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ABSTRACT

Currently, cancer treatment research is a leading focus due to limitations in conventional treat-
ments. In particular, malignant melanoma often demonstrates treatment resistance. In response, re-
searchers have been investing in innovative approaches such as magnetic hyperthermia (MH).

MH relies on locally increasing the temperatures to trigger death mechanisms in cancerous cells,
employing superparamagnetic iron oxide nanoparticles (SPIONSs) to convert electromagnetic energy
into heat. However, challenges related to the SPIONS coating’s impact on their stability, the MH heating
mechanism and the cell death mechanism, hinder MH from becoming a clinical standard.

The primary aim of this work is to explore diverse SPIONSs coatings, assessing their stability, cell
interactions, and the induced cell death mechanism.

This work presents a detailed characterization of SPIONs coated with three coating agents - oleic
acid (OA), dimercaptosuccinic acid (DMSA), and (3-aminopropyl)triethoxysilane (APTES) and an
evaluation of their stability across different conditions. Overall, OA- and DMSA-coated SPIONs exhib-
ited similar behavior across various assays, including protein corona formation and hyperthermia tests.
Over time, characteristics such as heating capacity decreased in the 3 types of SPIONs. APTES-coated
SPIONSs displayed higher protein corona formation. Interaction studies involving three cell lines (fibro-
blasts, melanoma, and macrophages) revealed enhanced internalization of APTES-coated SPIONSs, with
melanoma cells exhibiting lower internalization compared to fibroblasts and macrophages. In hyper-
thermia assays, only APTES-coated SPIONSs achieved the therapeutic temperature range, reducing the
melanoma cells viability.

This work underlines the critical role of the nanoparticles surface modifications used and high-
lights the multiplicity of factors that require consideration. However, additional research is essential for
a better understanding of the cell death mechanism induced by MH and for its clinical translation.

Keywords: protein corona, superparamagnetic iron oxide nanoparticles, magnetic hyperthermia,
melanoma, nanotechnology, stability.

The research work described in this dissertation was carried out in accordance with the norms
established in the ethics code of NOVA University Lisbon. The work described and the material pre-
sented in this dissertation, with the exceptions clearly stated, constitute original work carried out by the
author.
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RESUMO

Atualmente, o tratamento de cancro é um foco de investigagdo devido as limitagdes das metodo-
logias convencionais. Em particular, o melanoma maligno demonstra frequentemente resisténcia aos
tratamentos.

A hipertermia magnética (HM) é uma terapia inovadora que se baseia na elevacao de temperatura
localizada para desencadear a morte de células tumorais, empregando nanoparticulas superparamagné-
ticas de 6xido de ferro (SPIONS) para converter a energia electromagnética em calor. Contudo, desafios
como a influéncia que o revestimento das SPIONSs tem na sua estabilidade, 0 mecanismo de aquecimento
da HM e, especialmente, o mecanismo de morte celular, atrasam a evolugéo da HM para a prética clinica.

O principal objetivo deste trabalho consiste em explorar diferentes revestimentos de SPIONSs,
avaliando a sua estabilidade, interacGes celulares e 0 mecanismo de morte celular induzido.

Este estudo apresenta uma caracterizacdo detalhada de SPIONSs revestidas por acido oleico (AO),
acido dimercaptosuccinico (DMSA) e (3-aminopropil)trietoxissilano (APTES) e uma avaliagdo da sua
estabilidade em diferentes condi¢des. SPIONSs revestidas com AO e DMSA apresentaram um compor-
tamento semelhante em diversos ensaios, incluindo nos testes de adsorcdo proteica e nos de HM.
SPIONSs revestidas com APTES apresentaram maior formacdo de proteina corona. Ao longo do tempo,
a capacidade de aquecimento dos trés tipos de SPIONs diminuiu. Estudos de interagéo envolvendo fi-
broblastos, melanoma e macrofagos revelaram uma maior internalizagdo de SPIONs revestidas com
APTES, com as células de melanoma a exibirem uma menor internalizagdo. Nos ensaios de HM, so-
mente as SPIONSs revestidas por APTES atingiram o intervalo de temperatura terapéutico, reduzindo a
viabilidade da linha celular de melanoma.

