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- A mistake that makes you humble

is better than an achievement that makes you arrogant.

- Ndo existe nada permanente,

a ndo ser a mudanca.
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Resumo

Apesar de todo o trabalho de investigacao que tem sido desenvolvido, o cancro continua
a ser uma das doencas mais comuns e uma das mais mortiferas em todo o mundo. Num
estadio inicial, a remocao cirargica do tumor é a abordagem mais aplicada no tratamento
deste. Em fases mais avancadas da doenca, a quimioterapia e a radioterapia sdo as
terapéuticas mais usadas. No entanto, estes tratamentos apresentam baixa eficacia e
induzem toxicidade sistémica, causando diversos efeitos secundarios no paciente, tais
como perda de cabelo, niuseas, vomitos e fadiga. Estas limitacoes das terapéuticas
utilizadas em meio clinico fazem com que exista uma necessidade urgente em
desenvolver novas terapias anticancerigenas caracterizadas por uma maior eficacia e

seguranca.

Neste contexto, nos ultimos anos, as fototerapias mediadas por nanomateriais tém vindo
a mostrar resultados muito promissores. Neste tipo de abordagem terapéutica é
importante ter em consideracao dois aspetos: i) as propriedades fisico-quimicas dos
nanomateriais (por exemplo, tamanho, composicao de superficie), e ii) as propriedades
oOticas do laser (por exemplo, comprimento de onda, intensidade) e do agente
fototerapéutico (por exemplo, coeficiente de extingdo molar, eficiéncia fototérmica e

dinamica).

O tamanho, a carga, a forma e a composicao do revestimento (corona) das nanoparticulas
sao fatores que influenciam a sua capacidade para atingirem o ambiente tumoral. Por
norma, a otimizacdo do tamanho dos nanomateriais é um dos parametros mais
estudados, de modo a aumentar a sua acumulacdo no tumor através do efeito de
permeabilizacdo e retencdo aumentados (do inglés: Enhanced Permeability and
Retention effect). No entanto, recentemente foi descrito um fen6meno que ocorre
espontaneamente na vasculatura do tumor denominado por “erup¢oes dinamicas”. Estas
erupcoes espontaneas facilitam o extravasamento das nanoparticulas para o local do
tumor. Este novo fendémeno conduziu a uma mudanca de paradigma, e atualmente os
investigadores estao focados na otimizacdo do revestimento das nanoparticulas. O
objetivo passa por aumentar o tempo de circulacio dos nanomateriais na corrente
sanguinea, incrementando assim a probabilidade destes de beneficiarem das erupc¢oes

dinamicas, promovendo assim a sua acumulac¢ao na zona tumoral.

De modo a melhorar o tempo de circulacao sanguinea dos nanomateriais e aumentar a

sua acumulacdo no tumor, estes nanossistemas tém sido revestidos com Polietileno glicol



(PEG). Contudo, recentemente foi descrito que os nanomateriais “PEGuilados” sofrem
do fenémeno de eliminacao acelerada do sangue (do inglés Accelerated Blood
Clearance). Logo apds a primeira administracao dos nanomateriais “PEGuilados” sao
criados anticorpos anti-PEG. Assim, estes anticorpos vao mediar a rapida eliminacao das
nanoparticulas nas administracoes seguintes. Devido a imunogenicidade apresentada
por algumas nanoestruturas “PEGuiladas”, torna-se crucial desenvolver/avaliar a
capacidade de novos revestimentos em melhorar as propriedades biologicas dos

nanomateriais.

A eficicia das fototerapias mediadas por nanomateriais depende também das
propriedades 6ticas do laser e do agente foto-responsivo. De facto, a utilizagao de luz na
regido do infravermelho préximo (NIR; 750-1000 nm) é de extrema importancia, uma
vez que esta radiacdo nao interage com os componentes biologicos, tais como a agua, a
melanina ou o colagénio e ainda apresenta a capacidade de penetrar profundamente nos
tecidos (até cerca de 2 cm). Para além disto, a intensidade da luz emitida pelo laser e o
tempo de irradiacdo podem também afetar a performance terapéutica. Desta forma, as
fototerapias baseadas em nanomateriais que sdo responsivos a luz NIR tém-se
demonstrado muito promissoras. Apds a acumulacao dos nanomateriais no tumor, esta
zona ¢é irradiada com luz NIR, levando a producao de um aumento de temperatura
(terapia fototérmica) e/ou de espécies reativas de oxigénio (terapia fotodinamica),

culminando em danos nas células cancerigenas.

De entre os diversos agentes responsivos a luz NIR, o IR780 destaca-se devido a sua
elevada polivaléncia. Esta pequena molécula apresenta a capacidade de ser usada tanto
para terapia fototérmica como para terapia fotodinamica e, para além disto, ainda
apresenta capacidade de ser utilizada em imagiologia, uma vez que emite fluorescéncia.
No entanto, esta heptametina cianina apresenta toxicidade aguda e ainda baixa
solubilidade em 4gua, o que impede a sua aplicacao direta na terapia do cancro. A
encapsulacao de IR780 em nanoparticulas pode permitir ultrapassar estas desvantagens.
Porém, a maioria dos nanomateriais que incorporam IR780 tém sido produzidos usando
PEG no seu revestimento. Tendo em conta os estudos recentes que demonstram a
imunogenicidade das nanoestruturas “PEGuiladas”, é de extrema importancia
desenvolver novos nanomateriais contendo IR780 que sejam desprovidos de qualquer

revestimento a base de PEG.

Assim, o desenvolvimento do plano de trabalhos proposto neste doutoramento teve
como principal objetivo validar o potencial de novos materiais a base de metacrilato de

sulfobetaina (do inglés: sulfobetaine methacrylate, SBMA) e de poli(2-etil-2-oxazolina)



(do inglés: Poly(2-ethyl-2-oxazoline), PEtOx), no revestimento de nanoestruturas

contendo IR780 para aplicagao na terapia fototérmica do cancro.

Nesta tese sdo apresentados dois capitulos com trabalho de investigacdo. No primeiro
trabalho de investigacdo (Capitulo 3), a albumina de soro bovino (do inglés: Bovine
Serum Albumin, BSA) foi enxertada com SBMA. Este novo polimero anfifilico foi
posteriormente combinado com IR780 através da técnica de nanoprecipitacao de forma
a obterem-se nanoparticulas (IR/SBMA-BSA NPs). As nanoparticulas produzidas
apresentaram um tamanho (= 96 nm) e uma carga de superficie (= -9 mV) adequados
para serem aplicadas na terapia do cancro. A funcionalizacdo de superficie das
nanoparticulas com SBMA revelou ser bastante importante uma vez que aumentou a
estabilidade coloidal em diferentes meios, bem como a sua internalizacao em células do
cancro da mama. Nestas mesmas células, a acdo combinada das IR/SBMA-BSA NPs com

a luz NIR conseguiu diminuir a viabilidade celular para apenas 12 %.

No segundo trabalho de investigacdo (Capitulo 4), procedeu-se a preparacdo de um
conjugado de IR780, tendo para tal ligado quimicamente esta molécula ao PEtOx. Este
novo conjugado PEtOx-IR780 foi posteriormente combinado com succinato de
D-a-tocoferol (TOS) através da técnica de nanoprecipitacdo, obtendo-se a
nanoformulacdo denominada por PEtOx-IR/TOS NPs. Estas nanoparticulas
apresentaram um tamanho (= 190 nm) e uma carga de superficie (= -8 mV) que sao
compativeis com aplica¢Oes anticancerigenas. As PEtOx-IR/TOS NPs revelaram uma
estabilidade coloidal 6tima bem como capacidade para serem internalizadas pelas
células cancerigenas. Os resultados obtidos demonstraram que a combinacdo de
PEtOx-IR/TOS NPs com luz NIR consegue diminuir a viabilidade de células do cancro
da mama (modelos 2D de cultura celular in vitro) para 9 %, e nos esferoides heterotipicos
de cancro da mama (modelos 3D de cultura celular in vitro) a viabilidade diminuiu para

apenas 15 %.

Os resultados apresentados nesta tese revelam que os novos nanomateriais a base de
IR780 produzidos tém potencial para aplicacdo em terapia fototérmica do cancro da

mama.

Palavras-chave

Cancro;IR780;Terapia Fototérmica;Alternativas ao PEG;Infravermelho Préximo
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Abstract

Despite all the efforts that have been done, cancer remains as one of the most common
and deadliest diseases in the whole world. Surgery can be an effective strategy to treat
this disease if the cancer is diagnosed at an early stage. In a more advanced stage of this
disease, chemotherapy and radiotherapy are the most applied therapeutic strategies.
However, these conventional approaches lack efficacy and selectivity towards cancer
cells, causing several side effects in the patients such as hair loss, nausea, and severe
weakness. These drawbacks of the clinically available therapeutics highlight the urgent

need for developing new anticancer approaches with greater efficacy and safety.

To face this challenge, the nanomaterials’ mediated phototherapy is one of the most
promising strategies. Regarding this therapeutic modality, it is important to consider two
main aspects: i) the physicochemical properties of the nanomaterials (e.g., size, corona
composition) and ii) the optical properties of the laser (e.g., wavelength, intensity) and
of the therapeutic agent (e.g., molar extinction coefficient, photothermal and

photodynamic efficiencies).

In what concerns the first point, the nanomaterials’ size, charge, shape, and corona
composition play an important role in their ability to reach the tumor site. Classically,
the optimization of the nanomaterials’ size has been intensively pursued to allow these
nanostructures to accumulate at the tumor site by exploiting the tumor’s leaky
vasculature (i.e., to take advantage from the so-called Enhanced Permeability and
Retention effect). However, recently it was unveiled that dynamic vents (also known as
eruptions) occur spontaneously at the tumor vasculature, facilitating nanostructures
extravasation into the tumor site. This new phenomenon led to a paradigm shift, and
thus, currently, researchers are focused on the optimization of the nanoparticles’ corona
for improving their tumor uptake (i.e., to increase their blood circulation time and hence

their likelihood to benefit from these dynamic vents).

To improve the nanostructures’ blood circulation time and favor their tumor uptake,
these nano-systems have been mainly coated with poly(ethylene glycol) (PEG). However,
recently it was uncovered that PEGylated nanomaterials suffer from the Accelerated
Blood Clearance phenomenon. Therefore, at the time of the first administration of
PEGylated nanomaterials, anti-PEG antibodies are created. Then, these anti-PEG
antibodies mediate the rapid clearance of the PEGylated nanoparticles in subsequent

administrations. Due to the immunogenicity displayed by PEG-based coatings, it is
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crucial to develop and validate novel materials capable of improving the nanostructures’

biological properties.

The efficacy of nanomaterials-based phototherapies also depends on the optical
properties of the laser and of the photoresponsive agent. In this regard, the use of near
infrared (NIR; 750-1000 nm) light is of utmost importance since it does not interact
significantly with major body components (e.g., water, melanin, collagen) and achieves
a high penetration depth (up to about 2 cm). Moreover, the laser power density and
irradiation time can also affect the therapeutic outcome. In this way, phototherapies
based on NIR light-responsive nanomaterials have been showing promising results. In
this type of therapy, after the nanomaterials’ tumor uptake, this zone is irradiated with
NIR light. Upon interaction with this radiation, the nanomaterials can produce a
temperature increase (photothermal therapy) and/or reactive oxygen species

(photodynamic therapy), which cause damages on cancer cells.

Among the several NIR light responsive agents, IR780 stands out due to its high
versatility. This prototypic heptamethine cyanine has multimodal properties since it can
be used for both photothermal therapy and photodynamic therapy as well as for imaging
applications (IR780 emits fluorescence in the NIR). However, this small molecule
presents acute toxicity and low solubility, hindering its direct application in cancer
therapy. In this way, encapsulating IR780 in nanomaterials can be pursued to surpass
these disadvantages. However, most of the IR780-based nanomaterials have been
produced using PEG in their corona. Considering the recent studies demonstrating the
immunogenicity of PEGylated nanostructures, it is of utmost importance to develop new

IR780-based nanoparticles that are functionalized with PEG alternatives.

In this way, the main goal of the workplan developed during this Doctoral thesis was to
validate the potential of novel materials, based on sulfobetaine methacrylate (SBMA) and
Poly(2-ethyl-2-oxazoline) (PEtOx), in the coating of nanostructures incorporating IR780

for application in cancer photothermal therapy.

This thesis includes two chapters presenting research work. In the first research work
(Chapter 3), Bovine Serum Albumin (BSA) was grafted with SBMA, for the first time,
being this polymer (SBMA-BSA) employed to encapsulate IR780 through the
nanoprecipitation technique (IR/SBMA-BSA NPs). The produced nanoparticles
presented an ideal size (= 96 nm) and surface charge (= -9 mV) for cancer-related
applications. As importantly, the SBMA functionalization improved the colloidal stability

of the nanostructures in different media as well as their uptake by breast cancer cells. In



the phototherapeutic assays, the IR/SBMA-BSA NPs in combination with NIR light

could decrease the cancer cells’ viability to just 12 %.

In the second research work (Chapter 4), a novel amphiphilic PEtOx-IR780 conjugate
was produced. For that, the cyclohexenyl ring of IR780 was chemically attached to
thiol-terminated PEtOx (PEtOx-IR conjugate). Afterwards, PEtOx-IR and
D-a-tocopheryl succinate (TOS) were combined through the nanoprecipitation
technique, yielding PEtOx-IR/TOS NPs. These nanoparticles presented a size (= 190 nm)
and surface charge (= -8 mV) compatible with anticancer applications. As importantly,
the PEtOx-IR/TOS NPs also presented an optimal colloidal stability. The
PEtOx-IR/TOS NPs could be successfully internalized by cancer cells. In the
phototherapeutic assays, the combination of PEtOx-IR/TOS NPs with NIR light could
decrease the viability of breast cancer cells (2D in vitro cancer models) to 9 %, and the
heterotypic breast cancer spheroids’ (3D in vitro cancer models) viability was also

reduced to just 15 %.

Overall, the results obtained in this thesis validate the potential of SBMA-brushes and
PEtOx in the coating of IR780-based nanomaterials. Moreover, these novel IR780-based
nanomaterials also displayed a good in vitro performance, highlighting their potential

for cancer photothermal therapy.

Keywords

Cancer, IR780, Photothermal Therapy, PEG-alternatives, Near Infrared
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Thesis Overview

This thesis is organized in 5 chapters.

The first chapter includes the global aims of the work performed during the PhD
thesis period. The second chapter comprises the introductory section, in which the
parameters that influence the nanomaterials’ phototherapeutic potential are overviewed,
with a focus on the nanostructures’ physicochemical and optical properties as well as on

the laser parameters used to irradiate the nanomaterials.

The third and fourth chapters present the practical works developed during this PhD
thesis. Chapter three is entitled “IR780 loaded sulfobetaine methacrylate-
functionalized albumin nanoparticles aimed for enhanced breast cancer phototherapy”
(research work 1). In this research work, Bovine Serum Albumin (BSA) was grafted
with sulfobetaine methacrylate (SBMA), being this novel polymer employed to prepare
IR780 loaded nanomaterials (termed as IR/SBMA-BSA NPs). Afterwards, the
physicochemical, optical, and biological properties of the IR/SBMA-BSA NPs were

investigated.

Chapter four is named “Poly(2-ethyl-2-oxazoline)-IR780 conjugate nanoparticles for
breast cancer phototherapy” (research work 2). In this research work, a novel
amphiphilic PEtOx-IR780 conjugate was produced and combined with D-a-tocopheryl
succinate (TOS) to obtain nanostructures (termed as PEtOx-IR/TOS NPs). The
physicochemical and optical features of the PEtOx-IR/TOS NPs were characterized as

well as their biological performance in 2D and 3D in vitro cancer models.

Finally, the fifth chapter comprises the conclusions of the research works performed

during this thesis, as well as the future perspectives related to these research topics.
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Chapter 1: Global Aims






Global Aims

The application of poly(ethylene glycol) (PEG)-based coatings on the nanostructures’
surface has been the main strategy pursued to improve their biological properties.
However, recent studies have exposed that PEG-based coatings can be immunogenic,
triggering the Accelerated Blood Clearance phenomenon. In this way, there is an urgent
necessity to develop and validate alternative coatings to functionalize nanoparticles,

including those intended for cancer photothermal therapy.

In this way, the global aim of this PhD thesis was to evaluate the potential of novel
materials (i.e., PEG alternatives) in the coating of nanostructures incorporating IR780
(2 -[2-[2 - Chloro - 3 - [(1,3 - dihydro - 3,3 - dimethyl - 1 - propyl - 2H - indol - 2 -
ylidene)ethylidene] - 1- cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide)

aimed for cancer photothermal therapy.
The specific aims of this thesis were:

e Evaluate the potential of sulfobetaine methacrylate (SBMA)- and
Poly(2-ethyl-2-oxazoline) (PEtOx)-functionalization in the improvement of

IR780-based nanomaterials’ colloidal stability and cellular uptake;

e Evaluate the photothermal therapeutic capacity of the produced IR780-based
nanoparticles towards breast cancer cells (2D in vitro tumor model) and heterotypic

breast cancer spheroids (3D in vitro tumor model).






Chapter 2: Introduction






2.1. Overview of nanomaterials-based cancer

therapy

Cancer remains as one of the most diagnosed and deadliest diseases in the world.
According to the statistics of the American Cancer Society, more than 1.9 million new
cases will be diagnosed just in the United States in 2022, which will lead to around 609
thousand deaths [1]. In 2020, Europe counted for about 23 % of all cancer cases as well
as 20 % of all the cancer deaths [2]. In the particular case of Southern Europe, the cancer
mortality in males and females was 126.9 and 76.3 per 100 000 habitants,

respectively [2].

Despite the intense research on this topic, the pool of clinically available treatments for
this disease has not increased significantly over the years. Surgery can only be applied in
early diagnosed cases [3]. In turn, chemotherapy and radiotherapy have multiple
drawbacks since these have a low efficacy and induce severe side effects by acting on both
cancer and healthy cells [4, 5]. In fact, most patients in these regimens suffer from
nausea, hair loss, and infections [4, 5]. In the past years, cancer immunotherapy received
a great attention. However, after the initial enthusiasm, it was observed that not every
patient is responsive to this approach and that autoimmune side effects are also common
[6, 7]. In this way, there is an ever-growing need to develop and implement more effective

and selective anticancer approaches.

Recently, phototherapies based on nanomaterials started to gather a lot of interest for
cancer therapy [8, 9]. This approach explores the physicochemical properties of the
nanomaterials that can drive their tumor accumulation as well as the optical properties
of the laser and of the nanostructures, which influence the photoinduced effects. In this
regard, researchers have been fine-tuning the nanostructures’ size, surface charge,
corona composition, and targeting ligand decoration in order to promote their tumor
accumulation [10, 11]. Classically, the optimization of the nanomaterials’ size has been
considered the most important parameter since it would enable the nanostructures’
tumor accumulation through the enhanced permeability and retention (EPR) effect
[12, 13]. This effect is a consequence of two features of in vivo solid tumors: i) the tumor’s
leaky vasculature with fenestrae ranging from 200 - 1200 nm, and ii) the tumor zone’s
impaired lymphatic drainage [14]. By exploiting the EPR effect, nanomaterials with a
well-defined size can potentially become accumulated and retained at the tumor site [15].
Recently, another phenomenon that can drive nanoparticles’ tumor accumulation was

unveiled. It consists of eruptions that occur spontaneously in the tumor-associated blood



vessels (also known as dynamic vents) and that allow the extravasation of large
nanoparticle doses into the tumor site [16]. In this way, it is also crucial to optimize the
nanostructures’ corona to improve their blood circulation time, and hence the likelihood

for them to benefit from these dynamic eruptions [16-18].

