The IR780 loading on AuMSS/T-PEG-CHj3/T-GEL

IR780 was loaded on AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods by adapting an
impregnation method described by Moreira and co-workers [182]. For that propose,
AuMSS formulations were resuspended in 5 ml of methanol containing IR780 at a
concentration of 40 pg.mL". The solution was sonicated for 15 min with subsequent
stirring for 48 h at room temperature. Afterward, the IR780 loaded AuMSS formulations
(IR780@AuMSS and IR780@AuMSS/T-PEG-CH3/T-GEL) were recovered by
centrifugation (18,000 g for 30 min at 4°C) and freeze-dried. The obtained supernatant
was used to determine the amount of IR780 that was encapsulated in AuMSS
formulations. For that purpose, the absorption of the supernatant at 780 nm was
measured using a UV-Vis Spectrophotometer (Thermo Scientific Evolution™ 201
Bio-UV spectrophotometer, ThermoFisher Scientific Inc., USA), and the IR780 content

determined using a calibration curve (ABS=0,3929C + 0,0201, R2=0,9978).

The encapsulation efficiency (E.E.) was calculated through equation 1:

0/) (Initial IR780 weight-IR780 weight in the supernatant)
0 =

EE.( Initial IR780 weight

X100 (Eq.1)
2.2.7. In vitro photothermal measurements

The in vitro photothermal capacity of AuMSS formulations and free IR780 was evaluated

as previously reported in the literature [180]. Briefly, free IR780 (1.3 ug.mL), AuMSS,
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AuMSS/T-PEG-CH;/T-GEL, and IR780@AuMSS/T-PEG-CH;/T-GEL nanorods at a
concentration of 100 pg.mL* were irradiated with a NIR laser (808 nm, 1.7 W.cm2).
During the procedure, the variation of the solution temperature was measured at
different time points (from 1 up to 10 min) by using a thermocouple sensor with an
accuracy of 0.1°C. A control group without the particles and IR780 was also irradiated
and the temperature changes measured. Additionally, the photothermal capacity of
AuMSS formulations and free IR780 after multiple irradiations was also measured at

different points (from 1 up to 5 min).

The photothermal conversion efficiency of AuMSS formulations and free IR780 was

calculated through equation 2:

_ hS(Tméx-Tsol.amb)-Qdis

I(1-10"-A808) (Eq' 2)

, where h is the heat transfer coefficient, S is the surface area of the container, Ty is the
maximum temperature reached by the solutions, Tso.amb is the room temperature, I the
intensity of the NIR, and Asos laser is the absorbance of the AuMSS nanorods at 808 nm
[183]. The value of hS is obtained from equation 3:

hS="C (Eq. 3)

TS

, where m is the water mass (0.2 g), C is the specific heat capacity of water (4.2 J/g °C),
7s is the sample system time constant. This constant is determined through the following
equation:

__ t
~ In(®)

TS (Eq. 9
, where t is the time of irradiation of the sample (600 s) and 6 is calculated through the
equation 5:

_Tamb—Tsol.amb
" Tmaéx-Tsol.amb

(Eq. 5)
, where T.mpb corresponds to room temperature (22.8°C).

2.2.8. Cytocompatibility assay

The biocompatibility of AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods towards
HeLa (cervical cancer cell model) and FibH (Human fibroblasts) cells was determined
through the resazurin-based assay [181]. Briefly, both cells lines were seeded (10,000

cells/well) into 96-well flat-bottom culture plates and cultured with 100 pL of medium
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(DMEM-HG for HeLa cells and DMEM-F12 medium for FibH cells) in an incubator with
a humidified atmosphere (37°C, 5% CO.) during 24 h. Posteriorly, cells were incubated
with different concentrations (25 to 200 pg.mL?) of AuMSS formulations. After 24, 48,
and 72 h, the medium was replaced with 110 pL of resazurin solution 10% (v/v) and
incubated for 4 h in the dark at 37°C and 5% CO.. After this time, the cells’ viability was
determined by measuring the fluorescence of the produced resorufin using a microwell
plate reader (Spectramax Gemini XS, Molecular Devices LCC, USA) at an
excitation/emission wavelength of Aex=560 nm and Aem=590 nm. Cells incubated with
EtOH (99,9%) and cells only incubated with culture medium were used as positive (K*)

and negative (K-) controls, respectively.