After the nanostructures’ tumor accumulation, this zone is irradiated with laser light. At
this stage, the optical properties of the laser light have a decisive role in the possible
therapeutic outcome. In this regard, the use of near infrared (NIR) light (750-1000 nm)
to irradiate the nanostructures is crucial since this radiation is characterized by having a
weak interaction with biological components and a high penetration depth (up to 2 cm)
[19]. Furthermore, it is also possible to fine-tune the laser power density (intensity),
irradiation time, and on-set of the laser exposure to attain a greater therapeutic outcome
[20, 21]. In this way, to be successfully applied in cancer phototherapy, nanomaterials
should have a high NIR absorption [19]. Depending on the nanostructures’ optical
properties, the absorbed NIR light can be converted into heat (photothermal therapy
(PTT)), reactive oxygen species (ROS; photodynamic therapy (PDT)), and/or
fluorescence (imaging applications) - Figure 2.1 [22]. The photoinduced heat and ROS
can cause damage to cancer cells [23]. In this regard, a final temperature increase to
41 - 45 °C can cause reversible damage to cancer cells by inhibiting DNA replication and
repair mechanisms, increasing metabolic stress, and sensitizing cells to the action of
other therapeutic agents [10, 24]. On the other hand, when the final temperature attained
is above 50 °C, irreversible damages are achieved (dysfunction of the mitochondria,
protein denaturation, necrosis) [24]. In turn, the photoinduced ROS can also damage
cancer cells by DNA fragmentation, and oxidative stress, among others, which can lead

to apoptosis, autophagy, and necrosis [25, 26].

Moreover, the nanostructures’ photothermal conversion efficiency and singlet oxygen
quantum yields are also important features. Therefore, over the years, several types of
nanomaterials with a high NIR absorption were developed (e.g., reduced graphene oxide,
nanoparticles loaded with IR780 (2-[2-[2 -Chloro -3-[(1,3 -dihydro-3,3-dimethyl- 1-
propyl- 2H- indol-2- ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-
propylindolium iodide), gold nanomaterials, copper sulfide (CuS) nanoparticles)

[22, 27, 28].

In this way, the nanomaterials’ mediated PTT/PDT holds a great potential to perform a
spatio-temporal controlled anticancer effect [29, 30]. Such ability is strongly influenced

by two big factors: the nanostructures’ physicochemical properties that drive their tumor



uptake (described in section 2.2), and the laser’s and nanostructures’ optical properties

(discussed in section 2.3) that strongly influence the attained phototherapeutic effects.

Fluorescence imaging

HIGH

Photothermal therapy
Photodynamic therapy

Figure 2.1. Schematic representation of the different therapeutic and imaging modalities that NIR light

responsive nanomaterials can perform. Reprinted with permission from [22]. Copyright 2020 Wiley.

2.2, Factors influencing the nanoparticles’

tumor accumulation

After intravenous administration of nanoparticles (the most common administration
route), these need to surpass several barriers before reaching the tumor zone and become
internalized in cancer cells [10]. Initially, during blood circulation, nanoparticles must
avoid rapid opsonization and clearance by the immune system [31, 32]. The goal is for
the nanoparticles to display a long blood circulation time to increase their probability to
extravasate into the tumor tissue by exploiting the EPR effect and the dynamic bursts
phenomenon [16, 33, 34]. Then, tumor penetration of nanoparticles has to be achieved
and subsequent internalization by the cancer cells. Attaining such milestones is mainly
influenced by specific nanoparticles’ features such as their size, charge, shape, corona,
and the presence of targeting ligands (described in detail in the next subsections).
Understanding and modulating these kinetics is crucial to increase the dose of
nanoparticles that reaches the tumor, and thus maximize the therapeutic capacity of the
nanoparticles (the PTT and PDT generated by the nanoparticles upon NIR laser

irradiation are influenced by their concentration at the target site) [35].



2.2.1. Size

The size of the nanoparticles can influence every stage from their intravenous
administration up to their internalization in cancer cells [36]. Regarding this parameter,
it is particularly important to consider the size of the fenestrae of the tumor
vasculature: 200 - 1200 nm [10, 37]. On the other hand, the body’s elimination processes
are also important. Nanoparticles smaller than 5 nm are easily filtrated by the kidneys
[10]. Those with a size lower than 50 nm are easily accumulated in the liver [10].
Moreover, nanoparticles larger than 200 nm can be easily accumulated in the liver and
in the spleen [38]. In this way, the ideal nanoparticles size for an improved tumor uptake
through the EPR effect, and consequent enhanced therapeutic outcome, is often

described as between 100 and 200 nm [10, 39].

Despite these general guidelines, each nanoparticle needs to be evaluated individually in
order to analyze which size is the most appropriate for the aimed therapeutic application.
For example, Yang et al. produced PEGylated gold nanorods with different sizes (the
values mentioned are relative to the length of the nanorod) [36]. The nanorods with
70 nm presented a great tumor accumulation (6.74 ID % g+, after 12 h) than their
equivalents with 97, 87, or 60 nm (4.82, 5.47 and 6.19 ID % g, respectively). In another
work, Zhao et al. synthesized polymer-lipidic nanoparticles encapsulating Indocyanine
green (ICG) with 39, 68, and 116 nm of size [40]. The nanoparticles with a size of 68 nm
showed the highest tumor accumulation and consequently prompted the best
therapeutic outcome after NIR irradiation (tumor eradication, while the others only

cause tumor growth reduction) (Figure 2.2).

2.2.2. Charge

The surface charge of the nanoparticles can influence their blood circulation time, tumor
penetration, and cellular internalization [41]. In the literature, the ideal nanoparticles’
charge, for cancer PTT/PDT, is within the so-called neutral window, which is considered
to be between -10 and +10 mV [10]. This range is defined as optimal since highly
negatively or highly positively charged nanomaterials can easily suffer uptake by the
reticuloendothelial system (RES) cells and/or be opsonized by serum proteins, impairing

their capacity to reach the tumor site [42].

The charge also influences the nanoparticles’ interaction with the tumor’s extracellular
matrix, hence interfering with the nanoparticles’ penetration capacity. The tumor’s

extracellular matrix contains hyaluronic acid (HA) and collagen which are negatively and
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positively charged, respectively. In this way, highly charged nanoparticles have a greater

probability to interact with these molecules, which is not desirable [42].
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Figure 2.2. Biodistribution of polymer-lipidic nanoparticles encapsulating ICG (INPs) with different sizes
after intravenous administration in mice. (A) Fluorescence images of the major organs after 24 h of the
injection. (B) Fluorescence (FL) intensity in each major organ after 24 h of nanoparticles administration.
*p < 0.05 (compared with INP-2). (C) Schematic representation of the factors influencing the tumor
accumulation of the INPs. PBS: Phosphate Buffered Saline; INP-1: INPs with a size of 39 nm; INP-2: INPs
with a size of 68 nm; INP-3: INPs with a size of 116 nm. Reprinted with permission from [40].

Copyright 2014 Elsevier.

In turn, positively charged nanomaterials are more likely to be internalized by cancer
cells due to their interaction with the negative components of the cells’ membranes such
as sialic acid and phosphatidylserine [43]. Shen et al. produced similar nanoparticles
with different surface charges (-11.7, +0.2, and +6.4 mV) and observed that the more
positively charged ones have a greater internalization in cancer cells [44]. Osaka and
colleagues produced magnetite nanoparticles with opposite charges (+9.4 and -8.3 mV)

and observed a greater uptake by cancer cells of the positively charged nanoparticles
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[45]. Nevertheless, the above-described charge constrains related to the nanoparticles’
blood circulation time and tumor penetration still need to be taken into account when
these are administered intravenously. In this regard, nanoparticles with charge reversal-
features may be appealing since these can be engineered to be neutral during circulation
and become positively charged in response to a tumor-microenvironment stimuli (e.g.,

pH, enzymes) [46-48].

2.2.3. Shape

The shape is another important parameter to consider in the production of
nanomaterials for cancer PTT/PDT. This feature mainly affects the nanoparticles’ blood
circulation time and the cellular internalization [49]. However, there is no consensus
among researchers on what concerns the optimal shape for nanomaterials.
Nanoparticles can be phagocytosed by macrophages, and some studies have
demonstrated that nanorods can resist this process better than spherical-shaped
nanoparticles [10, 50]. Arnida et al. demonstrated that spherical nanoparticles are
4 times more internalized by macrophages than the nanorods equivalents [51].
Moreover, rod-shaped nanoparticles can flow nearest to the wall of the vessels,
augmenting their propensity to go through the fenestrae and consequently achieve tumor
accumulation. Zhou et al. evaluated the tumor uptake and cellular internalization,
demonstrating that rod-shaped nanoparticles have a superior performance than their

spherical-shaped equivalents (Figure 2.3) [52].

In stark contrast, other reports have shown that spherical nanoparticles present more
uptake in cancer cells than non-spherical nanomaterials. Li et al. performed molecular
simulations to assess the cellular uptake of PEGylated nanoparticles with different
shapes [53]. The gathered data suggested that the spherical nanoparticles achieve the
highest internalization by cells when compared to cubic, rod, and disk-shaped
nanoparticles. Zhao et al. analyzed three different shaped (spherical, rod, vesicles)
nanoparticles in 2D and 3D in vitro cancer models [54]. These authors verified that the
spherical nanoparticles have higher cellular internalization and penetration into

spheroids.
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Figure 2.3. Biodistribution of nanoparticles with different shapes after intravenous administration in mice.
(A) Fluorescence images in the major organs (1: liver; 2: heart; 3: spleen; 4: kidney; 5: lung; 6: tumor) after
8 h of injection of the nanoparticles. (B) Fluorescence images of the tumors of three mice injected with two
different nanoparticles. (C) Pixels of the fluorescence in the tumors normalized to the tumor area.
PEG45-DiCPT/DOX: Doxorubicin loaded PEG-di-camptothecin conjugate sphere-shaped nanoparticles;
PEGy5-TetraCPT/DOX: DOX loaded PEG-tetra-camptothecin conjugate rod-shaped nanoparticles;
PEG45-OctaCPT/DOX: DOX loaded PEG-octa-camptothecin conjugate rod-shaped nanoparticles. Reprinted

with permission from [52]. Copyright 2013 Elsevier.

2.2.4. Targeting

Nanoparticles can be functionalized with different types of targeting ligands, which can
affect their tumor accumulation and cellular internalization [55]. This strategy aims to
bind the ligand-functionalized nanoparticles to receptors that are overexpressed in the
tumor vasculature (e.g., endoglin, vascular endothelial growth factor receptors, integrins
avf3) or in the cancer cells’ membranes (e.g., folate receptor, biotin receptors, CD44)
[56-62]. Chen et al. produced polydopamine (PDA)-coated mesoporous silica
nanoparticles functionalized with HA (binds to CD44), demonstrating that these
nanoparticles can be better internalized by cancer cells when compared with their
equivalents without HA (Figure 2.4) [63]. He et al. produced Iron(II) phthalocyanine
loaded nanoparticles functionalized with AS1411 (targeting agent for nucleolin),
demonstrating an enhanced cell internalization and tumor uptake when compared to
non-targeted nanoparticles [64]. Still, it should be noted that the efficacy of this strategy
is influenced by the type and density of the ligands as well as by the length of the spacer

arm between the nanomaterial and the ligand [65-67]. Moreover, a combination of
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different ligands appears to be an appealing strategy to further enhance the therapeutic
outcome. For instance, Cai et al. synthesized nanoparticles with different densities of
folate and cyclic arginine-glycine-aspartic acid (cRGD) and observed that the
nanoparticles with 75 % of cRGD and 25 % of folate present the greatest cellular uptake
[68]. Regarding tumor vasculature targeting, Jenkins and coworkers functionalized gold
nanocages with anginex, observing 3 times higher tumor accumulation of these
nanoparticles than their equivalents without the targeting moieties [69]. In another
work, Hao et al. produced PEGylated nanoparticles conjugated with IELLQAR, an

E-selectin binding peptide, for targeting the vasculature of the tumor [70].

2.2.5. Corona

The nanoparticles’ corona is another crucial property since it strongly influences the
nanoparticles’ hydrophilicity, stability, and cytocompatibility [42, 71, 72]. When in
circulation, the blood proteins tend to adsorb on the nanoparticles’ surface, accelerating
their opsonization but also changing their properties such as surface charge or size [73].
These events can impair the capacity of the nanoparticles to reach the tumor site [72].
Fortunately, the decoration of the nanoparticles’ surface with specific materials can
prevent the occurrence of these phenomena [71]. For this purpose, the nanoparticles’
corona has been coated with non-fouling hydrophilic polymers (e.g., poly(ethylene
glycol) (PEG)) [71]. Such coatings can improve nanoparticles’ solubility/colloidal
stability as well as prevent protein adsorption, ultimately improving the nanoparticles’
blood circulation time and their propensity to reach the tumor site (by exploiting the

static and dynamic pores on the tumor vasculature) [10, 73].
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Figure 2.4. Cellular internalization of DOX loaded mesoporous silica nanoparticles (MSNs). (A) Confocal
laser scanning microscopy images of cancer cells at 12 h after nanoparticles incubation. Scale bars
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(C) Fluorescence intensity of nanoparticles in cancer cells. Control corresponds to blank MSNs.
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loaded MSNs functionalized with PDA and HA; PE-A: Phycoerythrin-Alexa Fluor® 647; a.u.: arbitrary unit.
Reprinted with permission from [63]. Copyright 2019 Royal Society of Chemistry.

2.2.6. PEG-coated nanoparticles

The nanoparticles’ surface is commonly coated with PEG. By coating nanoparticles with
this synthetic polymer, their solubility/hydrophilicity, stability, and biocompatibility are
enhanced [74, 75]. As importantly, nanoparticles with PEG in their corona have the
capacity to resist protein adsorption and may resist uptake by macrophages, remaining
for longer periods of time in the blood flow, thus improving their tumor accumulation
[75, 76]. So far, several PEGylated materials have already been approved by the Food and
Drug Administration (FDA) and European Medicines Agency (EMA), such as Doxil® and
Onivyde® [77].

In this context, Wang et al. produced gold nanoparticles with and without PEG
functionalization [78]. The nanoparticles without PEG almost did not accumulate in the
tumor, while the PEGylated ones had a high tumor uptake of 10 % ID g. Interestingly,

the non-PEGylated nanoparticles accumulated 1.6 times more in the liver when
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compared with the PEGylated nanoparticles. The benefits of PEGylation are also
multifactorial, depending on the density and molecular weight of this polymer. Liu et al.
produced gold nanoparticles functionalized with PEG with different molecular weights
(0.55, 1, 2, and 5 kDa) [79]. They observed that nanoparticles with smaller PEG
molecular weights (0.55 and 1 kDa) can be better internalized by cancer cells. Patsula et
al. created magnetic nanoparticles with different PEG densities (0.76, 0.99, and 1.02
PEG nm=), observing that the nanoformulation with the highest grafting density

presented the longest blood circulation time [80].

Despite all of these benefits, some recent studies have unveiled that PEG can be
immunogenic [81-84]. Initially, it was uncovered that many healthy people have
anti-PEG antibodies (without any treatment with PEGylated nanomaterials) [81, 85].
This phenomenon could be related to the presence of PEG in some cosmetic products
(this also explains the greater occurrence of these antibodies in humans when compared
to animals) and also due to genetic predisposition [81]. On the other hand, patients
without preexisting anti-PEG antibodies demonstrated their production after the first
administration of PEGylated nanomaterials [81]. This phenomenon impairs the efficacy
of the treatment in the subsequent administrations. After the second administration of
PEGylated nanomaterials, due to the complement system activation and the action of the
antibodies, these are recognized by the mononuclear phagocyte system [86, 87]. The
complement proteins can opsonize the PEGylated nanomaterials leading to their uptake
by macrophages [81]. In this way, this event decreases the PEGylated nanoparticles’
blood circulation half-life — known as the accelerated blood clearance (ABC)
phenomenon [81, 88]. Still, it should be noted that the occurrence and magnitude of the
ABC phenomenon depend on several factors such as the timeframe between the first and
second administration, the dose in the first administration, the molecular weight and

PEG density, and also the type of the nanoparticle used [86].

These issues have motivated the investigation of PEG alternatives to coat the
nanoparticles. Namely, zwitterionic polymers and poly(2-oxazoline)s have shown the
capacity to mimic the essential properties of PEG, while avoiding its immunogenic

behavior (described in sections 2.2.7 and 2.2.8).
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2.2.7. Zwitterionic-based nanoparticles

Zwitterionic polymers have been demonstrating to be a promising PEG alternative [89,
90]. These zwitterionic molecules have a neutral charge and have a low toxicity [91, 92].
Currently, poly(carboxybetaine)s and poly(sulfobetaine)s, or polymers engineered with
their brushes, are being explored for the coating of nanoparticles [86, 93]. In fact, coating
nanoparticles with these agents has improved their solubility, stability, and
biocompatibility [94, 95]. As importantly, nanoparticles coated with these zwitterionic
polymers display reduced protein adsorption and thus can display a high blood

circulation time (half-life, t,/.), which in turn favors their tumor uptake [86, 96].

For example, Yang et al. studied the protein adsorption on PEGylated nanoparticles and
poly(carboxybetaine acrylamide) coated nanoparticles by analyzing their hydrodynamic
size overtime when in contact with blood serum [93]. All the formulations remained
stable for 72 h in medium with 10 % of blood serum. On the other hand, when incubated
in 100 % blood serum (a large amount of proteins), the nanoparticles functionalized with
poly(carboxybetaine acrylamide) remained stable, while the PEGylated ones suffered a
great increase in their size (from 50 to 350 nm). In another work, Han et al. also
compared the performance of a model protein coated with PEG and poly(carboxybetaine
acrylamide) [97]. The authors observed that the PEGylated protein had a decrease in its
blood circulation half-life from the first to the third injection (t,. decreased from
= 16 to = 8 h). The proteins functionalized with the zwitterionic polymers not only
presented a greater blood circulation half-life, but this parameter also did not decrease
after three injections (t;;» = 27 to 26 h), demonstrating that this zwitterionic-based
coating is not affected by the ABC phenomenon. Men et al. also studied the behavior of
nanoparticles coated with PEG and poly(sulfobetaine methacrylate) [98]. In this regard,
the zwitterionic-coated nanoparticles had a tumor uptake of 9.3 and 10.9 % ID g at 24
and 48 h post-injection, respectively. In stark contrast, the tumor accumulation of the
PEGylated nanoparticles, at the same time points, was only 5.1 and 2.3 % ID g,
respectively. Interestingly, the liver accumulation of the PEGylated nanoparticles was
4.3 times higher than that of the zwitterionic-coated nanoparticles (Figure 2.5). Guo et
al. prepared poly(amide amine) dendrimers coated with poly(carboxybetaine
methacrylamide) with different molecular weights [99]. In this regard, the dendrimers
with 30 repetitions of the zwitterionic monomer had the longest blood circulation time

when compared to those with 10 and 20 unit repetitions.
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Figure 2.5. Biodistribution of nanoparticles with different corona compositions. (A) Fluorescence images
of mice, at different time points, after poly(sulfobetaine methacrylate)-based nanoparticles (PSBMA)
administration. (B) Fluorescence intensity of PSBMA-nanoparticles in the tumor. Biodistribution of
nanoparticles in major organs after (C) 24 h and (D) 48 h of administration. *p < 0.05, **p < 0.01,
**¥n < 0.001. POEGMA: poly(oligo(ethylene glycol) methacrylate)-based nanoparticles; a.u.: arbitrary unit;
% ID/g: percentage of injected dose per gram of tissue. Reprinted with permission from [98].

Copyright 2018 American Chemical Society.

2.2.8. Poly(2-oxazoline)-coated nanoparticles

Poly(2-oxazoline)s, in particular (2-methyl-2-oxazoline)s and poly(2-ethyl-2-
oxazoline)s, are also very promising agents to replace PEG in the functionalization of
nanoparticles aimed for cancer PTT/PDT [86]. Similar to the molecules described in
sections 2.2.6 and 2.2.7, nanoparticles coated with poly(2-oxazoline)s can display an
improved hydrophilicity/stability and biocompatibility [100, 101]. As importantly, the
coating of nanoparticles with poly(2-oxazoline)s can prevent protein adsorption at their
surface during blood circulation, hence improving their blood circulation times
[102, 103]. In fact, He et al. demonstrated that poly(2-oxazoline)s-coated nanoparticles
cannot activate the human complement system [104]. Moreadith et al. also unveiled that
poly(2-oxazoline)s are non-immunogenic since these do not induce the production of

antibodies [105].
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Gao et al. demonstrated a higher internalization in cancer cells of black phosphorus
nanosheets functionalized with poly(2-ethyl-2-oxazoline) when compared to their
equivalents coated with PEG [106]. Due to their higher internalization, upon intravenous
administration of these formulations and subsequent laser irradiation, the tumor of mice
receiving poly(2-oxalozine)-coated nanoparticles had a temperature increase of = 17 °C
while the mice administered with the PEGylated nanoparticles had a temperature change
of = 10 °C. This data suggests an improved tumor-homing capacity of the
poly(2-oxalozine)-coated nanoparticles. Dong et al. verified that the incorporation of
Paclitaxel in poly(2-oxazoline)-based nanoparticles could improve the blood circulation
half-life of this drug from 1.1 to 2.7 h [107]. Consequently, the Paclitaxel loaded
poly(2-oxazoline)-based nanoparticles displayed = 6 times higher tumor-uptake (when
compared to the free Paclitaxel). Xu and coworkers prepared docetaxel loaded micelles
with a surface coating composed of poly(2-methyl-2-oxazoline), verifying their ability to
achieve a high tumor uptake and induce tumor regression [108]. Furthermore, Li et al.
compared the biological performance of mesoporous silica nanoparticles functionalized
with poly(2-ethyl-2-oxazoline) and PEG [109]. In this regard, the authors observed that
the nanoparticles coated with poly(2-ethyl-2-oxazoline) can penetrate into the interior
of artificial in vitro tumor models, while those coated with PEG only remained in the
periphery. This behavior was attributed to the ability of these
poly(2-ethyl-2-oxazoline)-coated nanoformulations to become positively charged at the
pH of the tumor microenvironment, hence boosting their penetration capacity. In vivo,
the poly(2-ethyl-2-oxazoline)-coated nanoparticles displayed the highest tumor uptake

and thus promoted the best therapeutic outcome.

Similarly, the molecular weight of poly(2-oxazolines) can also influence the
nanoparticles’ properties [110, 111]. Pizzi et al. compared the biodistribution of
nanoparticles coated with poly(2-ethyl-2-oxazoline) with 22, 25, and 108 monomer
repetitions [110]. In this regard, the nanoformulations with the highest
poly(2-ethyl-2-oxazoline) molecular weight (108 repetitions) displayed the longest blood
residency, while those with the lowest molecular weight (22 repetitions) had the highest
uptake by the liver and kidneys. Wen et al. prepared liposomes coated with
poly(2-ethyl-2-oxazoline) with different molecular weights (1, 2, 3, 4, and 5 kDa) [111].
In this regard, the authors observed that the liposomes coated with
poly(2-ethyl-2-oxazoline) with 1 and 2 kDa present better pH responsiveness and good
stability. Between these formulations, the ones coated with poly(2-ethyl-2-oxazoline)
with 2 kDa had the longest blood circulation half-life, which potentiated a greater

therapeutic effect.
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2.3. Parameters related to the laser light and

photoresponsive nanoagents

After reaching the tumoral zone, nanoparticles must interact with external light (usually
originated from a laser) in order to exert their photothermal and/or photodynamic
effects [10, 19, 112]. Achieving appropriate levels of such effects depends on several
factors related to the laser light: i) wavelength, ii) power density, iii) irradiation time,

iv) number of irradiations, and iv) onset of the laser exposure [11, 113, 114].

Regarding the wavelength of the laser light, UV light (100-400 nm) can be used for PDT
by producing reactive oxygen species when interacting with some nanomaterials such as
TiO. nanoparticles [115, 116]. However, radiation with this wavelength presents
off-target toxicity since it can be absorbed by water or cause DNA damage [117]. Due to
these off-target interactions, UV radiation has a poor penetration depth capacity [117].
On the other hand, the use of NIR light (750-1000 nm) can solve these problems. The
NIR light presents a low interaction with the body components such as melanin,
hemoglobin, or water [22]. Due to this reason, the NIR radiation displays a great
penetration capacity (up to 2 cm), making it the preferential choice for PDT and PTT
[118]. Therefore, by using NIR light, it is possible to attain a spatio-temporal control over

the therapeutic effect [29, 30].

Besides the wavelength of the NIR light, its power density (intensity) is another crucial
factor [20, 119-121]. In general, increasing the laser power density can enhance the
photothermal and photodynamic effects mediated by the nanoparticles [122, 123]. For
instance, Liu and coworkers verified that by increasing the laser power density from 1 to
3 W cm=2 (808 nm, 25 min), the temperature increase mediated by Fe(III)-doped
poly(aminopyrrole) nanoparticles could increase from = 9.6 °C to = 24.9 °C [124]. A
similar outcome can also be attained by using longer irradiation times or through the
application of multiple irradiation sessions [21, 124, 125]. Han et al. verified that cRGD
functionalized Ag.S nanoparticles could cause tumor growth reduction in mice after one
NIR irradiation cycle (808 nm, 2 W cm™=, 10 min) [21]. However, when three NIR
irradiation cycles were applied, tumor eradication was attained. By last, controlling the
onset of the laser exposure is also fundamental since the irradiation must be coincident
with the timepoint in which the nanoparticles have the highest tumor uptake. For
instance, Peng et al. verified that Fe;O, nanoparticles coated with zwitterionic polymers
achieve their maximum tumor accumulation at 4 h post-administration [96]. In this way,

for the in vivo assays, the mice were irradiated with NIR light (808 nm, 3 W cm™, 5 min)
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after 4 h of the nanoparticles’ administration, and tumor eradication was attained. On
the other hand, Shao and colleagues produced black phosphorus quantum dots loaded
poly(lactic-co-glycolic acid) (PLGA) nanoparticles that reached their maximum tumor
accumulation at 24 h post administration [126]. In this way, this time point was used for

NIR laser irradiation (808 nm, 1 W cm, 10 min), leading to tumor eradication in mice.

Apart from the parameters related to the laser light, those that derive from the
nanomaterial are also crucial. The nanoparticles’ features (size, charge, shape, corona,
targeting ligands) that affect their ability to reach the tumor site were already described
in section 2.2. On the other hand, the optical properties of the nanoparticles are also
crucial. Based on the above, nanoparticles should have a high NIR absorption in order to
interact with NIR light. To maximize the attained outcomes, the nanoparticles’
maximum absorption in the NIR should also match the exact wavelength of the used NIR
radiation (and vice-versa) [11, 127, 128]. Finally, the nanoparticles’ photothermal
conversion efficiency and singlet oxygen quantum yield are also important parameters

that determine their potential for PTT and PDT, respectively [22, 129].

In this way, several nanomaterials presenting a high NIR absorption have been
developed for application in cancer PTT/PDT: anisotropic gold- and graphene-based
nanomaterials, PDA nanoparticles, heptamethine cyanines loaded nanostructures,

among others [9, 112, 130, 131].

2.3.1. Graphene-based nanomaterials

A 2D nanomaterial that is widely used for cancer PTT due to its NIR absorption is
graphene oxide (GO) [132-134]. GO presents a graphitic structure containing oxygen
functional groups (e.g., carboxyl, hydroxyl, epoxy) [133]. For the production of GO, first
graphite suffers oxidation forming graphite oxide, followed by exfoliation yielding
graphene oxide [135, 136]. A popular method to produce GO is the so-called “improved
Hummer’s method” which uses a mixture of H,SO,, H;PO,, and KMnO, to oxidize

graphite [136-138].

Another graphene-based agent with great properties for PTT is reduced graphene oxide
(rGO). This material is generally obtained through the chemical reduction of GO, to
restore its graphitic lattice [139]. For this process, hydrazine hydrate is usually used,
being L-ascorbic acid an environmentally friendly agent that can also reduce GO

[139-141]. Both nanomaterials (GO and rGO) have a high superficial area (due to their
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2D structure) [142]. In this way, the aromatic lattice of GO and rGO can load diverse
therapeutic agents, such as chemo, immune or photodynamic agents [143, 144].
Furthermore, GO and rGO present NIR absorption, being able to produce a
photoinduced heat [145, 146]. In this regard, rGO presents a higher NIR absorption than
GO, and consequently a greater photothermal capacity [147-149].

Despite their properties, as-synthesized GO and rGO present a subpar cytocompatibility,
propensity to aggregate in biological fluids, and a poor accumulation in the tumor zone
[149, 150]. In order to surpass these bottlenecks, GO and rGO can be functionalized with
biocompatible polymers containing hydrophilic brushes [149, 150]. For instance,
Lima-Sousa et al. demonstrated that after functionalization with an HA-based
amphiphilic polymer, rGO showed better cytocompatibility and stability [140]. In
another work, Melo and coworkers verified that the inclusion of Sulfobetaine
methacrylate brushes into bovine serum albumin (BSA)-coated GO could endow them
with an improved colloidal stability [151]. Jun et al. produced folic acid-chitosan
functionalized GO that could increase the tumor temperature by about 23.6 °C

(808 nm, 2 W cm, 5 min), leading to its eradication (Figure 2.6) [152].

2.3.2. Anisotropic gold nanoparticles

Gold-based nanomaterials are constituted with one of the less reactive metals known and
can resist to oxidation and corrosion [153-155]. These nanoparticles have great optical
properties and can be used for drug delivery, imaging, and cancer PTT [153, 156, 157].
This nanomaterial can also absorb light in specific wavelengths and can suffer electron
oscillation on its surface, after interaction with light, causing a localized surface plasmon
resonance phenomenon [158]. This capacity endows gold nanoparticles with a great

conversion of light to heat capacity, greatly depending on their size and shape [158, 159].

Particularly, anisotropic gold nanoparticles (non-symmetrical) can display a shift in their
optical absorption to the NIR region, granting them great imaging and phototherapeutic
properties [156, 160]. The most used anisotropic gold nanoparticles for PTT are gold
nanorods and nanocages [161]. For gold nanorods production, first
hexadecyltrimethylammonium bromide (CTAB) with small gold nanospheres (called
seeds) are allowed to react [156, 162]. Then, more CTAB, HAuCl,, ascorbic acid (reducing
agent), and AgNO; are added [162, 163]. These reagents are allowed to react slowly until
nanorods are produced [162, 163]. Another type of anisotropic material is gold

nanocages. For their production, there is a galvanic replacement of a template of
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Ag nanocubes [164]. The gold precursor (HAuCl,) is deposited on the surface of the
pre-formed Ag cubes. Then, Ag is removed, yielding the gold nanocages [164, 165].
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Figure 2.6. Photothermal effect mediated folic acid-chitosan functionalized GO (FA-CS-GO). (A) Thermal
images of tumor-bearing mice after nanoparticles administration and NIR irradiation (808 nm, 2 W cm2,
1 to 5 min). (B) Temperature variation curves attained in the tumor of mice. (C) Tumor growth curves of
mice exposed to different treatments. PBS: Phosphate Buffered Saline; laser: NIR laser irradiation (808 nm,

2 W cm2, 5 min). Reprinted with permission from [152]. Copyright 2020 Elsevier.

There are other promising shapes for PTT, such as gold nanostars or gold nanotriangles
[166, 167]. Still, all of these types of gold nanoparticles need functionalization for
surpassing some limitations such as poor colloidal stability, low loading capacity,
photodegradability, and weak tumor-homing capacity [157]. To address these
limitations, the functionalization of gold nanostructures with thiolated hydrophilic
polymers is the most popular strategy [168, 169]. Another approach is to cover these

anisotropic gold nanoparticles with a mesoporous silica shell [170, 171].
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For instance, Huang et al. functionalized gold nanorods with a thiol-terminated
zwitterionic polymer (poly(L-Glu-co-Lys acid)) [172]. After functionalization, the
authors observed an improved tumor accumulation. This improved accumulation led to
a greater photoinduced heat in the tumor region (approximately 17 °C, after irradiation
for 10 min, 808 nm, 2 W cm), consequently leading to tumor regression. In contrast,
the non-functionalized gold nanorods only led to tumor growth reduction (due to their
poor tumor uptake and inferior photothermal heating in the tumor zone). Moreira et al.
verified that by coating doxorubicin (DOX) loaded mesoporous silica shell-coated gold
nanorods with poly(2-ethyl-2-oxazoline), their ability to deliver this drug to cancer cells
improved by 1.5-fold [173]. In vitro, the chemo-PTT mediated by this nano-system was
capable of decreasing the cancer cells’ viability to just = 4 % (808 nm, 1.7 W cm™, 5 min).
Jeon et al. produced PEGylated liposomes containing gold aggregates that displayed a
high tumor uptake, and that with two NIR laser irradiation cycles (808 nm, 2.5 W cm2,
5 min), could induce tumor growth reduction [174]. Chen et al. produced
cRGD-functionalized gold nanostars containing DOX [175]. These nanoparticles
produced a tumor-confined photoinduced heat of about 10 °C (765 nm, 1 W cm2, 10 min)
and successfully became internalized by cancer cells (about 3.2 times higher
internalization than non-functionalized nanostars). In this way, the gold
nanostars-cRGD-DOX plus NIR light caused the strongest tumor growth reduction in
tumor-bearing mice, while gold nanostars alone (without cRGD nor DOX) plus NIR light

barely reduced the tumor growth when compared to control.

2.3.3. CuS nanoparticles

CuS nanoparticles are produced by the polyol method, in which Cu precursors (CuO,
CuCl) and S precursors (Na.S, CH,N.,S) react in ethylene glycol (a glycol solvent)
[176-178]. By varying parameters such as temperature, time of reaction, and type of
precursors, it is possible to produce CuS nanoparticles of different sizes or shapes (CuS
nanospheres, nanorods, nanotubes) [176, 179]. These nanoparticles can absorb in the
NIR region, causing a temperature increase (PTT) [180, 181]. Due to their small size, the
CuS nanoparticles are generally rapidly removed by renal filtration [182]. CuS
nanoparticles also present a poor colloidal stability, weak tumor accumulation, and lack
of selectivity for cancer cells [179]. Thus, functionalizing these nanoparticles with
polymers and/or targeting ligands that would improve their accumulation in the tumor

is essential to enhance their therapeutic outcome [183, 184].
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Li et al. functionalized mesoporous silica coated CuS nanoparticles with cRGD and TAT
peptides [183]. Upon NIR laser irradiation (980 nm, 1.5 W cm2, 5 min,), these targeted
nanoparticles mediated a temperature variation of almost 30 °C. In in vivo studies, such
hyperthermic effect led to tumor eradication in mice due to their preferential
accumulation in the tumor. Jang et al. produced CuS nanoparticles coated with fucoidan
for combinatorial chemo-PTT [185]. In this system, the fucoidan acts as a coating and
anti-tumoral agent. When combined with NIR light (808 nm, 2 W ecm, 5 min), the CuS
nanoparticles prompted a significant tumor growth reduction. In contrast, the
chemo-PTT action of fucoidan-CuS nanoparticles led to tumor eradication. In a different
approach, Cai and coworkers produced PEGylated hollow CuS nanoparticles loading
Ku-60019 and functionalized with TGF-f antibodies [186]. These nanoparticles can
successfully accumulate in the tumor, causing a temperature increase of about 20 °C
(808 nm, 0.3 W cm=, 5 min). After 6 administration/laser irradiation sessions, the
combined hyperthermic effect and chemotherapeutic effect mediated by these
nanostructures led to tumor regression. Niu et al. produced chitosan-coated mesoporous
silica nanoparticles that incorporated DOX and CuS nanoparticles [187]. In vivo, this
nano-system could produce a temperature increase of = 26 °C upon NIR laser irradiation

(808 nm, 1 W em=, 5 min), being its chemo-PTT capable of prompting tumor regression.

2.3.4. Transition Metal Dichalcogenide nanoparticles

Transition Metal Dichalcogenide (TMDCs) nanoparticles are 2D nanosheets based on
the combination of a transition metal (one layer) between two layers of selenium,
tellurium, or sulfur [188, 189]. This type of nanomaterials can absorb light in the NIR
region with a high photothermal conversion capacity and also have a large surface area
available for loading agents [190-195]. The TMDCs nanosheets can be produced by the
Liquid Phase Exfoliation method in which multiple layers of a material are converted
into an individual one, being dispersed in order to avoid aggregation of these individual
sheets [196]. Subentry, these sheets are thinned and exfoliated through sonication
[196, 197]. TMDCs sheets can also be synthesized through Chemical Vapor Deposition
[198]. In this method, a precursor such as Ti or W is injected into a chamber under
vacuum and high temperatures [199]. The metals are deposited on the substrate, and
their size, morphology, and number of layers, can be tuned by the parameters of the
process [198, 199]. However, as-synthesized TMDCs nanosheets present low colloidal
stability, subpar biocompatibility, and poor tumor-homing capacity [200, 201]. Such

drawbacks can be addressed by functionalizing TMDCs nanosheets with hydrophilic
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polymers such as PEG [195, 201, 202]. For instance, Liu et al. functionalized MoS.
nanosheets with PEG, verifying their ability to increase the tumor’s temperature by 18 °C
upon NIR laser irradiation (808 nm, 0.78 W c¢cm2, 5 min) and consequently prompt
tumor regression [195]. On the other hand, Cheng et al. produced PEGylated WS,
nanoparticles that could generate a tumor-confined photoinduced heat to 65 °C, leading
to tumor eradication (808 nm, 0.8 W cm2, 5 min) [202]. Liu’s research group produced
PEGylated NbTe. nanosheets loading integrated stress response inhibitors [119]. These
nanosheets could increase the tumor temperature to about 53 °C, upon NIR laser
irradiation (808 nm, 1.5 W cm2, 6 min). Moreover, the chemo-PTT mediated by this
nano-system was capable of inducing tumor regression while the sole action of
nanomaterials’ PTT only caused tumor growth reduction (Figure 2.7). Yu and
colleagues synthesized MoS. coated with a zwitterionic polymer based on carboxybetaine
methacrylate, which presented a blood circulation half-life of almost 8 h, a high tumor
uptake, and the ability to induce tumor regression after NIR laser irradiation
(808 nm, 2 W cm2, 10 min) [203]. Moreover, Zhou et al. demonstrated that PEGylated
MoS. nanoparticles incorporating Eus* are cytocompatible, but with the interaction with
NIR light (808 nm, 1 W cm™, 5 min), these cause a temperature increase of about 37 °C

that diminishes the viability of cancer cells to = 27 % [204].

2.3.5. Polydopamine nanoparticles

PDA nanoparticles, generally produced by polymerizing dopamine in a basic solution,
have also a high photothermal conversion efficiency [205-207]. The catechol-based
surface of this type of nanomaterial allows the conjugation of drugs or their
functionalization with hydrophilic polymers [208, 209]. The latter is crucial to improve

PDA nanoparticles’ colloidal stability and tumor-uptake [210-213].