2.2.9. Evaluation of AuMSS nanoformulations’ cellular uptake

The uptake of AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods by HeLa or FibH cells
was determined by fluorescence spectroscopy according to a method described by
Moreira and co-workers [51]. Briefly, HeLa or FibH cells were seeded into 96-well
flat-bottom culture plates at a density of 10,000 cells per well and cultured for 24 h, at
37°C, 5% CO, humidified atmosphere. After this period, the culture media was removed,
and the cells were incubated with FITC stained AuMSS nanoformulations at a
concentration of 100 and 200 pg.mL" for 2 h. In one test group, the cells were previously
treated with GEL (200 pg.mL") for 4 h. Then, the cells were washed with ice-cold Krebs
Ringer Buffer (KRB) and lysed with 1% Triton X-100 in KRB for 30 min at 37°C. Cells
incubated only with KRB were used as control. Afterward, FTIC fluorescence (Aex=490
nm and Aem=520 nm), was quantified using a Spectramax Gemini XS (Molecular
Devices LCC, USA).

Additionally, the internalization of AuMSS nanoformulations by HeLa cells was
confirmed by confocal laser scanning microscopy (CLSM) [184]. Briefly, HeLa cells were
seeded on p-Slide 8 well Ibidi imaging plates with a cell density of 20,000 cells per well
and incubated for 24 h, at 37°C, 5% CO. humidified atmosphere. After this time, the
medium was removed, and cells were incubated with FITC stained AuMSS
nanoformulation at a concentration of 200 pg.mL. After 6 h, the cells were washed with
PBS, fixed with PFA (4% w/v) for 10 min, and washed again with PBS. Then, cells were
treated with Hoechst 33342® and WGA-Alexa Flour 594 for cell nucleus and cytoplasm
staining, respectively. The CLSM images were obtained using a Zeiss LSM 710 Confocal
microscope (Carl Zeiss SMT Inc., Germany). The image analysis was performed in the

Zeiss Zen 2010 software.
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2.2.10. Evaluation of intracellular ROS generation

The generation of intracellular ROS was assessed using the H.DCF-DA probe, as
described by Dias and colleagues [180]. Initially, HeLa cells were seeded in 96-well plates
with a cell density of 10,000 cells per well and cultured for 24 h, at 37°C, and 5% CO.
humidified atmosphere. Then, cells were incubated with nanoparticles (100 and 200
pg.mL™) during 4 h. Subsequently, the cell medium was removed, and 10 mM of the
H.DCF-DA solution was added in the dark (at 37°C, a humidified atmosphere with 5%
CO.). After 1 h of incubation with the H,DCF-DA probe, the cells were washed twice with
PBS and fresh medium (phenol red-free). Cells cultured only with culture medium were
used as the control group. Then, the cells were irradiated with a NIR laser (808 nm, 1.7
W.cm2) for 5 min, washed with ice-cold KBR, and lysed with 1% Triton X-100 in KRB
for 30 min at 37°C. Finally, H.DCF-DA fluorescence, Aex=488 nm and Aem=540 nm, was
quantified using a Spectramax Gemini XS plate reader (Molecular Devices LLC, USA).

2.2.11. Evaluation of AuMSS nanoformulations phototherapeutic
effect

2.2.11.1. Characterization of the AuMSS in vitro cytotoxic activity

The cytotoxic effect of free IR780 and AuMSS nanoformulations (AuMSS,
AuMSS/T-PEG-CH;/T-GEL, and IR780 @AuMSS/T-PEG-CH;/T-GEL) was determined
in vitro using the resazurin assay [51]. For that propose 10,000 HelLa cells were seeded
in 96-well plates and cultured for 24 h. Afterward, the cells were incubated with free
IR780 (0.65, 1.3, and 2.6 ug.mL?) or AuMSS nanoformulations at different
concentrations (50, 100, and 200 ug.mL™) for 24 h. Then, the cells were irradiated with
a NIR laser (808 nm, 1.7 W.cm2) for 5 min. Non-irradiated cells were used as control.
After 24 h, the cells’ viability was assessed using the resazurin method as described
above. Cells incubated with EtOH (99,9%) and cells only incubated with culture medium

were used as K* and negative K- controls, respectively.

2.2.11.2. Live/death assay

The phototherapeutic effect mediated by AuMSS, AuMSS/T-PEG-CH;/T-GEL,
IR780@AuMSS/T-PEG-CH;/T-GEL nanorods, and free IR780 was also evaluated by
fluorescence microscopy through the Live/Dead assay (Invitrogen, Life Technologies,
USA). For that propose, 25,000 HeLa cells were seeded on p-Slide 8 well Ibidi imaging
plates (Ibidi GmbH, Germany), and incubated at 37°C in a humidified atmosphere (5%
CO.). After 48 h, HeLa cells were treated with AuMSS nanoformulations (100 pg.mL™)
and free IR780 (1.3 pg.mL?) for 24 h and irradiated with a NIR laser (808 nm,

1.7 W.cm) for 5 min. Afterward, cells were stained with Calcein AM and PI to allow the
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visualization of live and dead cells, respectively. Finally, the live/death images were
obtained by CLSM (Zeiss LSM 710, Carl Zeiss, Germany).

2.2.12. Statistical analysis

Data are presented as the meantstandard deviation (s.d.). The statistical analysis of
experiments with two groups was performed with the unpaired T-student test. One-way
analysis of variance (ANOVA) with the Student—Newman—Keuls post-test was used for
multiple groups comparison. A p-value lower than 0.05 (p<0.05) was statistically
significant. Statistical analysis was performed using GraphPad Prism v.6.0 software
(Trial version, GraphPad Software, USA).
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3. Results and Discussion

3.1. Synthesis and characterization of T-PEG-CH; and
T-GEL polymers

PEG-CHj; is a biocompatible and amphiphilic polymer that can act as has a solubilizer
agent to improve the colloidal stability and blood circulation time of AuMSS
nanoparticles [185]. Such is attributed to the PEG capacity to decrease the adsorption of
proteins on the surface of nanoparticles, reducing their recognition by the immune
system and consequent elimination [186]. Further, increased blood circulation times
have been correlated with higher probabilities of the nanoparticles accumulate in the
tumor tissue [187]. Otherwise, GEL is a natural polymer obtained through the hydrolysis
of collagen with biodegradability and biocompatibility properties [188, 189]. Further,
GEL presents specific binding domains, known as RGD sequences, with specificity to
avf; integrin receptors overexpressed in cancer cell membranes, which consequently will
improve the AuMSS nanoparticles' specificity to the cancer cells and therapeutic
potential [190, 191]. For that purpose, PEG-CH; and GEL polymers were previously
modified with TESPIC (T-PEG-CH; and T-GEL silane derivatives) through a hydrogen-
transfer nucleophilic addition reaction to enable their posterior chemical grafting in
AuMSS surface (Figure 12).
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Figure 12: Schematic synthesis of T-PEG-CH3 and T-GEL polymers.
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The modification of GEL and PEG-CH; with TESPIC was confirmed through FTIR
analysis. The FTIR spectra of GEL and T-GEL shows the characteristic peaks of GEL at
3,288 cm™, corresponding to the N-H vibrations, and at 1,680-1,640 cm™ region
attributed to the strong C=0 stretching of amide II [192]. After modification with
TESPIC, the T-GEL spectrum showed some changes at the 1,000-1,100 cm™ region due
to the absorption band of the Si-O-C bonds. Otherwise, the T-PEG-CH; shows both the
PEG-CH; characteristic peaks at 2,800-2,900 cm (C-H stretching) and the peaks
corresponding to the C=0 stretching of amide II (1,680-1,640 cm™) bond resulting from
the TESPIC linkage (Figure 13) [126].
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Figure 13: FTIR spectra of GEL, T-GEL, PEG-CHj3, and T-PEG-CHj3 polymers.

3.2. Synthesis and characterization of AuMSS nanorods

The synthesis of AuMSS nanorods was performed using a seed-mediated methodology
already described in the literature [193, 194]. The synthesis method is divided into three
main steps: i) production of small gold spheres (seeds), ii) seed growth forming the gold
nanorods, iii) and the coating with a mesoporous silica shell, using CTAB as a template
to promote the formation of the mesopores. The successful synthesis of the AuMSS
nanorods and their core-shell organization was confirmed by TEM images (Figure 14 A).
Additionally, the analysis of TEM images demonstrates the presence of gold nanorods
coated with a mesoporous silica shell. Further, the ImageJ measurements show that the

gold core had a mean length and width of 53+11 nm and 19+4 nm, respectively,
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corresponding to an A.R. of 2.8. Additionally, the AuMSS nanorods present a
mesoporous silica layer with 30 nm of thickness, which results in nanoparticles with a

total length and width of 96+15 nm and 66+14 nm, respectively.
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Figure 14: Size analysis of AuMSS and AuMSS/T-PEG-CH3/T-GEL. TEM images of AuMSS (A) and
AuMSS/T-PEG-CH3/T-GEL nanorods (B). AuMSS size distribution of AuMSS (C) and
AuMSS/T-PEG-CH3/T-GEL (D) (length and width included), n=300.