For instance, Du et al. produced PDA nanoparticles incorporating a Cisplatin prodrug
and coated with B-cyclodextrins [214]. These nanoparticles could reach the tumor after
intravenous injection, generating a localized temperature increase to about 51 °C upon
laser exposure (808 nm, 1 W cm=2, 5 min). The chemo-PTT mediated by these
nanoparticles led to tumor eradication. Li and coworkers prepared DOX loaded
PEGylated PDA nanoparticles immobilized with RGD [215]. These nanoparticles could
effectively accumulate in the tumor and increase its temperature to about 52 °C after NIR
irradiation (808 nm, 2 W cm=2, 5 min). This hyperthermic effect combined with the
action of DOX led to tumor eradication. Ma et al. prepared calcium carbonate-PDA

nanostructures that were loaded with DOX and passivated with a lipidic coating
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containing PEG [216]. This nanoformulation had a high tumor-homing capacity,
generating a local hyperthermia to about 44 °C (785 nm, 0.5 W cm2, 20 min), that with

the assistance of DOX’s action, mediated tumor’s growth reduction.
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Figure 2.7. Photothermal effect mediated by PEGylated NbTe> nanosheets (NbTe-/PEG). (A) Schematic
representation of the PTT treatment. (B) Thermal images of tumor-bearing mice after nanoparticles
administration and NIR irradiation (808 nm, 1.5 W ¢cm2, 6 min). (C) Body weight variations of mice after
treatment. (D) Tumor growth curves of mice exposed to the different treatments. (E) Weight of the tumors
after the different treatments. *p < 0.05, **p < 0.01, ***p < 0.001 (F) Optical images of the removed tumors
at the end point of the study. (G) Hematoxylin and Eosin staining of the tumor tissues. Scale bar corresponds
to 100 um. NbTe./PEG@ISRIB: PEGylated NbTe. nanosheets loading integrated stress response inhibitors;
laser: NIR laser irradiation (808 nm, 1.5 W cm, 6 min). Reprinted with permission from [119].

Copyright 2021 Royal Society of Chemistry.
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2.3.6. Polypyrrole nanoparticles
Polypyrrole (PPy) nanoparticles have a strong NIR absorption and are easily synthesized

[123, 217]. For their production, a simple polymerization process of the pyrrole monomer
is performed [217-219]. Afterwards, the PPy nanoparticles are functionalized in order to
attain the desired biological features [122, 220]. Yang et al. functionalized PPy
nanoparticles with poly(vinyl alcohol) that can attain a temperature variation of about
35 °C upon NIR laser exposure (808 nm, 0.5 W cm™, 5 min), thus eradicating the tumor
in mice [122]. Liang et al. produced PEGylated PPy nanoparticles that could generate a
temperature increase of approximately 35 °C, upon NIR laser irradiation
(808 nm, 1.5 W cm2, 10 min), leading to tumor growth inhibition in mice [221]. Lu and
coworkers produced PPy nanoparticles coated with fucoidan [220]. In vivo, these
nanostructures could generate a localized photoinduced heat (NIR laser, 1.25 W cm2,
5 min) that elevated tumor’s temperature to 56 °C. The combined action of this
hyperthermic effect and fucoidan’s action led to tumor eradication. Burnouf et al.
prepared platelet-coated poly(ethyleneimine)-PPy nanoparticles, verifying in vivo their
ability to produce a photoinduced heat to about 55 °C (808 nm, 2 W cm2, 10 min) [222].
By applying twice this administration and NIR irradiation protocol, tumor eradication

was attained.

2.3.7. PEDOT-based nanoparticles
Poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles are produced by oxidative

polymerization of EDOT monomers and are great candidates to be used in PTT but
present low solubility, and tumor homing-capacity [223-226]. Fortunately, such
limitations can be addressed through their coating [226, 227]. Cheng et al. PEGylated
PEDOT:PSS nanoparticles in order to increase their blood circulation time and tumor
uptake [227]. In vivo, these nanoparticles generated a localized photoinduced heat to
= 51 °C that was sufficiently high to prompt tumor eradication (808 nm, 0.5 W cm2,
5 min). In another work, Liu et al. prepared poly(IN-isopropylacrylamide-co-acrylic acid)
coated PEDOT nanoparticles that could generate a tumor-confined temperature increase
to about 47 °C, leading to tumor regression (808 nm, 0.8 W cm2, 6 min) (Figure 2.8)
[20]. Odda and colleagues coated a-Fe,O; nanoparticles with a PEDOT shell [228]. Due
to this PEDOT coating, the nanostructures’ photoinduced heat increased by about

1.52-fold (808 nm, 1 W ¢m2, 10 min).
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Figure 2.8. Photothermal effect mediated by PEDOT-based nanogels. (A) Schematic representation of the
PTT procedure. (B) Thermal images of tumor-bearing mice after nanoparticles administration and NIR
irradiation (808 nm, 6 min) with low power density (left; 0.3 W cm=) and high power density (right;
0.8 W cm2). (C) Tumor growth curves of mice exposed to different nanoparticles and irradiated with a low
power density (left; 0.3 W cm=) and at a high power density (right; 0.8 W cm=2). Nanogel:
poly(N-isopropylacrylamide-co-acrylic =~ acid) coated = PEDOT  nanoparticles;  Nanogel+PES:
poly(N-isopropylacrylamide-co-acrylic acid) coated PEDOT nanoparticles plus phenylethynesulfonamide
(heat shock protein 770 inhibitor). Reprinted with permission from [20]. Copyright 2016 Wiley.

2.3.8. Polyaniline nanoparticles

Polyaniline nanoparticles are NIR-responsive photothermal agents that are produced
through the oxidative polymerization of the aniline monomer [229, 230]. Despite their
good photothermal conversion efficiency, these nanoparticles also lack colloidal stability
and present a subpar compatibility and tumor-homing capacity [231, 232]. Similarly to
the other conductive polymer-based nanoparticles (PPy and PEDOT nanoparticles), such
drawbacks can be overcome through their functionalization [231, 232]. Jiang et al.
produced HA-polyaniline nanoparticles that successfully improve their solubility in
water compared with as-synthesized polyaniline nanoparticles [232]. The

HA-polyaniline nanoparticles could cause a temperature variation of = 40 °C upon NIR
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exposure (808 nm, 2 W cm™, 10 min). After administration in mice and irradiation of
the tumor zone (808 nm, 0.64 W c¢cm==, 5 min), the eradication of the tumor mass could
almost be attained. Furthermore, Zhou et al. produced polyaniline nanoparticles coated
with Pluronic F127 polymer [233]. Upon NIR exposure (808 nm, 0.5 W cm™=, 5 min),
these nanoparticles could increase the temperature by about 20 °C and cause tumor
regression in in vivo studies (20 min irradiation). Moreover, Zhang et al. prepared
DOX loaded PEGylated mesoporous polyaniline nanoparticles [120]. In vitro, these
nanoparticles could increase the temperature to about 65 °C after NIR irradiation
(808 nm, 1.5 W cm=2, 5 min). When cancer cells were incubated with PEGylated
mesoporous polyaniline nanoparticles plus NIR light (808 nm, 1.5 W cm=2, 6 min;
nanomaterials’ PTT) and DOX loaded PEGylated mesoporous polyaniline nanoparticles
(nanomaterials’ chemotherapy), their viability remained at 28.6 and 39.4 %,
respectively. In turn, the action of DOX loaded PEGylated mesoporous polyaniline
nanoparticles plus NIR light decreased the cancer cells’ viability to just 9 %,
demonstrating their potential for chemo-PTT. In other research study, Fu and coworkers
produced polyaniline nanoparticles passivated with L-cysteine [121]. In vivo, this
nano-system generated a tumor-confined hyperthermia to about 52 °C

(808 nm, 1.6 W cm, 10 min) that led to tumor growth reduction.

2.3.9. ICG-based nanomaterials

ICG is a NIR-responsive heptamethine cyanine with photothermal, photodynamic, and
imaging capabilities that is approved by FDA and EMA [234, 235]. For its application in
cancer PTT, this small molecule is loaded into the hydrophobic core of nanoparticles
[234]. In this way, the preparation of ICG loaded nanoparticles is a straightforward
process when compared to those inorganic photothermal agents described above
(e.g., graphene derivatives, anisotropic gold nanoparticles). In fact, the encapsulation of
ICG in nanomaterials is crucial to improve its blood circulation time (non-encapsulated
ICG is rapidly excreted by renal filtration), tumor uptake, and selectivity towards cancer
cells [236, 237]. For instance, Yoon et al. produced PEG-based liposomes encapsulating
ICG that can produce a tumor-confined temperature increase of about 13 °C
(808 nm, 0.6 mW c¢m=, 20 min), leading to tumor eradication [238]. An and coworkers
verified that the incorporation of ICG in BSA nanoparticles could greatly improve its
tumor uptake (when compared to free ICG) [239]. The BSA-ICG nanoparticles could
generate a photoinduced temperature increase of = 25 °C, and in vivo, were able to

severely reduce the tumor growth (808 nm, 1 W cm, 10 min). Moreover, Wang and
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colleagues produced PEG-ICG conjugate-based nanoparticles loaded with L-arginine
(acts as a nitric oxide donor) [240]. These nanostructures displayed a good
tumor-homing capacity, producing a localized photoinduced to about 45 °C
(808 nm, 1 W cm, 5 min). The combination of the hyperthermic effect and nitric oxide

gas therapy led to tumor eradication.

Despite this potential, ICG loaded nanoparticles still present some limitations that are
intrinsic to the ICG molecule such as low photostability, weak fluorescence and ROS
quantum yields, and subpar photothermal capacity [22, 241]. To address these
limitations, ICG analogs (also known as prototypic heptamethine cyanines) are currently

being explored for cancer PTT/PDT (discussed in the next section).

2.3.10. Prototypic heptamethine cyanine loaded

nanoparticles

Prototypic Heptamethine Cyanines (i.e., ICG analogs) have also been demonstrating
promising results for cancer therapy [22]. Similar to ICG, these also have a multimodal
character, enabling their use for PTT, PDT, and fluorescence imaging [242, 243]. As
importantly, the prototypic heptamethine cyanines (e.g., IR783 (2-[2-[2-Chloro-3-[2-
[1,3 - dihydro - 3,3 - dimethyl - 1 - (4 - sulfobutyl) - 2H - indol - 2 - ylidene] - ethylidene]-
1- cyclohexen-1-yl] - ethenyl]- 3, 3 - dimethyl- 1- (4-sulfobutyl)-3H-indolium hydroxide),
IR780, IR820 (2-[2-[2-Chloro-3-[[1,3-dihydro-1,1-dimethyl-3-(4-sulfobutyl)-2H-
benzo[e]indol-2 -ylidene] - ethylidene]- 1 -cyclohexen - 1-yl]-ethenyl]-1,1-dimethyl-3-(4-
sulfobutyl)-1H-benzo[e]indolium hydroxide)) present far greater optical properties than
ICG, namely a greater NIR absorption and better singlet oxygen/fluorescence quantum
yield [244-246]. Still, these molecules have low solubility, photostability and blood

circulation time, compromising their direct application for cancer therapy [247-249].

In general, the limitations of the prototypic heptamethine cyanines can be overcome
through their incorporation in nanomaterials with proper physicochemical features
[241]. Lv et al. produced PEGylated liposomes incorporating IR783 that presented a
5-fold higher tumor uptake than free IR783 [247]. By decorating these IR783 loaded
PEGylated liposomes with ¢cRGD, their tumor homing capacity was greatly improved,
being 4 and 15 times greater than that presented by the IR783 loaded PEGylated
liposomes and free IR783. Owing to this improved tumor uptake, the
cRGD-functionalized PEGylated liposomes mediated the highest photoinduced heat

(808 nm, 0.5 W cm2, 5 min), leading to the most promising therapeutic outcome (tumor
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growth reduction). Valcourt and coworkers verified that the incorporation of IR820 into
PLGA nanoparticles is essential to preserve their optical properties for up to 30 days (free
IR820 suffered degradation during this period) [250]. In vivo, these nanostructures were
able to reach the tumor, producing a localized photoinduced heat to about 44 °C
(808 nm, 1.5 W cm=2, 5 min) that caused tumor regression. Shi et al. produced
poly(vinyl alcohol)-coated PLGA nanoparticles loading IR820 and chloroquine
(autophagy inhibitor) [251]. After laser exposure (808 nm, 1 W c¢cm=, 7 min), the
combined action of the tumor-confined hyperthermia (45 °C) and chloroquine’s action

led to tumor regression.

Besides IR783 and IR820, IR780 is another prototypic heptamethine cyanine that has
been receiving a great interest due to its far greater NIR absorption and
fluorescence/singlet oxygen quantum yields [252-254]. This molecule suffers from the
same drawbacks (low solubility and short blood circulation time) but its incorporation
into nanostructures overcomes such limitations [255, 256]. For instance, Lin et al.
produced PEGylated human serum albumin nanoparticles loading IR780 and
superparamagnetic iron oxide nanoparticles [257], verifying that the tumor uptake of
this nanoformulation was far superior to that displayed by free IR780. Afterwards, the
tumor zone was exposed to several NIR irradiations (808 nm, 1 W ¢cm2, 5 min, 5 cycles
of irradiation), and the nanostructures’ phototherapeutic effect led to tumor regression.
Zhu et al. also verified that the incorporation of IR780 into PEGylated nanoparticles
(that also contained DOX) could increase the tumor uptake of this agent [258].
Moreover, after  nanoparticles  administration and NIR irradiation
(808 nm, 1.6 W cm2, 3 min, 2 cycles), the chemo-PTT mediated by this nano-system led

to a reduction in the tumor’s growth.

Song and coworkers produced Folate-functionalized PEGylated liposomes encapsulating
IR780 [259]. When compared to their PEGylated equivalents and free IR780, the
Folate-functionalized PEGylated liposomes presented a 2- and 5-fold greater tumor
uptake, respectively. Due to this improved tumor uptake, the targeted IR780 liposomes
produced a photoinduced heat to 50.5 °C (808 nm, 1 W cm2, 10 min), leading to tumor

eradication (Figure 2.9).
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Figure 2.9. Photothermal effect in vivo mediated by Folate-functionalized PEGylated liposomes
encapsulating IR780 (FA-IR780-NP). (A) Thermal images of tumor-bearing mice after nanoparticles
administration and NIR irradiation (808 nm, 1 W cm2, 10 min), and (B) respective temperature variation
curves. (C) Tumor growth curves of mice exposed to the different treatments. (D) Images of the tumor
bearing-mice for 30 days. (E) Body weight variations of mice after the different treatments.
IR780-NP: PEGylated liposomes encapsulating IR780; NIR laser: (808 nm, 1 W c¢m™, 10 min);
PTT: FA-IR780-NP plus NIR laser. Reprinted with permission from [259]. Copyright 2019 Dove press.

Potara and coworkers also prepared folic acid-chitosan functionalized PEGylated
nanostructures incorporating IR780 [260]. The targeted nanostructures achieved a
greater uptake in cancer cells, and thus their photothermal effect (9 °C of temperature

increase; 785 nm, 0.17 W cm2, 5 min) outperformed their non-targeted equivalents.

Lu et al. produced PEGylated liposomes encapsulating IR780, which display a high
photostability, even after multiple irradiation cycles, unlike free IR780 [261]. In vivo,
after three NIR laser irradiation cycles (808 nm, 1 W cm2, 5 min), tumor growth

reduction was attained.

33



These results demonstrate the applicability of IR780-based nanomaterials in cancer
PTT. Still, most nanomaterials were decorated with PEG, which is not ideal considering
the growing evidence on the immunogenicity of this polymer (described in section 2.2.6).
Therefore, developing and validating the potential of IR780-based nanostructures
coated with alternative polymers, such as zwitterionic brushes or poly(2-oxazoline), is

important to push their translation.
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Chapter 3: IR780 loaded sulfobetaine
methacrylate-functionalized albumin
nanoparticles aimed for enhanced breast

cancer phototherapy

Research Work 1

This chapter is based on the publication: IR780 loaded sulfobetaine methacrylate-
functionalized albumin nanoparticles aimed for enhanced breast cancer phototherapy

International Journal of Pharmaceutics, 2020, 582: 119346
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3.1. Abstract

New insights about nanomaterials’ biodistribution revealed their ability to achieve tumor
accumulation by taking advantage from the dynamic vents occurring in tumor’s
vasculature. This paradigm-shift emphasizes the importance of extending
nanomaterials’ blood circulation time to enhance their tumor uptake. The classic strategy
to improve nanomaterials’ stability during circulation relies on their functionalization
with poly(ethylene glycol) (PEG). However, recent reports have been showing that
PEGylated nanomaterials can suffer from the accelerated blood clearance phenomenon,
emphasizing the importance of developing novel coatings for functionalizing the
nanomaterials. To address this limitation, the modification of natural carriers’ surface to
enhance their stability appears to be a promising strategy. Herein, sulfobetaine
methacrylate (SBMA)-functionalized bovine serum albumin (BSA) was synthesized for
the first time to investigate the capacity of this modification to improve the resulting
nanoparticles’ physicochemical properties, colloidal stability, and in vitro performance.
This novel polymer was then employed in the formulation of nanoparticles loaded with
IR780 for application in breast cancer phototherapy (IR/SBMA-BSA NPs). When
compared to their non-functionalized equivalents, the IR/SBMA-BSA NPs presented a
neutral surface charge and a higher stability in biologically relevant media. Due to these
features, the IR/SBMA-BSA NPs could achieve a 1.9-fold greater uptake by breast cancer
cells than IR/BSA NPs. Furthermore, the IR/SBMA-BSA NPs were cytocompatible
towards normal cells and reduced breast cancer cells’ viability up to 42 %. The
phototherapy mediated by IR/SBMA-BSA NPs could further decrease cancer cells’
viability to about 12 %. Overall, the IR/SBMA-BSA NPs have enhanced features that

propel their application in breast cancer phototherapy.

Keywords: Albumin nanoparticles, Breast cancer, IR780, Photothermal therapy,

Polymer functionalization, Zwitterionic coatings
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3.2. Introduction

Phototherapies mediated by nanomaterials have been revealing promising results for
cancer therapy [1]. This novel therapeutic modality takes advantage from the ability of
nanomaterials to passively accumulate at the tumor site [2]. Subsequently, this zone is
exposed to NIR (750-1000 nm) light, and the tumor homed nanomaterials absorb it,
generating a temperature increase (PTT) and/or reactive oxygen species (ROS; PDT) [3].
Considering that the NIR radiation has minimal/insignificant interactions with the
biological components (e.g. water, melanin, collagen), the phototherapies mediated by
NIR responsive nanomaterials can potentially perform a spatio-temporal controlled

therapy with minimal side effects [1].

Despite nanomaterials’ potential for cancer treatment, a recent exhaustive literature
analysis has disclosed that less than 1 % of the nanoparticles’ injected dose reaches the
tumor [4]. Such reality may be explained by the fact that nanomaterials’ size has been
highly considered as a key parameter mediating nanomedicines’ tumor uptake. In fact,
nanomaterials can accumulate in the tumor zone by extravasating through the leaky
tumor vasculature, which has fenestrae with variable sizes (200 - 1200 nm) [1, 5].
However, new insights into nanomaterials’ biodistribution revealed that they can also
benefit from the dynamic vents (also termed as eruptions) occurring on the tumor
vasculature to accomplish tumor accumulation [6]. Based on this new mechanism,
researchers have been modulating nanomaterials’ surface properties to increase their

blood circulation, leading to an improved tumor uptake [6].

The functionalization of nanomaterials’ surface with PEG is the classic strategy employed
to improve their blood circulation time [7, 8]. In fact, PEGylated nanomaterials
exhibiting a long blood circulation can achieve a high tumor uptake [9, 10]. However,
several studies have demonstrated that systemically administered PEGylated
nanomaterials can induce immunogenic reactions [11, 12]. In brief, at the time of the first
intravenous administration of PEG-nanoparticles, anti-PEG antibodies are formed.
These anti-PEG antibodies will then mediate the rapid clearance of the
PEG-nanoparticles in subsequent administrations, rendering them ineffective since
these will not reach the target site [11, 12]. This behavior is known as the accelerated
blood clearance (ABC) phenomenon. The magnitude of the ABC phenomenon depends
on multiple factors related to the nanomaterials’ intrinsic properties (e.g., type of
nanomaterial, PEG density, PEG molecular weight) and to their administration protocol
(e.g., administration schedule, dose, route) [11-15]. Nevertheless, these findings should

still motivate the development of other nanomaterials’ functionalization strategies.
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To surpass this bottleneck, the use of natural structures, with long blood circulation
times, to formulate nanomaterials is an attractive approach. Albumin-based carriers
meet this criterion and are also highly biocompatible and easy to prepare [16]. For
instance, the coating of porous silicon nanoparticles with albumin increased their blood
circulation half-life from about 29 min to 4.4 h [17]. Nevertheless, PEG coated
nanomaterials can still display greater blood circulation times (t,. = 22 - 34 h) [18, 19].
In this way, the modification of albumin-based carriers’ surface to display an improved
stability could possibly potentiate their blood circulation time and hence their tumor

uptake [20, 21].