After the AuMSS nanorods functionalization with T-PEG-CH; and T-GEL polymers, the
TEM images analysis does not show any significant changes in overall nanoparticles size
(L: 84+14 nm and W: 52+10 nm, Figure 14 C). Thus, the overall size of AuMSS
formulations allows them to take advantage of the enhanced permeability and retention

effect, which consequently enable their passive accumulation in the tumor tissue [47].

The successful removal of the CTAB and the formation of the mesoporous silica shell was
evaluated by FTIR analysis (Figure 15 A). CTAB possesses two characteristic peaks,

2,850-2,050 cm* (corresponding to the C-H vibration), and 1,450-1,500 cm™
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(corresponding to the CH;-N* deformation) [180]. Therefore, the absence of these two
characteristic bands in the AuMSS nanorods FTIR spectrum confirms the complete
removal of the cytotoxic CTAB molecules. Additionally, it is also possible to observe the
characteristics peaks of the mesoporous silica shell in the 750-1,150 cm™, which

correspond to Si-O-Si and Si-OH vibrations [181].

3.3. Functionalization of the AuMSS nanorods
The immobilization of T-PEG-CH; and T-GEL on the surface of the AuMSS nanorods

was achieved by exploring the condensation of the silane-modified polymers with the
Si-OH groups present on the silica surface, originating the AuMSS/T-PEG-CH;/T-GEL
nanorods. The functionalization of AuMSS nanorods was evaluated by recording the
changes in the nanoparticles' zeta potential. The AuMSS nanorods presented a negative
surface charge, -23 mV, due to the silanol groups present on the mesoporous silica
surface (Figure 15 B). The immobilization of T-PEG-CH; and T-GEL resulted in the
neutralization of the AuMSS surface charge to -7.46 mV. Such can have a great impact
on the nanomaterials’ performance since neutral surface charges (+10 mV) are often
considered ideal for biological applications due to the reduced RES recognition and

improved blood circulation time [195].
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Figure 15: Physicochemical characterization of AuMSS formulations. (A) FTIR spectra of AuMSS non-
purified, AuMSS, and AuMSS/T-PEG-CH;/T-GEL nanorods. (B) Surface charge of AuMSS, AuMSS/T-PEG-
CH3/T-GEL, and IR780@AuMSS/T-PEG-CH3/T-GEL. Data are presented as meants.d., **p<o0.01,
**%%p<0.0001 n=3. (C) TGA analysis of AuMSS and AuMSS/T-PEG-CH3/T-GEL nanoparticles. (D) IR780
E.E. on AuMSS and AuMSS/T-PEG-CH;/T-GEL nanoparticles. Data are presented as meanzs.d., n=3.
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Additionally, the functionalization of AuMSS nanoparticles was also confirmed through
FTIR analysis (Figure 15 A). The AuMSS/T-PEG-CH;/T-GEL presented the
characteristic peaks of mesoporous silica in the 750-1,100 cm™ region, as well as the
PEG-CH; C-H stretching at 2,900 cm™ and the GEL C=0 stretching at 1,650 cm™.
Further, the polymer content on AuMSS/T-PEG-CH;/T-GEL nanoparticles was
determined by TGA analysis (Fig. 15 C). In Figure 15 C, it is possible to observe that the
bare AuMSS nanorods present only 4% of weight loss, which can be attributed to the
evaporation of water molecules in the interior of the mesopores and the loss of the
hydroxyl groups present on nanoparticles’s surface. Otherwise, the
AuMSS/T-PEG-CH;/T-GEL presented a weight loss of 20% due to the pyrolysis of the
polymers. Overall, the presented results corroborate the successful immobilization of
GEL and PEG on the surface of the AuMSS nanorods.

3.4. Evaluation of the IR780 loading

IR780 is a small molecule with an absorption peak at 780 nm that can mediate the
generation of ROS (PDT) and heat (PTT) upon irradiation with NIR light [196]. However,
this small molecule presents low solubility and tumor uptake, presenting a rapid blood
clearance and acute toxicity [152]. Therefore, the encapsulation of IR780 in different
nanostructures has been explored to improve its solubility and tumor accumulation
[151, 152]. So, in this work, it was hypothesized that the IR780 encapsulation in AuMSS
nanorods may contribute to improving the AuMSS photothermal capacity and overall

therapeutic potential.