In this work, sulfobetaine methacrylate (SBMA)-modified BSA was synthesized for the
first time to investigate the capacity of this modification to improve the resulting
nanoparticles’ physicochemical properties, colloidal stability, and in vitro performance.
This novel polymer was then employed in the formulation of nanoparticles loaded with
IR780 for application in breast cancer phototherapy. SBMA was grafted into albumin
since it can reduce protein adsorption [22-24], and thus may possibly enhance
nanomaterials’ stability during circulation. For instance, Men et al. verified that
poly(SBMA)-based nanogels can achieve a longer blood circulation half-life than their
PEGylated equivalents, leading to an up to 4.65-fold higher tumor uptake (10.7 % vs.
2.3 % ID g* of tumor) [25]. Furthermore, nanomaterials with SBMA brushes are not
reported to suffer from the ABC phenomenon [25]. As importantly, the direct
conjugation of SBMA into albumin is a simpler process when compared to the
polymerization of SBMA on nanomaterials’ surface [26, 27]. Then, SBMA-g-BSA
nanoparticles incorporating a NIR responsive small molecule with photothermal and
photodynamic capabilities (IR780) were prepared (IR/SBMA-BSA NPs) using the
nanoprecipitation method [3, 28]. The results obtained revealed that IR/SBMA-BSA NPs
present a suitable size distribution for application in cancer therapy with an average size
of 96.1 + 8.1 nm and a spherical morphology. When compared to the non-functionalized
BSA nanoparticles loaded with IR780 (IR/BSA NPs), the IR/SBMA-BSA NPs presented
a neutral surface charge and an increased stability in biologically relevant media. Due to
these features, the IR/SBMA-BSA NPs could display a 1.9-fold greater uptake by MCF-7
cells than IR/BSA NPs. The photothermal capacity of IR/SBMA-BSA NPs was also
investigated, being verified that the nanostructures generate a temperature increase
upon interaction with NIR light. In the cell culture studies, the IR/SBMA-BSA NPs were
cytocompatible towards normal cell lines. However, these induced a dose- and
time-dependent cytotoxic effect on breast cancer cells. IR/SBMA-BSA NPs therapeutic

capacity was further increased when the cells were exposed to NIR radiation.
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3.3. Materials and Methods

3.3.1. Materials

IR780 iodide, resazurin, DL-Dithiothreitol (DTT), Dulbecco’s Modified Eagle’s Medium
Fi2 (DMEM-F12), [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide (SBMA), and trypsin were acquired from Sigma-Aldrich (Sintra, Portugal).
BSA was obtained from Amresco (Pennsylvania, EUA). Acetone, Triton X-100, and
Methanol were bought from Fisher Scientific (Oeiras, Portugal). Michigan Cancer
Foundation-7 (MCF-7) cell line was acquired from ATCC (Middlesex, UK) and Normal
Human Dermal Fibroblast (NHDF) from Promocell (Heidelberg, Germany). Cell culture
plates and T-flasks were purchased from Thermo Fisher Scientific (Porto, Portugal).
Fetal Bovine Serum (FBS) was obtained from Biochrom AG (Berlin, Germany). Water

used in all experiments was double deionized (0.22 um filtered, 18.2 M Q cm).

3.3.2. Methods

3.3.2.1. SBMA-g-BSA synthesis and characterization

The synthesis of SBMA-g-BSA was performed through a Michael addition by adapting
the protocol previously described by Venault and coworkers [29]. In brief, BSA (250 mg)
and SBMA (194 mg) were dissolved in water (a molar excess of SBMA to the primary
amine and thiol groups of BSA was used). Afterwards, the pH of the solution was adjusted
to 12 using NaOH (1 M) and the solution was left to stir at 37 °C for 24 h. Then, this
solution was dialyzed (14 kDa molecular weight cut-off) against water for 2 days and the
recovered solution was freeze-dried (ScanVac CoolSafe, LaboGene ApS, Lynge,
Denmark), yielding SBMA-g-BSA. The successful synthesis of SBMA-g-BSA was
confirmed by Fourier transform infrared spectroscopy (FTIR) using a Nicolet iS10
spectrometer (Thermo Scientific Inc., MA, USA) and by Proton nuclear magnetic
resonance (*H NMR) using a Briiker Avance III 400 MHz spectrometer (Briiker Scientific
Inc., NY, USA). For the 'H NMR experiments, SBMA, BSA, and SBMA-g-BSA were
analyzed at 298 K in 9:1 (v/v) H.O/D,0O. MNova software (Mestrelab Research, SL,

Santiago de Compostela, Spain) was used to process and analyze the acquired spectra.

3.3.2.2. Formulation of IR/SBMA-BSA NPs
IR780 loaded SBMA-g-BSA nanoparticles (IR/SBMA-BSA NPs) were formulated using
the nanoprecipitation technique [30]. Initially, SBMA-g-BSA (5 mg) and DTT (386 ug)

were added to 5 mL of PBS and then were left to react for 20 min under stirring.
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Afterwards, IR780 (250 pg) in acetone (1 mL) was added dropwise to the polymer-DTT
solution during 20 min at room temperature. Then, this solution was recovered and
dialyzed (14 KDa molecular weight cut-off) against water for 9o min, yielding
IR/SBMA-BSA NPs. As a control, IR780 loaded BSA nanoparticles (IR/BSA NPs) were
also prepared using the above described method but using BSA instead of SBMA-g-BSA.

3.3.2.3. Physicochemical characterization of IR/SBMA-BSA NPs

The size distribution of the produced NPs was determined by Dynamic Light Scattering
(DLS) using a ZetaSizer NanoZS (Malvern Instruments Ltd., Worcestershire, UK) at
25 °C. Furthermore, the variation of nanoparticles’ size overtime when dispersed in PBS
(pH 7.4; 10 mM of Na,HPO,) and cell culture medium (DMEM-F12 supplemented with
0, 10, and 20 % (v/v) of FBS) was also analyzed. The zeta potential of the
nanoformulations in water, PBS (pH 7.4) at 5 and 10 mM (of Na,HPO,) and DMEM-F12
medium with o, 10, and 20 % (v/v) of FBS was also determined using the ZetaSizer. To
evaluate the morphology of the nanoparticles, these were stained with phosphotungstic
acid (2 % (w/v)) before being analyzed in a Hitachi-HT7700 Transmission Electron
Microscope (TEM, Hitachi Ltd., Tokyo, Japan), operated at an accelerating voltage of
100 kV. Samples’ UV-Vis-NIR absorption spectrum was acquired by using an Evolution
201 spectrophotometer (Thermo Scientific Inc.). For this purpose, IR/SBMA-BSA NPs
dispersed in water, PBS (pH 7.4; 10 mM of Na,HPO,), and cell culture medium with
10 % of FBS were analyzed. The encapsulation efficiency (EE) of IR780 in the
IR/SBMA-BSA NPs was determined by analyzing the samples’ absorbance at 780 nm in
a water:methanol (1:1 (v/v)) solution, using a method previously reported by Alves et al.
[30]. The photothermal capacity of IR/SBMA-BSA NPs was determined by exposing the
nanomaterials to NIR radiation (808 nm, 1.7 W cm~) and recording the temperature

variations using a thermocouple thermometer [31].

3.3.2.4. Cytocompatibility of IR/SBMA-BSA NPs

IR/SBMA-BSA NPs cytocompatibility towards MCF-7 cells and NHDF was assessed
using the resazurin method as previously described by Lima-Sousa et al. [32]. To
perform these assays, cells were cultured in DMEM-F12 medium supplemented with 10
% (v/v) of FBS and 1 % (v/v) of streptomycin/gentamycin in a humified incubator
(37 °C; 5 % of CO.). To evaluate IR/SBMA-BSA NPs cytocompatibility, MCF-7 cells and
NHDF were cultured in 96-well plates at a density of 1 x 104 cells per well. After 24 h,

cells were incubated with medium containing different concentrations of
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IR/SBMA-BSA NPs (0.5 - 5 ug mL* of IR780 equivalents) during 24 and 48 h.
Afterwards, cells were incubated with fresh medium containing 10 % (v/v) of resazurin
during 4 h in the dark (37 °C, 5% CO.). Finally, the fluorescence of resorufin was
quantified to assess cells’ viability by using excitation and emission wavelengths of 560
and 590 nm, respectively, using a Spectramax Gemini EM spectrofluorometer
(Molecular Devices LLC, California, USA). Non treated cells were used as the negative

control (K-) while cells treated with ethanol 70 % were used as the positive control (K+).

3.3.2.5. Uptake of IR/SBMA-BSA NPs by MCF-7 cells

The uptake of IR/SBMA-BSA NPs by MCF-7 cells was determined as previously
described by Reis et al. [33]. In brief, MCF-7 cells (1 x 104 cells/well) were seeded in
96-well plates, and after 24 h, cells were incubated with fresh medium (DMEM-F12
supplemented with o, 10, or 20 % (v/v) of FBS) containing IR/SBMA-BSA NPs or
IR/BSA NPs at a concentration of 1 ug mL (of IR780 equivalents) during 4 h. Then, cells
were washed with ice-cold Krebs Ringer Buffer in order to remove the non-internalized
nanoparticles. Subsequently, cells were incubated with a lysis solution (1 % (v/v) of
Triton X-100 in Krebs Buffer) under orbital stirring for 30 min. Finally, the IR780
fluorescence in the cell lysate was quantified in a spectrofluorometer using excitation and
emission wavelengths of 780 and 800 nm, respectively. The control was performed with

cells only incubated with Krebs Buffer.

3.3.2.6. Phototherapeutic effect mediated by IR780/SBMA-BSA NPs

The phototherapeutic effect mediated by IR/SBMA-BSA NPs was determined as
described by Lima-Sousa et al. [32]. In brief, MCF-7 cells were seeded in 96-well plates
at a density of 1 x 104 cells per well. After 24 h, the medium was replaced by fresh medium
containing different concentrations of IR/SBMA-BSA NPs (1, 2, and 5 ug mL* of IR780
equivalents). After 4 h, the cells were irradiated with NIR light (808 nm, 1.7 W cm2) for
5 min. After 24 h of incubation, the medium was replaced by fresh medium containing

resazurin (10 % (v/v)) and the cells’ viability was determined as described above.

3.3.2.7. Statistical analysis
The statistical analysis of two groups was performed using the unpaired t-student test.
Multiple groups comparison was performed by one-way analysis of variance (ANOVA)

with the Student-Newman-Keuls test. A p-value <0.05 was considered statistically
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significant. All data are represented as the mean + standard deviation (S.D.). Data
analysis was performed in GraphPad Prism v6.0 (Trial version, GraphPad Software, CA,
USA).

3.4. Results and Discussion

3.4.1. Synthesis and characterization of SBMA-g-BSA

The synthesis of SBMA-g-BSA was performed by a simple method (Figure 3.1A). The
FTIR spectrum of SBMA showed its S=O stretch (at 1036 and 1235 cm™) and C=0 stretch
(at 1715 cm™) characteristic peaks (Figure 3.1B). In turn, the FTIR spectrum of BSA
displayed several peaks belonging to O-H, C-H and C=0 vibrations (Figure 3.1B). In the
FTIR spectrum of SBMA-g-BSA, the characteristic peaks of the BSA functional groups
are present as well as the S=0 stretch peaks of SBMA (Figure 3.1B and C). Furthermore,
the *H NMR spectrum of SBMA displays a peak at 6 = 3.22 ppm corresponding to the
-N(CHj),- methyl protons - Figure 3.1D. Furthermore, peaks at § = 3.58 ppm and
8 = 2.98 ppm belonging to the -CH.N(CHj;).- and -CH.SO; methylene protons are also
present [34]. In turn, the *H NMR spectrum of SBMA-g-BSA presents the characteristic
methyl and methylene protons of SBMA (8§ = 3.22; 3.58 and 2.98 ppm; Figure 3.1F) as
well as those belonging to BSA (Figure 3.1E) [35]. Considering that non-grafted SBMA is
removed through dialysis, these results confirm the successful synthesis of
SBMA-g-BSA.
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Figure 3.1. Synthesis and characterization of SBMA-g-BSA. Schematic representation of the polymer
synthesis (A). FTIR spectra of SBMA, BSA, and SBMA-g-BSA (B). FTIR spectrum of SBMA-g-BSA in the
1800-600 cm* wavenumber range (C). 'H NMR spectra of SBMA (D), BSA (E) and SBMA-g-BSA (F).
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3.4.2. Formulation and characterization of IR/SBMA-BSA
and IR/BSA NPs

In order to improve the natural carrier properties of BSA, this protein was modified with
SBMA yielding SBMA-g-BSA (section 3.4.1.). Then, a simple nanoprecipitation method
was used to produce IR780 loaded SBMA-g-BSA nanoparticles (IR/SBMA-BSA NPs)
due to its simplicity and reproducibility (Figure 3.2A) [36]. The DLS analysis revealed
that IR/SBMA-BSA NPs have an average size of 96.1 + 8.1 nm and a low PDI of 0.181
(Figure 3.2B; n = 3, batch triplicates).
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Figure 3.2. Formulation and characterization of IR/SBMA-BSA NPs. Schematic representation of the
nanoparticles’ formulation and phototherapeutic application (A). DLS size distribution (B) and TEM
analysis (C) of IR/SBMA-BSA NPs. Scale bar corresponds to 200 nm.

As control, IR780 loaded BSA nanoparticles (IR/BSA NPs) were also prepared,
displaying a similar size to that of IR/SBMA-BSA NPs (Figure 3.3A). Such indicates
that the SBMA modification does not compromise the nanoparticle-forming capacity of
BSA. Furthermore, the size of IR/SBMA-BSA NPs is also in agreement with that
previously reported for other BSA-based nanoparticles [37, 38] and it is within the range
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considered to be optimal for tumor accumulation [1]. TEM analysis (Figure 3.2C)
revealed that IR/SBMA-BSA NPs display a spherical shape, a feature that was also
observed in other IR780 loaded nanostructures prepared by the nanoprecipitation
method [30, 36, 39]. As importantly, spherical shaped nanomedicines have been

associated to an increased uptake by cancer cells [40, 41].
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Figure 3.3. Characterization of IR/BSA NPs. DLS size distribution of IR/BSA NPs (A). UV-Vis-NIR
spectrum of IR/BSA NPs (at 2.5 ug mL? of IR780 equivalents) (B).

The zeta potential of IR/SBMA-BSA NPs was determined to be -9.6 + 0.3 mV, while that
of IR/BSA NPs was -12.3 + 0.4 mV (in PBS 10 mM pH 7.4; n = 3, batch triplicates) —
Table 1. The solutions’ ionic strength can also influence nanoparticles’ zeta potential
[42]. In this way, the zeta potential of IR/SBMA-BSA NPs and IR/BSA NPs in different

media was also determined (Table 1).

Table 1 - Zeta potential of IR/SBMA-BSA NPs and IR/BSA NPs in different media.

Solvent IR/SBMA-BSA NPs IR/BSA NPs
zeta potential (mV) zeta potential (mV)
Water -18.83 + 0.61 -24.75 + 0.49
PBS 5 mM* (pH 7.4) -11.30 £ 0.57 -13.87 + 0.86
PBS 10 mM* (pH 7.4) -9.60 + 0.47 -12.33 + 1.22
Culture medium with o % of FBS -9.78 + 0.73 -12.23 £ 1.29
Culture medium with 10 % of FBS -0.04 + 0.94 -11.73 £ 0.99
Culture medium with 20 % of FBS -6.34 £ 0.33 -10.17 + 1.88

*concentration of Na.HPO,
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As expected, in biologically relevant media, the IR/SBMA-BSA NPs presented a more
neutral surface charge when compared to those displayed by IR/BSA NPs (Table 1). The
difference in the surface charge of IR/SBMA-BSA NPs can be justified by the SBMA
grafting into BSA since SBMA coatings are neutrally charged [29, 43]. As importantly,
the zeta potentials of IR/SBMA-BSA NPs are within the so-called neutral charge range

(-10 to +10 mV), which has been described as optimal in the literature [1].

IR/SBMA-BSA NPs had an IR780 encapsulation efficiency of 50.7 + 3.3 %. The
encapsulation of IR780 in other polymer-based nanoparticles and micelles also yielded
similar results [30, 44]. Moreover, the loading of IR780 into the IR/SBMA-BSA NPs
enhanced the water solubility of this NIR dye by 63-fold (from 0.4 to 25.35 ug mL) [44].
In this way, the loading of IR780 into the IR/SBMA-BSA NPs addresses the low water
solubility of IR780, which is a major drawback of this NIR dye.

Lastly, the stability of the IR/SBMA-BSA NPs overtime in PBS (10 mM pH 7.4;
Figure 3.4A) and cell culture medium (DMEM-F12 supplemented with 0, 10 or 20 %
(v/v) of FBS) was assessed (Figure 3.4B to D). Overall, IR/SBMA-BSA NPs maintained
their size distribution overtime when incubated in all the solutions while the size of
IR/BSA NPs could suffer stark variations. The size of IR/BSA NPs augmented by 14 %
when these were dispersed in PBS (Figure 3.4A). On the other hand, when
IR/BSA NPs were dispersed in cell culture medium without FBS, their size remained
unaffected (Figure 3.4B). However, IR/BSA NPs dispersed in culture medium with 10 or
20 % of FBS suffered an increase in their size by up to 4-fold (Figure 3.4C and D). Such
behavior indicates that IR/BSA NPs may have a weaker stability and that interact with
the proteins present in the culture medium. In fact, SBMA coatings can reduce protein
adsorption, leading to an improvement in nanomaterials’ stability during blood
circulation [25, 45]. In this way, the grafting of SBMA into BSA enabled the assembly of
IR/SBMA-BSA NPs that display an improved stability.
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Figure 3.4. Stability of IR/SBMA-BSA and IR/BSA NPs in different media. Size variation of IR/SBMA-BSA
and IR/BSA NPs when dispersed in PBS (pH 7.4) at 10 mM (of Na.HPO,) (A), in DMEM-F12 medium with
0 % (B), 10 % (C), and 20 % (D) of FBS (v/v). The values of each group were normalized using the respective

initial size (t = o h). Each bar represents mean + S.D. (n = 3).

3.4.3. NIR absorption and phototherapeutic capacity of

IR/SBMA-BSA NPs

The ability of IR/SBMA-BSA NPs to interact with NIR light was then assessed by
evaluating their NIR absorption (Figure 3.5A). As expected, free IR780 (dissolved in
methanol) presented an absorption peak at 780 nm. The IR/SBMA-BSA NPs had their
maximum NIR absorption at 792 nm (Figure 3.5A). This red-shift in IR780 absorption,
when encapsulated in SBMA-BSA NPs, occurs due to the hydrophobic interactions
established between the NIR dye and the aromatic moieties of the nanocarriers or due to
alterations in solvents polarity [36]. Due to this red shift, the IR/SBMA-BSA NPs
absorbance at 808 nm is 1.04 times higher than that of free IR780 (at the same
concentration of IR780 equivalents). This is of extreme importance since 808 nm laser
light is generally used in cancer phototherapy [46-48]. As expected, the UV-Vis-NIR
spectrum of IR/BSA NPs was similar to that of IR/SBMA-BSA NPs (Figure 3.3B),
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indicating that the SBMA-functionalization does not compromise the ability of these

formulations to interact with NIR light.

Furthermore, the IR/SBMA-BSA NPs retained their NIR absorption overtime, even
when dispersed in PBS (Figure 3.5B) or in DMEM-F12 supplement with 10 % of FBS
(Figure 3.5C). Considering that free IR780 in aqueous solutions loses its optical
properties overtime [49], the loading of IR780 into IR/SBMA-BSA NPs can enhance its
optical stability.

To confirm their photothermal capacity, IR/SBMA-BSA NPs were irradiated with
808 nm laser light (808 nm, 1.7 W cm) and the temperature variations were recorded
(Figure 3.5D). Overall, IR/SBMA-BSA NPs produced a concentration- and
time-dependent temperature increase when exposed to NIR light. At the maximum
concentration tested (20 ug mL* of IR780 equivalents), the IR/SBMA-BSA NPs induced
a temperature increase of about 13 °C after 2 min of irradiation, decreasing slightly
afterwards. This phenomenon is attributed to the photodegradation of IR780, which has
been extensively reported elsewhere [49, 50]. Still, the temperature variation achieved is
sufficiently high to damage cancer cells [1, 51]. As importantly, water exposed to NIR
light (control) did not suffer a meaningful temperature variation (AT < 1.8 °C). Such is
in agreement with the low interaction of 808 nm radiation with water and suggests the
ability of IR/SBMA-BSA NPs to produce a therapeutic effect with high spatio-temporal

resolution.

For instance, Lu et al. prepared IR780 loaded PEGylated zwitterionic nanoparticles that
could produce a temperature increase of 10.8 °C after 2 min of irradiation
(808 nm, 1.0 W cm=) at an IR780 concentration of 26.7 ug mL* [39]. Herein, the
IR/SBMA-BSA NPs generated a photoinduced heat of 13.2 °C after 2 min of irradiation
(808 nm, 1.7 W cm) using 20 pug mL* of IR780. Together, these results suggest that
IR/SBMA-BSA NPs are also promising photothermal agents.
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Figure 3.5. Evaluation of the photothermal capacity of IR/SBMA-BSA NPs. UV-Vis-NIR absorption spectra
of free IR780 (2.5 pg mL?; in methanol) and of IR/SBMA-BSA NPs (at 2.5 pg mL* of IR780 equivalents)
(A). UV-Vis-NIR absorption spectra of IR/SBMA-BSA NPs in PBS (B) and in DMEM-F12 medium
supplemented with 10 % of FBS (C) after 0 and 24 h of incubation. In vitro temperature increase mediated
by IR/SBMA-BSA NPs, at different concentrations of IR780 equivalents, upon NIR laser irradiation
(808 nm, 1.7 W cm2) (D).

3.4.4. Cytocompatibility of IR/SBMA-BSA NPs

Before determining the phototherapeutic capacity of IR/SBMA-BSA NPs, their
cytocompatibility towards breast cancer (MCF-7) and healthy human (NHDF) cells was
assessed (Figure 3.6A and B). The IR/SBMA-BSA NPs did not induce cytotoxicity
towards NHDF after an incubation period of 24 and 48 h, and up to a concentration of
5 ug mL* (of IR780 equivalents). In turn, IR/SBMA-BSA NPs produced a dose- and
incubation time-dependent cytotoxicity on MCF-7 cells. Such effect may be related to the
fact that IR780 predominantly accumulates in the mitochondria of MCF-7 cells and other
types of cancer cells when compared to normal cells, thereby inducing a cytotoxic effect
[52, 53]. Pais-Silva and Jiang also reported a dose dependent cytotoxicity of
IR780 loaded nanostructures towards MCF-7 cells [36, 44].
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Figure 3.6. Cytocompatibility of IR/SBMA-BSA NPs. Cytocompatibility of IR/SBMA-BSA NPs at different
concentrations (of IR780 equivalents) and incubation times (24 and 48 h) towards MCF-7 cells (A) and
NHDF (B). K- and K+ were used as negative and positive controls, respectively. Each bar represents the

mean + SD (n = 5).

3.4.5. Uptake of IR/SBMA-BSA NPs by MCF-7 cells and

phototherapeutic capacity
Then, the uptake of IR/SBMA-BSA NPs by MCF-7 cells was investigated (Figure 3.7A
to C) [33, 54]. For this analysis, IR/SBMA-BSA NPs and IR/BSA NPs were incubated

using cell culture medium with o, 10 or 20 % (v/v) of FBS.

When incubated in culture medium without FBS, the IR/SBMA-BSA NPs and
IR/BSA NPs presented a similar internalization in MCF-7 cells (Figure 3.7A). In contrast,
the uptake studies using culture medium with 10 % of FBS revealed that IR/SBMA-BSA
NPs achieve a 1.58 + 0.32-fold higher internalization in MCF-7 cells when compared to
IR/BSA NPs (Figure 3.7B). This differential uptake was even more accentuated when the
nanoformulations were incubated using culture medium with 20 % of FBS (Figure 3.7C).
In this case, the uptake of IR/SBMA-BSA NPs by cancer cells was 1.89 + 0.02-fold higher
than that of IR/BSA NPs (Figure 3.7C).

In general, neutral- and positively- charged nanomaterials can achieve a higher cellular
internalization as a result of interactions with the negatively charged components of cells’
membrane [1]. In this way, the improved uptake of IR/SBMA-BSA NPs by MCF-7 cells
can be explained by the neutral surface charge of this formulation in the different media
(as analyzed in section 3.4.2.). The enhanced colloidal stability of IR/SBMA-BSA NPs
can also contribute for their improved uptake (as analyzed in section 3.4.2.). In fact, in

culture medium supplemented with FBS, the IR/BSA NPs not only presented a negative
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surface charge (Table 1) but also suffered an up to 4-fold increase in their size

distribution (Figure 3.4), which may contribute for their lower cellular uptake.

Finally, the phototherapeutic capacity of IR/SBMA-BSA NPs towards MCF-7 cells was
investigated. At the concentration of 2 ug mL* (of IR780 equivalents), the non-irradiated
IR/SBMA-BSA NPs could decrease MCF-7 cells’ viability to 81 % (Figure 3.7D), while the
combined action of IR/SBMA-BSA NPs and NIR light (808 nm, 1.7 W c¢cm, 5 min)
decreased the cells’ viability to 63 %. In contrast, the combination of NIR light and
IR/SBMA-BSA NPs, at the concentration of 5 pg mL?, generated an improved
therapeutic effect by further decreasing MCF-7 cells’ viability to about 12 %. In these
assays, the sole application of the NIR light did not cause cytotoxicity, which is in

agreement with the weak interaction of this radiation with biological components

[30, 31, 54, 55].

Rajendrakumar et al. prepared IR780 loaded poly(12-(methacryloyloxy)dodecyl
phosphorylcholine) micelles that, at the concentration of 15 pg mL* (of IR780
equivalents), could reduce cancer cells’ viability to 20 % upon NIR laser irradiation
(808 nm, 2.0 W cm2, 5 min) [56]. In another work, the chemo-phototherapeutic effect
mediated by IR780 and DOX loaded hyaluronic acid-based micelles reduced MCF-7
cells’ viability to about 20 % (3.5 ug mL* of IR780; 1.93 ug mL* of DOX; 808 nm,
1.7 W cm2, 5 min) [30]. Herein, the phototherapeutic effect (808 nm, 1.7 W cm2, 5 min)
induced by IR/SBMA-BSA NPs decreased MCF-7 cells’ viability to 12 % at only
5 ug mL* (of IR780 equivalents). In this way, IR/SBMA-BSA NPs are promising agents

for breast cancer phototherapy.
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Figure 3.7. In vitro biological evaluation of IR/SBMA-BSA NPs. Uptake of IR/SBMA-BSA NPs and
IR/BSA NPs by MCF-7 cells when incubated using DMEM-F12 medium with o % (A), 10 % (B), and 20 %
(C) of FBS (v/v). The fluorescence values were normalized using the fluorescence values obtained for cells
incubated with IR/BSA NPs. Evaluation of the therapeutic effect mediated by IR/SBMA-BSA NPs, at
different concentrations (of IR780 equivalents), upon NIR laser irradiation (808 nm, 1.7 W cm2, 5 min)
towards MCF-7 cells (D). K- w/o NIR and K+ were used as negative and positive controls, respectively. Each

bar represents the mean + SD (n = 5), *p < 0.05.

3.5. Conclusion

In this work, IR780 loaded SBMA functionalized BSA NPs were prepared for the first
time for application in breast cancer phototherapy. The IR/SBMA-BSA NPs presented a
spherical morphology with a size of 96.1 + 8.1 nm. When compared to the
non-functionalized BSA nanoparticles loaded with IR780 (IR/BSA NPs), the
IR/SBMA-BSA NPs presented a neutral surface charge in biologically relevant media,
which was attributed to the SBMA-functionalization. The IR/SBMA-BSA NPs also
displayed an improved stability when dispersed in PBS and DMEM-F12 supplemented
with FBS, while the IR/BSA NPs suffered an up to 4-fold increase in their size. Due to
their neutral surface charge and improved colloidal stability, the IR/SBMA-BSA NPs
could achieve a 1.9-fold higher uptake by MCF-7 cells when compared to IR/BSA NPs.
Furthermore, the IR/SBMA-BSA NPs were cytocompatible towards NHDF, while they
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were able to reduce MCF-7 cells’ viability up to 42 %, which can be justified by IR780
higher mitochondrial accumulation in cancer cells. The combined action of NIR light and
IR/SBMA-BSA NPs could further reduce MCF-7 cells’ viability to about 12 %. Overall,
the SBMA-functionalized BSA nanoparticles incorporating IR780 have enhanced

properties for application in breast cancer phototherapy.
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4.1. Abstract

IR780 is a prototypic heptamethine cyanine with Near-Infrared (NIR) light-triggered
photothermal capacity. However, the low water solubility and acute toxicity of IR780
limit its translation. The preparation of hydrophilic polymer-IR780 conjugates may
address these limitations. Herein, the cyclohexenyl ring of IR780 was conjugated, for the
first time, with thiol-terminated poly(2-ethyl-2-oxazoline). This novel
poly(2-ethyl-2-oxazoline)-IR780 conjugate (PEtOx-IR) was combined with
D-a-tocopheryl succinate (TOS), leading to the assembly of mixed nanoparticles
(PEtOx-IR/TOS NPs). The PEtOx-IR/TOS NPs displayed optimal colloidal stability as
well as cytocompatibility towards healthy cells at doses within the therapeutic range. In
turn, the combination of PEtOx-IR/TOS NPs with NIR light reduced heterotypic breast
cancer spheroids’ viability to just 15 %. Overall, the PEtOx-IR/TOS NPs are promising

agents for breast cancer photothermal therapy.

Keywords: Cancer, Polymer-IR780 conjugate,  Photothermal therapy,
Poly(2-ethyl-2-oxazoline), Spheroids.
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4.2. Introduction

Photo-activated materials have been showing promising results in cancer therapy [1, 2].
Such has been propelled by their ability to produce, upon interaction with light, a
temperature increase (PTT) and/or reactive oxygen species (PDT), which can damage
cancer cells [3, 4]. For this type of application, it is of extreme importance to use the first
window of Near-Infrared (abbreviated as NIR; 750-1000 nm) light due to its suitable
penetration depth and minimal interactions with biological components (e.g., collagen,

melanin, and water), ensuring minimal off-target effects [4, 5].

Owing to these reasons, the use of NIR absorbing agents is crucial in cancer PTT/PDT.
In this context, the FDA-approval of ICG for angiography, as well as its NIR absorption,
have driven its investigation for cancer phototherapy [6, 7]. However, the shortcomings
of ICG (such as low fluorescence quantum yield and photodegradability) have motivated
the development of other heptamethine cyanines [4, 8]. The properties of the different
NIR-absorbing prototypic heptamethine cyanines were recently analyzed, being
disclosed that IR780 holds a great potential due to its high NIR absorption, strong
photothermal/photodynamic capabilities, and potential for cancer cell imaging [4].
Nevertheless, the direct use of IR780 for cancer PTT/PDT is limited by its low water
solubility and cytotoxic profile [9].

The limitations of IR780 can be surpassed through the conjugation of its cyclohexenyl
ring with hydrophilic polymers [10-12]. In fact, the preparation of hydrophilic
polymer-IR780 conjugates leads to an improved solubility and cytocompatibility
[10, 13]. Moreover, the amphiphilic nature of these hydrophilic polymer-IR780
conjugates enables their assembly into nanostructures [10, 11]. This re-arrangement of
the polymer-IR780 conjugates’ linear chains into nano-sized materials is of paramount
importance due to the capacity of nanostructures with well-defined physicochemical
properties to accumulate at the tumor site after intravenous administration [10, 14].
Moreover, the use of nanomaterials assembled using polymer-drug conjugates is often
associated with a more controlled release profile and a higher drug loading capacity when

compared to the direct loading of drugs into the nanomaterials’ hydrophobic core

[15-17].

In this work, a novel polymer-IR780 conjugate was prepared by attaching
thiol-terminated Poly(2-ethyl-2-oxazoline) (PEtOx-SH) to the cyclohexenyl ring of
IR780. PEtOx was selected due to its biocompatibility and capacity to reduce protein

adsorption on nanomaterials’ surface, hence improving the blood circulation time and
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tumor uptake [18-23]. Moreover, PEtOx was also chosen as an alternative to PEG since
several reports have highlighted that PEGylated nanomaterials can be immunogenic
[24-26]. The PEtOx-IR780 conjugates were then combined with D-a-tocopheryl
succinate (TOS), due to the ability of the latter to facilitate the assembly of nanoparticles

by stabilizing the nanostructures’ core [27].

4.3. Materials and Methods

4.3.1. Materials

IR780 Iodide, Poly(2-ethyl-2-oxazoline) a-benzyl w-thiol terminated (PEtOx-SH;
M, = 10000 Da), TOS, Resazurin, Paraformaldehyde, Dulbecco’s Modified Eagle’s
Medium F-12 (DMEM-F12), and Trypsin were acquired from Sigma-Aldrich (Sintra,
Portugal). Acetone, Chloroform, Triton X-100, and Methanol were bought from Fisher
Scientific (Oeiras, Portugal). Agarose was bought from GRiSP (Porto, Portugal).
Michigan Cancer Foundation-7 (MCF-7) cell line was acquired from ATCC (Middlesex,
UK) and Normal Human Dermal Fibroblast (NHDF) from Promocell (Heidelberg,
Germany). Triethylamine was bought from TCI (Oxford, UK). Cell Imaging Plates were
obtained from Ibidi GmbH (Munich, Germany). Calcein-AM, Hoechst 33342®,
Propidium Iodide (PI), Cell Culture Plates, and T-flasks were purchased from Thermo
Fisher Scientific (Porto, Portugal). Fetal Bovine Serum (FBS) was obtained from
Biochrom AG (Berlin, Germany). Water used in all experiments was double deionized

(0.22 um filtered, 18.2 M Q cm).

4.3.2. Methods

4.3.2.1. PEtOx-IR conjugate synthesis and characterization

The synthesis of the PEtOx-IR conjugate was performed by adapting protocols described
elsewhere [13, 28]. Initially, IR780 (66.7 mg) and PEtOx-SH (40 mg) were dissolved in
chloroform (50 mL) containing triethylamine (50 uL). A molar excess of IR780 to the
available PEtOx-SH chains was used. The solution was left to stir for 48 h at room
temperature. Then, chloroform was removed by evaporation (Rotavap® R-215, Biichi,
Switzerland) and the obtained product was resuspended in methanol. Subsequently, a
dialysis against methanol was performed (1 kDa molecular weight cut-off membrane) for

24 h to remove the non-conjugated IR780. After this process, the obtained methanolic
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solution containing the PEtOx-IR conjugate was concentrated (by evaporation) and was

stored at 4 °C.

The synthesis of the PEtOx-IR conjugate was confirmed by Fourier Transform Infrared
Spectroscopy (FTIR; Nicolet iS10 spectrometer, Thermo Scientific Inc., MA, USA) and
Proton Nuclear Magnetic Resonance (*H NMR; Briiker Avance III 400 MHz
spectrometer, Briiker Scientific Inc., NY, USA). For *H NMR analysis, IR780, PEtOx-SH,
and PEtOx-IR conjugate were dissolved in deuterated chloroform. To analyze the NMR
spectra, MNova software (Mestrelab Research, SL, Santiago de Compostela, Spain) was

used.

4.3.2.2. Formulation of PEtOx-IR/TOS NPs and PEtOx-IR NPs

The nanoprecipitation technique was used to formulate PEtOx-IR/TOS NPs by adapting
a protocol previously described [29]. First, 1 mL of acetone containing 0.5 mg of
PEtOx-IR conjugate and 0.5 mg of TOS were added dropwise into 5 mL of Phosphate
buffered saline (PBS), under constant stirring, for 2 h, at room temperature. Afterwards,
the solution was recovered, dialyzed against water (0.5-1 kDa molecular weight cut-off
membrane) for 90 min at room temperature, and filtered (0.45 pum pore size), yielding
PEtOx-IR/TOS NPs. The same protocol was used to prepare the PEtOx-IR NPs (i.e., the
particles without TOS). In this case, only PEtOx-IR conjugate (0.5 mg) was added to the

acetone solution and the filtration step was not performed.

4.3.2.3. Nanoparticles’ physicochemical, optical, and photothermal
characterization

Dynamic Light Scattering (DLS) was used to evaluate the size distribution (in water) of
PEtOx-IR/TOS NPs and PEtOx-IR NPs (Zetasizer Nano ZS, Malvern Instruments LTD.,
Worcestershire, UK). The zeta potential (in DMEM-F12 medium supplemented with
10 % (v/v) FBS) of the nanoformulations was also determined. The morphology of
PEtOx-IR/TOS NPs was characterized by Transmission Electron Microscopy (TEM;
TECNAI G2 20 S-TWIN; FEI Company, Netherlands), operated at an accelerating
voltage of 200 kV. For this analysis, the nanoparticles were first stained with

phosphotungstic acid (2 % (w/v)).
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The Incorporation Efficiency of the PEtOx-IR conjugate in PEtOx-IR/TOS NPs was
determined by UV-Vis-NIR absorption spectroscopy. First, a standard curve of the
PEtOx-IR conjugate in water:methanol (1:1 (v/v), at 780 nm) was performed (using an
Evolution 201 spectrophotometer, Thermo Scientific Inc.). Then, PEtOx-IR/TOS NPs
were freeze-dried (in a ScanVac CoolSafe, LaboGene ApS, Lynge, Denmark) and
resuspended in water:methanol (1:1 (v/v)). Then, the concentration of
PEtOx-IR conjugate was determined by analyzing the absorbance of the freeze-dried
PEtOx-IR/TOS NPs’ solution at 780 nm. Finally, the Incorporation Efficiency was

determined according to the following equation:

| vion Effici %) = Weight of PEtOx-IR conjugate incorporated in PEtOx-IR/TOS NPs % 100
ncorporation Efficiency (%) = Weight of PEtOx-IR conjugate initially fed

To evaluate the capacity of the PEtOx-IR/TOS NPs to interact with NIR light, their
Vis-NIR absorption spectrum was investigated. For that, the absorption of
PEtOx-IR/TOS NPs (at 5 ug mL* of PEtOx-IR conjugate equivalents; in water) and of
PEtOx-IR conjugate (at 5 ug mL*; in methanol) were acquired.

To evaluate the colloidal stability of the PEtOx-IR/TOS NPs, their size variation and
Vis-NIR absorption spectrum, when dispersed in water, PBS, and cell culture medium
(DMEM-F12 supplemented with 10 % (v/v) FBS), were investigated for 48 h.