The AuMSS and AuMSS/T-PEG-CH,/T-GEL nanorods 'ability to encapsulate IR780 was
characterized by measuring the E.E. The encapsulation of the IR780 was performed by
resuspending AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods in the IR780 solution
for 48 h. The results show that AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods
presented an E.E of 29,4% and 17,7%, respectively (Figure 15 D). As expected, the results
demonstrate that the AuMSS functionalization with T-PEG-CH; and T-GEL decreases
the E.E. of the IR780, which can be attributed to a repulsion phenomenon (negatively
charged polymers and IR780 molecules) and/or the blockage of AuMSS pores by the

polymers.
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3.5. In vitro evaluation of the photothermal capacity of

AuMSS nanoformulations
The AuMSS, AuMSS/T-PEG-CH,/T-GEL, and IR780@AuMSS/T-PEG-CH,/T-GEL

nanoformulations ability to be applied as photothermal agents was initially verified
through UV-vis analysis (Figure 16). As expected, free IR780 presented a well-defined
absorption peak in the NIR region at 780 nm (Figure 16). Otherwise, the UV-vis spectra
of AuMSS nanorods show two absorption bands at 520 nm and 750 nm (i.e. NIR region),
which correspond to the characteristic transversal and longitudinal plasmon resonances
of gold nanorods. The strong absorption peak at 750 nm supports the application of
AuMSS nanorods as photothermal agents. Moreover, the functionalization of the AuMSS
nanorods with PEG-CH; and GEL did not induce any significant changes in the
nanoparticles’ absorption spectrum. Further, apart from the two absorption bands at 520
nm and 750 nm, the IR780@AuMSS/T-PEG-CH;/T-GEL nanorods also presented a
small deformation in the absorption spectra at =780 nm. Such corroborates the previous

results demonstrating the successful loading of IR780 in the AuMSS nanorods.
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Figure 16: UV-Vis spectra of AuMSS nanoformulations and free IR780.

Then, the photothermal capacity of the free IR780 and the AuMSS nanoformulations was
evaluated by measuring the temperatures changes when exposed to a NIR laser (808 nm,
1.7 W.cm™) for 1 to 10 min (Figure 17 A). It was possible to observe that both AuMSS

nanoformulations can mediate an increase in temperature up to 10 min of irradiation. At
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a concentration of 100 pg.mL*both AuMSS and AuMSS/T-PEG-CH;/T-GEL mediated a
~35°C temperature increase, contrasting with the obtained with the free IR780
(1.3 pg.mL™* - a concentration equivalent to the IR780@AuMSS/T-PEG-CH;/T-GEL).
Otherwise, the IR780@AuMSS/T-PEG-CH;/T-GEL nanorods presented a higher
photothermal capacity, reaching a AT of =40°C after 6 min of irradiation. Nevertheless,
from the 8 min of irradiation onward, the temperature of the medium started to decrease
to a final AT of =37°C. This photothermal behavior can be explained by the
photodegradation of IR780 upon continuous irradiation with NIR light [151]. To confirm
these results, the photothermal stability of IR780@AuMSS/T-PEG-CH;/T-GEL
nanoparticles and free IR780 were evaluated by performing multiple irradiation cycles
(Figure 17 B and C). After multiple NIR irradiations, free IR780 showed a decrease in the
photothermal capacity, while IR780@AuMSS/T-PEG-CH;/T-GEL maintained their
photothermal profile, demonstrating the photothermal stability of the gold core. This
enhanced photothermal stability can be explored for improving the therapeutic efficacy

by performing multiple cycles of irradiation in the tumor tissue.
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Figure 17: Characterization of the PTT capacity of AuMSS nanoformulations and free IR780. (A)
Temperature variation curve of AuMSS nanoformulations and free IR780, NIR laser (808 nm,1.7 W cm~2)
irradiation for 10 min. (B) Temperature variation curve of multiple irradiations of IR780@AuMSS/T-PEG-
CH3/T-GEL nanoparticles and (C) free IR780, NIR laser (808 nm, 1.7 W cm~2) irradiation for 5 min. (D)
Photothermal conversion efficiency (%) of AuMSS, AuMSS/T-PEG-CH3/T-GEL, and IR780@AuMSS/T-
PEG-CH3/T-GEL. Data are presented as meanzs.d..
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Finally, the UV-vis and in vitro PTT results were used to calculate the photothermal
conversion efficiency of the different AuMSS nanoformulations. The obtained results
demonstrate that the encapsulation of IR780 improves the photothermal performance
of AuMSS nanoparticles, the calculated photothermal conversion efficiency for AuMSS,
AuMSS/T-PEG-CH;/T-GEL, and IR780@AuMSS/T-PEG-CH;/T-GEL was 88,1%,
88,1%, and 96,1%, respectively (Figure 17 D).