Finally, the photothermal capacity of PEtOx-IR/TOS NPs was evaluated by determining
the temperature variations attained upon NIR laser irradiation (808 nm, 1.7 W cm=2,
5 min) using a thermocouple thermometer. Irradiated water was used as control. To
assess the photostability of PEtOx-IR/TOS NPs, their Vis-NIR absorption spectrum after
each minute of NIR irradiation was acquired. Furthermore, the temperature variations
induced by PEtOx-IR/TOS NPs (at 20 ug mL* of PEtOx-IR conjugate equivalents),
measured at the 5™ minute of NIR laser exposure, along 5 cycles of irradiation, were also
evaluated. A new irradiation cycle only started after complete cooling of the formulation

to the room temperature.
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4.3.2.4. Cytocompatibility of PEtOx-IR/TOS NPs and PEtOx-IR NPs
towards 2D in vitro cultures

The cytocompatibility of PEtOx-IR/TOS NPs and PEtOx-IR NPs towards 2D in vitro
cultures was evaluated using the resazurin method [30]. For this assay, MCF-7 (breast
cancer cell model) and NHDF (normal cell model) were seeded in 96-well plates at a
density of 1x104 cells/well. Both cell lines were cultured in DMEM-F12 medium
supplemented with 10 % (v/v) FBS and 1 % (v/v) streptomycin/gentamycin in a
humidified incubator (37 °C, 5 % CO.). After 24 h, the culture medium was replaced with
fresh medium containing different concentrations of PEtOx-IR/TOS NPs or
PEtOx-IR NPs. Then, after 24 and 48 h, the medium was removed and fresh culture
medium with 10 % (v/v) of resazurin was incubated for 4 h in the dark (37 °C, 5 % CO.).
Finally, to evaluate the viability of the cells, the fluorescence of resorufin (Aex/Aem of
560/590 nm) was measured in a Spectramax Gemini EM spectrofluorometer (Molecular
Devices LLC, California, USA). As negative (K-) and positive (K+) controls, cells solely

incubated with medium or ethanol (70 % (v/v)) were used, respectively.

4.3.2.5. Cellular uptake of PEtOx-IR/TOS NPs in 2D in vitro cancer
models

Prior to evaluating the cellular uptake of PEtOx-IR/TOS NPs, the fluorescence emitted
by this formulation was assessed in a spectrofluorometer (Aex = 633 nm and
Aex = 780 nm). To evaluate the uptake of PEtOx-IR/TOS NPs by MCF-7 cells, 1x104
cells/well were seeded in 96-well plates. After 24 h, the cells were incubated with fresh
medium containing PEtOx-IR/TOS NPs (at 2.5 pug mL* of PEtOx-IR conjugate
equivalents) or IR780 (2.5 ug mL?). After 4 h, non-internalized nanoparticles were
removed by washing cells with ice-cold Krebs Ringer Buffer. After that, cells were
incubated for 30 min with Triton X-100 (1 % (v/v); in Krebs Ringer Buffer) to cause their
lysis. To determine the PEtOx-IR/TOS NPs’ uptake, the fluorescence of PEtOx-IR
conjugate (present in the cell lysate) was analyzed in a spectrofluorometer

(Aex/Aem of 780/800 nm). Cells only incubated with Krebs Buffer were used as a control.

To further observe the uptake of PEtOx-IR/TOS NPs, Confocal Laser Scanning
Microscopy (CLSM) images were acquired (Zeiss LSM 710 confocal microscope, Carl
Zeiss AG, Oberkochen, Germany). For that, MCF-7 cells were seeded (1.5x104 cells/well)
in p-slide 8-well imaging plates (Ibidi GmbH, Munich, Germany). Two days later, the
medium was replaced with fresh one containing PEtOx-IR/TOS NPs (5 ug mL* of

PEtOx-IR conjugate equivalents). After 4 h, the medium was removed, and several
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washing steps were performed with PBS. Paraformaldehyde 4 % was used to fix cells for
15 min, at room temperature, and Hoescht 33342® was used to label the cells’ nucleus
for 45 min at 4 °C. The fluorescence images were acquired using Aex/Aem oOf

633/656-758 nm (to visualize IR780) and 405/410-499 (to visualize Hoechst 33342®).

4.3.2.6. Phototherapeutic effect mediated by PEtOx-IR/TOS NPs in
2D in vitro cancer models

The phototherapeutic effect of PEtOx-IR/TOS NPs in 2D in vitro cancer models was
evaluated as previously reported [29]. First, MCF-7 cells were seeded as described in
4.3.2.4. After 24 h, the culture medium was replaced by fresh medium containing
PEtOx-IR/TOS NPs at 2.5 and 5 ug mL* (of PEtOx-IR conjugate equivalents). After 4 h,
the cells were exposed to NIR irradiation (808 nm, 1.7 W ¢cm2, 5 min). After reaching a
total of 24 h of incubation with the nanomaterials, the cells’ viability was measured using

the resorufin fluorescence as described above.

CLSM images were also acquired to visualize the phototherapeutic effect of
PEtOx-IR/TOS NPs. MCF-7 cells were seeded in p-slide 8-well imaging plates as
described in section 4.3.2.5. Then, cells were incubated in fresh medium containing
PEtOx-IR/TOS NPs (at 2.5 and 5 pg mL* of PEtOx-IR conjugate equivalents). After 4 h,
cells were irradiated with NIR light (808 nm, 1.7 W ¢cm2, 5 min). Then, the medium was
removed, and live and dead cells were stained with Calcein-AM and PI, respectively, for
15 min (according to the manufacturer’s protocol). Fluorescence images were acquired
using a Aex/Aem Of 488/493-556 (to visualize Calcein-AM) and 561/566-719 nm (to
visualize PI). Cells solely incubated with culture medium were used as the control for live

cells.

4.3.2.7. Penetration capacity of PEtOx-IR/TOS NPs in 3D in vitro
cancer models

Heterotypic spheroids were produced as previously described [9, 31]. In brief, agarose
structures (2 % (w/v)) with round-bottom microwells were produced using a micro-mold
(3D Petri Dish, Microtissues Inc., Providence RI, USA). Then, 1x10® MCF-7 cells and
NHDF (at a cell ratio of 1:1) were seeded per structure, forming 81 spheroids per agarose
construct. Every 2 days, the medium was replaced with fresh medium (DMEM-F12

medium supplemented with 10 % (v/v) of FBS and 1 % (v/v) of
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streptomycin/gentamicin). Spheroids were left to grow for 10 days, being maintained in

an incubator with a humidified atmosphere (37 °C, 5 % CO.).

To visualize the penetration of the nanoparticles into the spheroids, these were incubated
with fresh medium containing PEtOx-IR/TOS NPs (7.5 ug mL* of PEtOx-IR conjugate
equivalents). After 24 h, spheroids were fixed with paraformaldehyde 4 % overnight and
the nanoparticles’ penetration capacity was visualized by CLSM using Aex/Aem of
633/656-758 nm (to visualize IR780). The Fluorescence Intensity plots across the
diameter of the spheroid, at different z-stacks, were determined using the ImageJ

software as previously described [31].

4.3.2.8. Phototherapeutic effect mediated by PEtOx-IR/TOS NPs in
3D in vitro cancer models

To evaluate the phototherapeutic capacity of PEtOx-IR/TOS NPs in 3D in vitro cancer
models, spheroids were produced and maintained as described above. After 10 days of
growing, PEtOx-IR/TOS NPs (at 7.5 and 15 ug mL* of PEtOx-IR conjugate equivalents)
in fresh medium were incubated in the spheroids for 24 h. Then, spheroids were
irradiated with NIR light (808 nm, 1.7 W ¢cm2, 5 min). After 48 h, spheroids’ viability
was evaluated through the resazurin method as described above (section 4.3.2.4.). Each

experimental condition was evaluated in 30 spheroids.

To visualize the phototherapeutic effect in spheroids, these were incubated with
PEtOx-IR/TOS NPs (15 pug mL* of PEtOx-IR conjugate equivalents). After 24 h,
spheroids were irradiated with NIR light (808 nm, 1.7 W cm=, 5 min). Finally,
Calcein-AM/PI was used to stain spheroids. Fluorescence images were acquired as
described in 4.3.2.6. Spheroids solely incubated with culture medium were used as the

control for non-treated spheroids.

4.3.2.9. Statistical Analysis

To compare the multiple groups, a one-way Analysis of Variance (ANOVA) with the
Student-Newman-Keuls test was used. The statistical analysis of two groups was
performed using the unpaired t-student test. GraphPad Prism v6.0 (Trial version,
GraphPad Software, CA, USA) was used to perform data analysis. A value of p < 0.05 was

considered statistically significant.
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4.4. Results and Discussion

4.4.1. Synthesis and characterization of PEtOx-IR
conjugate

Initially, the PEtOx-IR conjugate was synthesized by binding the cyclohexenyl ring of
IR780 with the thiol group of PEtOx-SH [13]. The FTIR analysis was performed to
confirm the successful synthesis of the PEtOx-IR conjugate (Figure 4.1). The FTIR
spectrum of IR780 showed peaks at 1514 and 757 cm corresponding to the benzene ring
stretch and the C-H bending, respectively (Figure 4.1). On the other hand, the PEtOx-SH
spectrum displayed its characteristic peak at 1628 cm™ (amides’ C=O stretch)

(Figure 4.1). The FTIR spectrum of the PEtOx-IR conjugate presented the above
described IR780 and PEtOx-SH peaks (Figure 4.1).
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Figure 4.1. FTIR spectra of IR780, PEtOx-SH, and PEtOx-IR conjugate.

Afterwards, *H NMR analysis was also performed to confirm the PEtOx-IR conjugate’s
synthesis. The *H NMR spectrum of IR780 showed a peak at 8.33 ppm belonging to the
methine protons (C=CH) of the IR780’ benzene ring as well as peaks at 7.16 and
6.24 ppm corresponding to the methine protons (C-CH=CH-C) of the IR780’
heptamethine chain (Figure 4.2A). Finally, the 1.72 ppm peak corresponding to methyl
(CH,) protons of IR780 was also observed (Figure 4.2A) [13]. Furthermore, the PEtOx
spectrum displayed peaks at 3.48 and 2.43 ppm corresponding to the methylene protons
(-N-CH: and -CH.-CH;) as well as at 1.12 ppm belonging to the methyl protons
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(-CH.-CHj3) (Figure 4.2B) [32, 33]. The *H NMR spectrum of PEtOx-IR conjugate
presented the above-described peaks of IR780 as well as those from PEtOx-SH (Figure
4.2C). Together, this data confirms the successful synthesis of the PEtOx-IR conjugate.
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Figure 4.2. 'H NMR characterization of PEtOx-IR conjugate. *H NMR spectra of IR780 (A), PEtOx-SH (B),
and PEtOx-IR conjugate (C) dissolved in deuterated chloroform.
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4.4.2. Formulation and characterization of PEtOx-IR/TOS
NPs

After the successful synthesis of the PEtOx-IR780 conjugate, this polymer was used to
produce nanoparticles through a simple nanoprecipitation technique - PEtOx-IR NPs

(Figure 4.3A).

Surprisingly, the PEtOx-IR NPs presented sizes between 712 and 1990 nm (average size
of 1092.0 + 197.9 nm; Polydispersity Index (PDI) of 0.293; batch triplicates;
Figure 4.3B). Therefore, the dimensions of PEtOx-IR NPs are not within the optimal size
distribution for passive tumor accumulation (100-200 nm) [9, 34]. Such may be
correlated with subpar hydrophobic-hydrophobic interactions occurring in the particles’

core which cannot drive the assembly of nanostructures.
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Figure 4.3. Formulation and characterization of PEtOx-IR/TOS NPs. Schematic representation of the
nanoparticles’ formulation and application in cancer phototherapy (A). DLS size distribution of PEtOx-
IR/TOS NPs and PEtOx-IR NPs (B). Vis-NIR spectra of PEtOx-IR conjugate (5 ug mL™, in methanol), PEtOx-
IR/TOS NPs, and PEtOx-IR NPs (in water), both at 5 ug mL* (of PEtOx-IR conjugate equivalents) (C).
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To address this problem, TOS was also incorporated into the formulation due to its
capacity to stabilize the nanomaterials’ core (PEtOx-IR/TOS NPs). The PEtOx-IR/TOS
NPs presented a size of 189.7 + 4.4 nm (batch triplicates), which is suitable for their
accumulation at the tumor site [35], as well as a low PDI (0.164) (Figure 4.3B). In a
previous work, Pais-Silva observed that the incorporation of TOS in micelles formulated
with PEGylated Vitamin E improves their size distribution [27]. The PEtOx-IR/TOS NPs
were then imaged by TEM, revealing a spherical shape (Figure 4.4). Such morphology
is consistent with that of other IR780-based nanomaterials reported in the literature,
being appealing since spherically-shaped nanostructures may display an enhanced
cellular uptake [36-41]. The PEtOx-IR/TOS NPs displayed a zeta potential of
-7.8 £ 0.9 mV, which is also within the range considered ideal for cancer-related
applications (-10 to +10 mV) [29, 42]. The Incorporation Efficiency of the PEtOx-IR
conjugate in PEtOx-IR/TOS NPs was 39 + 3 % (n = 5), being in line with that of other
IR780-based nano-formulations [9, 43].

Figure 4.4. TEM image of PEtOx-IR/TOS NPs. Scale bar corresponds to 500 nm.

Subsequently, the NIR absorption of PEtOx-IR/TOS NPs was evaluated (Figure 4.3C).
When compared to PEtOx-IR conjugate, the absorption of PEtOx-IR/TOS NPs had a
red-shift. Due to this reason, the PEtOx-IR/TOS NPs had a 2.74-fold higher absorption
at 808 nm when compared to the PEtOx-IR conjugate. Since 808 nm light will be used
in photothermal experiments, the PEtOx-IR/TOS NPs may display a great photothermal
capacity due to their higher absorption at 808 nm. Interestingly, the PEtOx-IR NPs had
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a 1.89 times weaker absorption at this wavelength when compared to PEtOx-IR/TOS

NPs. Considering that the hydrophobic-hydrophobic interactions occurring in the

nanoparticles’ core can drive the red-shift of IR780-based nanomaterials [27, 44-47],
these results further support the incorporation of TOS in PEtOx-IR/TOS NPs.
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Figure 4.5. Stability of PEtOx-IR/TOS NPs. Size variation of PEtOx-IR/TOS NPs over time when dispersed
in water (A), PBS (B), and cell culture medium (C). The values were normalized using the respective initial
size (t = 0 h). Each bar represents mean + S.D. (n = 3). Vis-NIR spectra of PEtOx-IR/TOS NPs in water (D),
PBS (E), and cell culture medium (F), at different time points.
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Then, the colloidal stability of the PEtOx-IR/TOS NPs was evaluated by dispersing them
in water, PBS, and cell culture medium (DMEM-F12 supplemented with 10 % (v/v) of
FBS; Figure 4.6). The size and NIR absorption of PEtOx-IR/TOS NPs did not suffer any
meaningful variation over time (Figure 4.5), indicating that the PEtOx-IR/TOS NPs
present good colloidal stability. In contrast, the NIR absorption of PEtOx-IR NPs
decreased over time (Figure 4.6). This phenomenon was also accompanied by evident

changes in the color of the PEtOx-IR NPs’ solution (Figure 4.7).
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Figure 4.6. Vis-NIR absorption spectra of PEtOx-IR NPs over a 48 h period (in water).
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Figure 4.7. Macroscopic images of PEtOx-IR/TOS NPs and PEtOx-IR NPs, in water, over a 48 h period.
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Finally, to evaluate the photothermal capacity of PEtOx-IR/TOS NPs, the temperature
changes mediated by this nanoformulation after NIR irradiation (808 nm, 1.7 W cm2,

5 min) were recorded (Figure 4.8A).
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Figure 4.8. Temperature variation curves mediated by PEtOx-IR/TOS NPs (at different concentrations of
PEtOx-IR conjugate equivalents) after irradiation with NIR light (808 nm, 1.7 W cm™2) during a 5 min
period (A). Vis-NIR spectrum of PEtOx-IR/TOS NPs (in water) during 5 minutes of NIR laser irradiation
(808 nm, 1.7 W cm2), and after 5 cycles of NIR laser exposure (B). Temperature variations induced by
PEtOx-IR/TOS NPs (at 20 pg mL* of PEtOx-IR conjugate equivalents), measured at the 5% minute of NIR

laser exposure (808 nm, 1.7 W cm, 5 min), along the different irradiation cycles (C).

The PEtOx-IR/TOS NPs produced a concentration-dependent photoinduced heat,
achieving the maximum temperature increase after 1-2 min of irradiation. At the
concentration of 20 pg mL* (of PEtOx-IR conjugate equivalents), the PEtOx-IR/TOS
NPs produced a temperature increase of 12.5 °C after 2 min of exposure to NIR light,
which can potentially cause cellular damage [4, 48]. The response of water (control) to

NIR light was not meaningful (AT < 1.4 °C), which is in agreement with the low
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interaction of NIR light with water [4]. The highest photoinduced heat generated by
PEtOx-IR/TOS NPs within the first two minutes of NIR laser exposure may be correlated
with the photodegradation of IR780 by NIR light [9, 11, 49, 50]. To confirm this
hypothesis, the absorption spectrum of PEtOx-IR/TOS NPs after each minute of laser
exposure was analyzed, being verified that the optical properties of this formulation in
the NIR are gradually lost (Figure 4.8B). Due to this reason, the PEtOx-IR/TOS NPs were
not capable of producing a photothermal effect greater than the control after multiple
NIR laser irradiation cycles (Figure 4.8C). Nevertheless, this behavior displayed by
PEtOx-IR/TOS NPs may be an important feature since the photodegradation products
of IR780 were reported to be cytocompatible [13], hence possibly avoiding issues related

with the long term accumulation of photothermal nanoagents.

Together, these results confirm that the PEtOx-IR/TOS NPs have improved

physicochemical and optical properties.

4.4.3. Evaluation of PEtOx-IR/TOS NPs’ cytocompatibility

in 2D in vitro cultures
Subsequently, the cytocompatibility of PEtOx-IR NPs and PEtOx-IR/TOS NPs towards

2D in vitro cultures of NHDF (normal cell line) and MCF-7 cells (breast cancer cell line)
was evaluated (Figure 4.9). NHDF exposed to PEtOx-IR NPs for 24 and 48 h displayed
a viability superior to 76 % (Figure 4.9A). MCF-7 cells incubated with PEtOx-IR NPs up
to 5 ug mL* (of PEtOx-IR conjugate equivalents) also remained highly viable
(Figure 4.9B). For higher doses of PEtOx-IR NPs (7.5 and 10 pg mL* of PEtOx-IR
conjugate equivalents), the viability of the MCF-7 cells was affected (Figure 4.9B). This
cytotoxicity is likely correlated with the propensity of IR780 to accumulate in the
mitochondria of these cells [51] and it has also been reported for other IR780-based

nanomedicines [27, 52].