3.6. Characterization of the AuMSS nanorods
biocompatibility

The cytocompatibility of AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods was assessed
both on HeLa and FibH cells through the resazurin assay. For that propose different
concentrations of AuMSS nanoformulations (25 to 200 ug.mL*) were incubated with the
cells for 24, 48, and 72 h. According to the ISO 10993-5 “Biological evaluation of medical
devices-Part 5: Tests for in vitro cytotoxicity.” a nanomaterial induces a cytotoxic effect
when the cell viability is reduced by more than 30%. Therefore, Figure 18 demonstrates
that both AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods are biocompatible in all
concentrations tested. These results are in agreement with the results described in the
literature for AuMSS nanorods as well as with the safety profiles of GEL and PEG-CHj,

(FDA-approved polymers for biomedical applications) [180, 197].
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Figure 18: Evaluation of AuMSS and AuMSS/T-PEG-CH;3/T-GEL nanorods cytocompatibility in HeLa cells
and FibH cells at 24, 48, and 72 h. (A) Cytocompatibility analysis for AuMSS nanorods in HeLa cells (B) and
FibH cells (C) AuMSS/T-PEG-CH3/T-GEL in HeLa cells and (D) and FibH cells. Positive control (K+): cells
treated with EtOH; negative control (K-): cells without nanoparticle incubation. Data are presented as
meanzs.d..
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3.7. AuMSS nanorods uptake by HeLa and FibH cells

The nanoparticles uptake by cancer cells is one of the last barriers that nanoparticles
have to surpass to induce their therapeutic effect. The nanoparticles’ modification with
agents that possess the ability to actively target cancer cells is one of the main approaches
to improve the selectivity and the nanoparticles’ uptake by cancer cells. For that propose,
the uptake of AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods was evaluated both in
HeLa and FibH cells using fluorescence spectroscopy and CLSM. For that purpose, the
AuMSS formulations were stained with FITC during 48 h to allow the nanoparticle
tracking during the uptake assays. Afterward, the GEL targeting capacity was evaluated
by measuring the fluorescence of the FITC-labeled AuMSS nanoformulations in HeLa
(high avpB; expression) and FibH (low avf}; expression) cells through fluorescence

spectroscopy (Figure 19).
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Figure 19: Analysis of AuMSS nanoformulations uptake by HeLa and FibH cells. (A) Fluorescence
spectroscopy analysis of AuMSS nanoformulations at 100 pg.mL* and (B) 200 ug.mL?, fluorescence was
normalized towards AuMSS nanorods group. Data are presented as meanz+s.d., **p<0.01, ****p<0.0001
n=5.

The obtained results demonstrated that the HeLa cells treated with FITC-stained
AuMSS/T-PEG-CH;/T-GEL nanorods presented a higher fluorescence intensity than
those treated with AuMSS. Further, no significant differences were observed in the
uptake of AuMSS formulations by FibH cells. Such results indicated that the increased
uptake of AuMSS/T-PEG-CH;/T-GEL nanorods in HeLa could be mediated by the
interaction of RGD sequences available in GEL with the overexpressed avf3; integrins.
With that in mind, both HeLa and FibH were treated with free GEL for 4 h before the
incubation with AuMSS nanoformulation. Such resulted in the reduction of the
AuMSS/T-PEG-CH;/T-GEL nanorods uptake in HeLa cells to values similar to those of
AuMSS nanorods. Therefore, this experiment demonstrated that the introduction of GEL

in the AuMSS nanorods confer to the nanoparticles a preferential uptake in cancer cells
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overexpressing the avf3; integrins. Such behavior is in accordance with the data available
in the literature, where the functionalization of the nanoparticles with RGD sequences
increased their cellular uptake by cancer cells overexpressing the avf; integrins
[198-200]. Additionally, the uptake of AuMSS nanoformulation by HeLa cells was also
confirmed by CLSM. In confocal images (Figure 20) it is possible to co-localize the FITC
fluorescence (i.e. stained nanoparticles) with the cell cytoplasm, highlighted with the
white arrows, confirming that both the AuMSS and AuMSS/T-PEG-CH;/T-GEL can be
uptaken by HeLa cells.

Nucleus and cytoplasm Nanoparticles Merge

AuMSS

AuMSS/T-PEG-CH,/T-GEL

Figure 20: Representative confocal microscopy images of the AuMSS nanoformulations uptake by HeLa
cells after 6 h of incubation at 200 pg.mL™. The white arrows are pointing to the internalized nanoparticles.
The scale bar corresponds to 50 um. Blue channel: Hoechst 33342® stained cell nucleus; red channel:
WGA-Alexa Fluor 594®stained cell cytoplasm; green channel: FITC labeled nanoparticles.

3.8. Evaluation of intracellular ROS generation in HeLa

cells

The intracellular generation of ROS by HeLa cells treated with AuMSS,
AuMSS/T-PEG-CH,/T-GEL, IR780@AuMSS/T-PEG-CH,/T-GEL, and free IR780, in
the presence or absence of NIR irradiation, was assessed using the H.DCF-DA probe
[180]. The obtained results revealed that in general the NIR irradiation induce an
increase in the generation of ROS by HeLa cells (Figure 21 B). Additionally, it is possible
to observe that the group treated with the IR780@AuMSS/T-PEG-CH;/T-GEL
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nanoformulation presented a generation of ROS 2-times superior to the other AuMSS
formulations. Such an increase in the generation of ROS can be explained by the
encapsulation of IR780 and its capacity to generate ROS in response to NIR laser
irradiation. Otherwise, the free IR780 treated cells presented the lowest levels of ROS,
which can be attributed to the photodegradation of non-protected IR780 during NIR

irradiation.
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Figure 21: Analysis of the intracellular generation of ROS in HeLa cancer cells mediated by the AuMSS
nanoformulations. (A) Schematic representation of the intracellular generation of ROS in response to
AuMSS nanoformulations upon NIR irradiation (808 nm, 1.7 W.cm2, 5 min) (B) Evaluation of the
intracellular generation of ROS, fluorescence was normalized towards K NIR group. K+: cells treated with
EtOH. K-: non-irradiated HeLa cells and (K NIR): HeLa cells only exposed to NIR irradiation (808 nm,
1.7 W.cm2, 5 min). Data are presented as meanzs.d., *p<0.05, ****p<0.0001 n=4; n.s. — non-significant

3.9. Characterization of the AuMSS nanoformulations’

photothermal cytotoxic activity

The anti-cancer potential of AuMSS nanoformulations as well as its capacity to combine
PTT and PDT was evaluated in HeLa cells. For that purpose, HeLa cells were incubated
with different concentrations of free IR780 (0.65, 1.3, and 2.6 ug.mL, equivalent to that
found in the nanoparticles) and AuMSS nanoformulations (50, 100, and 200 ug.mL™)
for 24 h, and subjected to irradiation with a NIR laser for 5 min. In Figure 22 C, it can be
observed that all AuMSS nanoformulations induced a decrease in the cancer cells'
viability to values inferior to 5% when the concentration was superior to 100 pug.mL™.
Moreover, at these concentration values, no significant differences were observed
between the different AuMSS nanoformulations. Such results are in accordance with the
previously described photothermal data, where the AuMSS nanoformulations can
mediate a temperature increase superior to 30°C upon NIR laser irradiation. As
described in the literature, temperatures higher than 45°C led to the elimination of
cancer cells by promoting DNA damages, protein denaturation, and the destruction of

the cell membrane. However, at the lowest concentrations tested (50 pg.mL™*) the group
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treated with IR780@AuMSS/T-PEG-CH;/T-GEL nanorods presented the lowest cell
viability (=50%), followed by AuMSS/T-PEG-CH;/T-GEL, AuMSS nanorods, and IR780.
This enhanced antitumoral capacity of IR780@AuMSS/T-PEG-CH;/T-GEL nanorods
can be explained by the increased photothermal capacity as well as the combination of
PTT and PDT. Additionally, the results also show an improved antitumoral capacity of
AuMSS/T-PEG-CH;/T-GEL when compared with AuMSS nanorods. Such difference
demonstrates one more time the importance of GEL-mediated active targeting towards
HeLa cancer cells, which increases the nanoparticle uptake by the cancer cells