NHDF and MCF-7 cells incubated with PEtOx-IR/TOS NPs, during 24 h, up to
5 ug mL* (of PEtOx-IR conjugate equivalents), remained with a viability of 82 % and
80 % respectively (Figure 4.9C and 4.9D). An incubation period for 48 h with this same
dose of PEtOx-IR/TOS NPs revealed a close effect on NHDF (viability of 83 %) and a
small decrease on MCF-7 cells’ viability (to 65 %). However, the incubation of both cell
lines with greater doses of PEtOx-IR/TOS NPs (7.5 and 10 ug mL* of PEtOx-IR conjugate
equivalents) led to a high cytotoxicity. Considering the behavior of PEtOx-IR NPs, the
safety profile of PEtOx-IR/TOS NPs, at high doses, appears to be mainly influenced by
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TOS. In fact, TOS has been reported to produce reactive oxygen species, which can affect
both cell lines [53-57]. Considering this data, when assessing the internalization and
phototherapeutic capacity of PEtOx-IR/TOS NPs in 2D in vitro cancer models
(section 4.4.4.), only doses of 2.5 and 5 ug mL* (of PEtOx-IR conjugate equivalents) were

used to ensure that the observed effects are not masked by the TOS’ action.
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Figure 4.9. Cytocompatibility of PEtOx-IR NPs and PEtOx-IR/TOS NPs. Evaluation of the cell viability of
NHDF (A) and MCF-7 cells (B) after incubation with PEtOx-IR NPs (at different concentrations of
PEtOx-IR conjugate equivalents) for 24 and 48 h. Cell viability of NHDF (C) and MCF-7 cells (D) after
incubation with PEtOx-IR/TOS NPs for 24 and 48 h. Positive control (K+) was cells treated with ethanol
(70 % (v/v)) and negative control (K-) was cells only incubated with cell culture medium. Data are presented

asmean + S.D (n = 5).
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4.4.4. Determination of PEtOx-IR/TOS NPs’ ability to be

internalized in cancer cells and phototherapeutic capacity
Then, the capacity of PEtOx-IR/TOS NPs to be internalized by monolayers of cancer cells
(2D in vitro cancer cell model) was investigated. For such, the fluorescence emitted by
PEtOx-IR/TOS NPs that derives from the IR780 molecule present on the PEtOx-IR
conjugate was analyzed (Figure 4.10A).
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Figure 4.10. Fluorescence emission and uptake of PEtOx-IR/TOS NPs. Fluorescence emission spectra of
PEtOx-IR conjugate (in methanol) and PEtOx-IR/TOS NPs (in cell culture medium), using an excitation
wavelength of 633 nm (A). Fluorescence intensity emitted by PEtOx-IR conjugate (in methanol) and
PEtOx-IR/TOS NPs (in cell culture medium) at 800 nm, using an excitation wavelength of 780 nm (B).
Uptake of PEtOx-IR/TOS NPs (2.5 ug mL of PEtOx-IR conjugate equivalents) by MCF-7 cells (C). The

fluorescence values were normalized using the values of cells incubated with free IR780 (2.5 ug mL™).
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CLSM images revealed that MCF-7 cells incubated with PEtOx-IR/TOS NPs display
IR780 fluorescence signals in the cytoplasm, demonstrating the ability of the
nanoformulations to become internalized in the cancer cells (Figure 4.11). This result
was further confirmed by analyzing the IR780 Fluorescence Intensity in the MCF-7 cells
incubated with PEtOx-IR/TOS NPs (Figure 4.10B and 4.10C).

IR780

Figure 4.11. Uptake of PEtOx-IR/TOS NPs (5 ug mL* of PEtOx-IR conjugate equivalents) by MCF-7 cells.

Blue channel: Hoechst 33342® stained nucleus, red channel: IR780. Scale bars correspond to 50 um.
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After confirming the PEtOx-IR/TOS NPs' capacity to be internalized by cancer cells, their
phototherapeutic capacity was determined (Figure 4.12A). In line with the previous
observations, MCF-7 cells solely exposed to NIR light, or non-irradiated PEtOx-IR/TOS
NPs remained highly viable (> 80 %; Figure 4.12B). In stark contrast, the combination
of NIR light and PEtOx-IR/TOS NPs at 2.5 ug mL* (of PEtOx-IR conjugate equivalents)
could reduce MCF-7 cells’ viability to 20 %. By further increasing the concentration to
5 ug mL* (of PEtOx-IR conjugate equivalents), the photothermal heating induced by
PEtOx-IR/TOS NPs reduced the cancer cells’ viability to just 9 % (Figure 4.12B).

These results were also confirmed by imaging the MCF-7 cells stained with
Calcein-AM/PI (labels live/dead cells) after the different treatments (Figures 4.12 C and

D). As expected, the CLSM images revealed Calcein-AM fluorescence on the vast majority
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of the cancer cells exposed to only NIR light or to non-irradiated PEtOx-IR/TOS NPs. In
turn, cancer cells were almost exclusively stained with PI upon exposure to
PEtOx-IR/TOS NPs plus NIR light.
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Figure 4.12. Phototherapeutic effect of PEtOx-IR/TOS NPs in 2D in vitro cancer models. Schematic
representation of the therapeutic procedure (A). Evaluation of the effect induced by PEtOx-IR/TOS NPs (at
different concentrations of PEtOx-IR conjugate equivalents) without (w/o NIR) and with NIR laser
irradiation (w/ NIR, 808 nm, 1.7 W cm, 5 min) on the viability of MCF-7 cells (B). Negative control
(K- w/o NIR) was cells only incubated with culture medium. K- w/ NIR represents cells solely exposed to
NIR light. Data are presented as mean + S.D, n = 5 (*p < 0.0001). CLSM images of MCF-7 cells stained with
Calcein-AM/PI after exposure to PEtOx-IR/TOS NPs w/o NIR (C) or w/ NIR laser irradiation (D). Medium
w/o NIR represents the control for live cells and medium w/ NIR represents cells solely exposed to NIR light.

Green channel: Calcein-AM, red channel: PI. Scale bars correspond to 50 um.
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Liu et al. produced IR780- and Perfloropentane loaded PEGylated nanoparticles,
revealing their ability to reduce B16 cells’ viability to about 55 % upon NIR irradiation
(808 nm, 2 W cm2, 5 min; 35.4 ug mL* of IR780 equivalents) [58]. Song et al. produced
IR780 loaded folate-targeted nanoparticles that prompted a reduction in SKOV3 cells’
viability to 16 % after NIR irradiation (808 nm, 1 W cm=, 3 min, 40 pg mL* of
nanoparticles) [59]. In this work, the PTT mediated by PEtOx-IR/TOS NPs could
decrease MCF-7 cells’ viability to 9 % (808 nm, 1.7 W cm2, 5 min; 5 ug mL* of PEtOx-IR

conjugate equivalents), hence validating their phototherapeutic capacity.

4.4.5. Evaluation of PEtOx-IR/TOS NPs’ penetration and

phototherapeutic effect in heterotypic spheroids

Then, the performance of PEtOx-IR/TOS NPs was screened using heterotypic spheroids.
This 3D in vitro cancer cell model was established using MCF-7 cells and NHDF in order
to mimic breast tumors’ cellular heterogeneity [60]. Moreover, spheroids’ 3D structure,
cell-cell interactions, and layered organization grant them resistance patterns to
therapeutics/nanomedicines’ penetration and action, similar to those occurring in in
vivo solid tumors [61, 62]. Therefore, it is of utmost importance to use spheroids in the

screening of the nanomaterials’ therapeutic capacity [63].

Initially, the capacity of PEtOx-IR/TOS NPs to penetrate into the spheroid was
investigated (Figure 4.13A). For such, spheroids were incubated with the
PEtOx-IR/TOS NPs, and CLSM images at different z-stacks were acquired as well as the
respective Fluorescence Intensity plots (Figure 4.13A). Fluorescence signals could be
observed in the spheroids, indicating the ability of PEtOx-IR/TOS NPs to penetrate into
these 3D cellular aggregates. A closer inspection revealed that the fluorescence was
mostly located at the spheroids’ periphery (Figure 4.13A). Such behavior results from the
spheroids’ resistance to nanomedicines’ penetration, and it has been reported for other

types of nanomaterials [31, 64, 65].
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Figure 4.13. Phototherapeutic effect of PEtOx-IR/TOS NPs in 3D in vitro cancer models. CLSM z-stacks
of spheroids, after incubation with PEtOx-IR/TOS NPs (7.5 ug mL* of PEtOx-IR conjugate equivalents), at
different penetration depths and respective Fluorescence Intensity plots (across the spheroids’ diameter)
(A). Red channel: IR780. Scale bars correspond to 100 um. Schematic representation of the therapeutic
procedure in the heterotypic spheroids (B). Evaluation of the effect mediated by PEtOx-IR/TOS NPs (at
different concentrations of PEtOx-IR conjugate equivalents) w/o NIR and w/ NIR laser irradiation
(808 nm, 1.7 W cm=, 5 min) on the viability of the spheroids (C). Negative control (K- w/o NIR) was
spheroids only incubated with culture medium. K- w/ NIR represents spheroids solely exposed to NIR light.

Data are presented as mean + S.D, n = 30 (*p < 0.0001).
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Finally, the phototherapeutic capacity of PEtOx-IR/TOS NPs in the spheroids
(Figure 4.13B) was investigated. As expected, the NIR irradiation per se did not affect
spheroids’ viability (Figure 4.13C). Considering the spheroids’ greater resistance to
therapeutics’ action [61, 63], these were incubated with a higher dose of PEtOx-IR/TOS
NPs when compared to cancer cell monolayers (section 4.4.4.). Spheroids exposed to
PEtOx-IR/TOS NPs at 7.5 ug mL* (of PEtOx-IR conjugate equivalents) displayed a
viability of 86 %. At the same dose, the combination of PEtOx-IR/TOS NPs with NIR
light further decreased spheroids’ viability to 51 %. In turn, the phototherapeutic effect
mediated by PEtOx-IR/TOS NPs at 15 pg mL* (of PEtOx-IR conjugate equivalents)
reduced the spheroids’ viability to only 15 %. These results further emphasize the critical

role of spheroids in the drug discovery stage.

To further confirm these results, spheroids stained with Calcein-AM/PI were also imaged
by CLSM (Figure 4.14). As expected, the non-treated spheroids and the spheroids solely
exposed to NIR light presented an outer layer stained with Calcein-AM, indicating the
presence of mostly viable cells. In turn, the amount of PI-stained cells increased after
PEtOx-IR/TOS NPs incubation. The highest levels of PI staining were observed for
spheroids treated with PEtOx-IR/TOS NPs plus NIR light.

In a recent work, IR780 and DOX loaded sulfobetaine methacrylate-based nanoparticles
could diminish heterotypic spheroids’ viability to 16 % upon NIR laser irradiation
(9 ug mL* of IR780 equivalents; 6 ug mL* of DOX; 808 nm, 1.7 W cm™, 5 min) [31]. In
another work, IR780 loaded PEG-based nanoparticles functionalized with the CRGDK
peptide diminished HT-29 spheroids’ viability to 54 % after NIR laser exposure
(30 ug mL* of IR780 equivalents; 808 nm, 2 W ecm=, 20 s) [65]. In this work, the
combined action of PEtOx-IR/TOS NPs and NIR light (15 ug mL of PEtOx-IR conjugate
equivalents; 808 nm 1.7 W ¢cm2, 5 min) decreased spheroids’ viability to 15 %. In this

way, the PEtOx-IR/TOS NPs are promising agents for application in breast cancer PTT.
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Figure 4.14. Live/Dead analysis of spheroids. CLSM images of spheroids stained with Calcein-AM/PI after
exposure to PEtOx-IR/TOS NPs (15 pg mL? of PEtOx-IR conjugate equivalents) w/o NIR or w/ NIR
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irradiation (808 nm, 1.7 W cm™2, 5 min). Medium w/o NIR represents non-treated spheroids and medium
w/ NIR represents spheroids solely exposed to NIR irradiation. Green channel: Calcein-AM,

red channel: PI. Scale bars correspond to 100 um.

4.5. Conclusion

In this work, a PEtOx-IR conjugate was prepared for the first time, and it was combined
with TOS through the nanoprecipitation technique, leading to the assembly of
PEtOx-IR/TOS NPs. The PEtOx-IR/TOS NPs displayed suitable size (189.7 + 4.4 nm)
and surface charge (-7.8 £ 0.9 mV) for cancer-related applications. When incubated in
different media, the PEtOx-IR/TOS NPs’ size and NIR absorption did not suffer
meaningful variations over time, displaying an optimal colloidal stability. In turn, the
PEtOx-IR NPs (without TOS) did not reveal a suitable size distribution nor stability.
Moreover, the PEtOx-IR/TOS NPs presented a 1.89- and 2.74-fold higher absorption at
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808 nm than PEtOx-IR NPs and PEtOx-IR conjugates, hence presenting a greater
photothermal potential. The PEtOx-IR/TOS NPs were also cytocompatible towards
healthy cells at doses within the therapeutic range. When incubated in monolayers of
cancer cells (2D in vitro cancer cell model), the PEtOx-IR/TOS NPs only diminished
their viability to 80 %. In turn, the combination of PEtOx-IR/TOS NPs with NIR light
almost led to complete cancer cell ablation (viability < 9 %). The therapeutic potential of
PEtOx-IR/TOS NPs was also screened in heterotypic spheroids (3D in vitro cancer cell
model), being capable of reducing the spheroids’ viability to just 15 % upon NIR laser
irradiation. Overall, the PEtOx-IR/TOS NPs are promising agents for application in

breast cancer PTT.
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Concluding Remarks and Future Trends

Despite all the funding and human resources allocated to study cancer, this disease is
still one of the leading causes of death worldwide. The currently available therapies to
tackle this disease (e.g., surgery, radiotherapy, chemotherapy, immunotherapy) have
been proven to show lack of efficacy and selectivity towards cancer cells, causing severe
side effects on patients. Due to these limitations, several researchers have been focusing

their attention on alternative therapies that promise a greater efficacy and safety.

In this regard, PTT mediated by nanomaterials has been showing promising results for
cancer therapy. The success of this therapeutic strategy depends on the nanomaterials’
physicochemical features as well as on the laser’s and nanostructures’ optical properties.
Regarding the nanomaterials’ physicochemical properties, their size, charge, shape, and
corona composition revealed to be of extreme importance since these affected their blood
circulation time and consequently, their tumor uptake. In general, the optimization of
the nanomaterials’ size was intensively pursued to improve their tumor uptake (by taking
advantage from the EPR effect). However, recent findings demonstrated that
nanostructures can also exploit dynamic vents (also called spontaneous eruptions), that
occur at the tumor vasculature, to achieve tumor uptake. Owing to this new
phenomenon, the emphasis shifted to the modulation of the nanostructures’ corona in
order to improve their blood circulation time and hence the likelihood to benefit from

these eruptions.

Furthermore, the laser-related parameters also revealed to be impactful in
nanomaterials’ mediated PTT. In this regard, the use of NIR light revelated to be of
utmost importance since it displayed a suitable penetration depth and minimal off-target
heating. Moreover, the optimization of the irradiation onset as well as the power density
and irradiation protocol (time and number of irradiations) allowed the achievement of
greater therapeutic outcomes. In what concerns the nanomaterials’ optical properties,
the use of nanostructures with high NIR absorption was essential due to their capacity
to interact with NIR light. Furthermore, the nanostructures’ photothermal conversion

efficiency, singlet oxygen quantum yield, and photostability also had a decisive role.

Among the several NIR-absorbing photothermal nanoagents, those incorporating IR780
have been showing promising results in pre-clinical models. The IR780-based
nanomaterials displayed a high versatility due to their ability to produce, upon NIR laser
exposure, a temperature increase (PTT), reactive oxygen species (PDT) and/or emit

fluorescence (imaging). Despite their potential, the vast majority of IR780-based
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nanostructures has been functionalized with PEG with the intent to improve their
tumor-homing capacity. Such approach has revealed to be unsuitable due to the growing
evidence demonstrating the immunogenicity of PEGylated nanomaterials. Such fact has
pushed the development and validation of alternative materials in the coating of

IR780-based nanostructures.

In this way, the research work developed during this PhD aimed to validate the potential
of novel materials as PEG alternatives, namely SBMA-brushes and PEtOx, in the coating

of nanostructures incorporating IR780 intended for cancer PTT.

In the first research work, a novel SBMA-BSA polymer was produced and employed
to encapsulate IR780 through the nanoprecipitation technique. The IR/SBMA-BSA NPs
demonstrated an ideal size (= 96 nm) for cancer-related applications, neutral surface
charge (= -9 mV), and stability in complex medium (DMEM-F12 supplemented with
FBS). In stark contrast, their equivalents without SBMA functionalization
(i.e., IR/BSA NPs) displayed a negatively charged surface (= -12 mV) and their size
increased overtime when incubated in the previously described medium. These
properties displayed by the IR/SBMA-BSA NPs (neutral surface charge and improved
colloidal stability) enabled this formulation to achieve a 1.9-fold greater uptake by
MCF-7 cells when compared to IR/BSA NPs. When combined with NIR light, the
IR/SBMA-BSA NPs diminished the MCF-7 cells’ viability to just 12 %.

In the second research work, a novel amphiphilic PEtOx-IR conjugate was produced
and combined with TOS through nanoprecipitation technique, yielding
PEtOx-IR/TOS NPs. This nanoformulation also displayed a suitable size (= 190 nm) as
well as a neutral surface charge (= -8 mV). Similar to the first research work, herein, the
size and NIR absorption of PEtOx-IR/TOS NPs did not change meaningfully when
incubated in complex medium (DMEM-F12 supplemented with FBS). The
PEtOx-IR/TOS NPs could be successfully internalized by MCF-7 cells, reducing their
viability to just 9 % upon NIR laser irradiation. When evaluated in heterotypic spheroids,
the PEtOx-IR/TOS NPs could penetrate into their 3D mass and, after laser exposure,
reduced their viability to just 15 %.

Overall, the obtained results showed that the passivation of IR780-based nanomaterials
with SBMA- and PEtOx-based coatings can improve their surface charge and colloidal
stability, yielding nanostructures with enhanced biological properties whose PTT
diminished the viability of relevant breast cancer in vitro models. In this way, the data

obtained during this PhD establishes the applicability of these novel coatings in the
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functionalization of IR780-based nanomaterials. In fact, SBMA and PEtOx appeared to

be promising coatings to be used as PEG alternatives.

There are some key points that need to be considered as future perspectives regarding
IR780-based nanomaterials’ PTT (being also applicable to other photothermal
nanoagents). The combination of PTT with other therapeutic modalities, such
as chemotherapy or immunotherapy, is highly desirable. In fact, combinatorial
therapeutic approaches allow these nano-systems to kill the cancer cells through
different mechanisms, which is of extreme importance since human tumors are highly
heterogenic, showing resistance through specific pathways [1, 2]. Additionally, the
nanomaterials’ photoinduced heat can trigger the release of the encapsulated therapeutic
agents and sensitize cancer cells to their action [3]. Such can enable the use of lower
doses of both therapeutics by exploiting synergistic effects. Moreover, due to the
nanostructures’ greater accumulation at the tumor periphery, the photothermal effect is
mostly limited to this zone [4]. In this way, the combination of PTT with drug delivery is
also important since the released drugs may reach deeper zones of the tumor mass,
leading to a better therapeutic outcome [5-7]. Recently, it was shown that the PTT
mediated by IR780-based nanomaterials can trigger the release of
tumor-associated antigens and damage-associated molecular patterns [8]. Thereby,
these events can be explored in combination with immunostimulants and/or immune
checkpoint inhibitors, paving the way for the establishment of immune system responses
towards local and metastasized cancer cells [8]. As importantly, this
nanomaterial-immune system crosstalk may lead to the establishment of memory that

prevents tumor’s recurrence [8].

Moreover, the large-scale production of these photothermal nanoagents also needs
to be fine-tuned. Before reaching clinical trials, the nanostructures’ assembly methods
need to be optimized from a milligram lab scale to a multi-gram industrial scale.
Achieving such goal is a complex process since larger batches carry a greater difficulty in
controlling the dimensions of these structures at the desired nanoscale [9, 10]. In this
regard, the fabrication of nanostructures using microfluidic apparatus should be further
pursued since it can potentially allow a good control over the nanomaterials’

physicochemical properties as well as high production yields [11, 12].

Lastly, another important concern regarding nanomaterials’ PTT is their long-term
biocompatibility. In this regard, it is fundamental to develop nanomaterials with

FDA/EMA approved materials as well as to use photothermal nanoagents that are easily
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biodegraded/cleared. As importantly, this long-term biocompatibility should be assessed

in small and large animal models.
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