maximizing the therapeutic effect.
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Figure 22: Analysis of the AuMSS nanoformulations’ photothermal cytotoxic effect in HeLa cancer cells.
(A) Live/Dead CLSM images of the HeLa cells incubated with AuMSS nanoformulations at a concentration
of 100 ug.mL™. Green channel: Calcein stained cells; Red channel: PI stained cells. Scale bar: 200 um. (B)
Schematic representation of the AuMSS nanoformulations’ cytotoxic activity upon NIR irradiation (808 nm,
1.7 W.cm=2, 5 min) (C) Analysis of the HeLa cells viability in response to the treatment with free IR780 or
AuMSS nanoformulations, fluorescence was normalized towards K NIR group. K*: cells treated with EtOH.
K-: non-irradiated HeLa cells and (K NIR): HeLa cells only exposed to NIR irradiation (808 nm,1.7 W.cm2,
5 min).
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Further, the photothermal effect mediated by the AuMSS/T-PEG-CH;/T-GEL and
IR780@AuMSS/T-PEG-CH;/T-GEL on HeLa cells was also confirmed by the Live/Dead
assays. The CLSM images (Figure 22 A and B) showed the presence of a zone with a high
number of dead cells (red fluorescence) within the area irradiated with the NIR laser.
Such confirm that the AuMSS/T-PEG-CH;/T-GEL and IR780@AuMSS/T-PEG-CH,/T-
GEL nanorods can be activated by the irradiation of a NIR laser. Therefore, this
on-demand and laser dependent behavior can be explored to confine the treatment to
the target tumoral tissue. Moreover, the combination of AuMSS/T-PEG-CH;/T-GEL and
IR780 proved to be more effective than the therapeutic application of
AuMSS/T-PEG-CH;/T-GEL nanoparticles alone.
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4. Conclusion

Currently, cancer remains a major health problem affecting the worldwide population.
Thus, novel anti-cancer therapeutic approaches have been developed to surpass the
limitations of conventional therapies. Among the new therapeutic approaches, the
application of nanomaterials capable of mediating a photothermal effect has been
gaining great attention by researchers. Among the different nanomaterials applied in
PTT, rod-shaped AuMSS nanoparticles present excellent physicochemical and biological
properties that make them promising nanoplatforms for cancer therapy. Thus, AuMSS
nanorods are multifunctional nanoparticles that can act simultaneously as
photothermal, drug delivery, and bioimaging agents. However, it is crucial to improve

their blood circulation time, cancer cells' specificity, and photothermal performance.

Taking this into account, the research work developed during the second year of my MSc
aimed to develop a new surface functionalization for AuMSS rod-shaped nanoparticles
based on the utilization of PEG-CH; and GEL to increase the blood circulation time and
internalization by cancer cells, respectively. Additionally, IR780 was encapsulated for
the first time in AuMSS nanoparticles to increase the photothermal capacity and allow
its combination with the PDT, which can enhance the therapeutic potential of AuMSS
nanorods. The obtained results demonstrate that the functionalization of AuMSS
nanorods did not impact their overall size and PTT capacity. Otherwise, the polymers
grafting on the AuMSS nanorods induced the neutralization of the surface charge from -
23 to -7.46 mV. Additionally, the IR780@AuMSS/T-PEG-CH;/T-GEL presented an
enhanced photothermal capacity mediating a temperature increase of ~40°C upon NIR
laser irradiation, whereas the AuMSS and AuMSS/T-PEG-CH;/T-GEL nanorods only
reached a AT of 35°C. Additionally, the in vitro assays performed in the 2D cell culture
models showed that all AuMSS nanoformulations were biocompatible at concentrations
up to 200 pg.mL* Moreover, the functionalization of AuMSS nanorods with GEL
increased the nanoparticles’ internalization by the HeLa cancer cells in a process
mediated by the avf; integrins. Finally, the IR780@AuMSS/T-PEG-CH;/T-GEL
nanorods presented an enhanced cytotoxic effect towards HeLa cancer cells due to the
combination of the increased PTT capacity and PDT (i.e. increased generation of ROS

molecules).

In the future, the PEG-CH; and GEL polymers capacity to control the IR780 release from
AuMS nanorods will be characterized in physiological and acidic pH. Moreover, the
anti-cancer potential of IR780@AuMSS/T-PEG-CH;/T-GEL will be characterized in 3D

cell culture models. Furthermore, the simultaneous loading IR780 and
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chemotherapeutic drug (e.g. DOX) will also be considered to improve the anti-cancer
efficacy of AuMSS nanoparticles. Then, the most promising AuMSS nanoformulation
will proceed to in vivo assays to explore the PEG-CH; and GEL potential to improve the
biodistribution and selectivity of the nanoparticles as well as to characterize the AuMSS

biosafety and anti-tumoral effect.
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