Este trabalho sublinha o papel critico do revestimento e destaca a multiplicidade de fatores que
exigem consideracdo. No entanto, mais estudos sdo necessarios para uma melhor compreenséo dos mes-
mos e para a translacéo clinica da HM.

Palavas chave: estabilidade, hipertermia magnética, melanoma, nanoparticulas superparamagné-
ticas de Oxido de ferro, nanotecnologia, proteina corona.

O trabalho de investigagdo descrito nesta dissertacéo foi realizado de acordo com as normas es-
tabelecidas no codigo de ética da Universidade Nova de Lishoa. O trabalho descrito e o material apre-
sentado nesta dissertacdo, com as excecdes claramente indicadas, constituem trabalho original realizado
pela autora.
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1. MOTIVATION

Nowadays, cancer treatment encompasses diverse methods, including local approaches like sur-
gery and radiation therapy, along with systemic treatments such as chemotherapy, immunotherapy, and
targeted therapy, tailored to cancer type and stage. Despite these options, cancer remains a leading global
cause of death and, in fact, almost everyone has a connection with someone who has had cancer, is
fighting it or will fight it in the future. Its common treatments often yield side effects and may not halt
disease progression. Therefore, a method with adaptability across cancer types, high specificity for can-
cer cells, and minimal side effects is needed.

In recent years, nanotechnology has displayed significant potential, particularly in the realm of
medicine. Specifically, the use of nanoparticles (NPs) has emerged as a strategy to increase the effec-
tiveness of cancer treatments, namely in drug delivery and magnetic hyperthermia (MH). MH is an
innovative therapy that employs superparamagnetic NPs subjected to alternating magnetic fields (AMF)
to induce cell death through localized heat generation. In the field of nanomedicine, this therapy has
gained prominence for its advantageous aspects in effective antitumor treatment, including biosecurity,
deep tissue penetration, radio-resistance reduction, and destruction of specific tumors. However, signif-
icant challenges need to be addressed for MH to fully exploit its potential as a viable alternative for
cancer treatment.

When in physiological environments, NPs tend to lose stability, adsorbing proteins and aggregat-
ing and this can strongly affect their properties. To address this, NPs are typically coated with surfactants
or other materials. However, selecting the right stabilizing agent remains a significant challenge since
it ends up having a huge impact on several important factors such as the “bio-identity” of NPs, stability
in physiological environment and cellular interactions. In addition, MH encompasses a broad spectrum
of parameters that, when altered, can trigger different cell death pathways. This complexity contributes
to the difficult and inconclusive nature of research into understanding the different cell death mecha-
nisms that are induced by this therapy.

The main objective of the presented work is to explore different coatings for superparamagnetic
iron oxide nanoparticles (SPIONSs), assessing their stability, interactions with different cell types, and
the induced cell death mechanism. For this purpose, this work can be divided into four specific aims:

1. Synthesis and characterization of SPIONs coated with three types of coating agents: oleic acid
(OA), dimercaptosuccinic acid (DMSA), and (3-aminopropyl)triethoxysilane (APTES).

2. Evaluation of SPIONSs stability over time and in various media, assessing hydrodynamic size,
heating capacity, and protein corona (PC) formation.

1



Chapter 1: Motivation

3. Cell assays, including cytotoxicity and internalization studies, using three cell lines: fibroblasts,
melanoma, and macrophages.

4. Hyperthermia studies and evaluation of cellular impact induced by temperature increase.

To the best of our knowledge, this is the first report to simultaneously compare the synthesis,
characterization, and stability (evaluating PC formation, hydrodynamic size variation and heat capacity)
of these three different NPs. Additionally, it is also the first to concurrently examine the interaction of
the produced SPIONSs with the three aforementioned cell lines, including assessments of potential cyto-
toxicity, internalization, and the effects of in vitro hyperthermia assays.



2. INTRODUCTION

2.1 Cancer

Cancer can be defined as a disease in which abnormal cells grow and divide without control.
Nowadays, surgery, radiation, and chemotherapy are the three main treatments. Despite ongoing ad-
vancements, these anti-neoplastic therapies frequently result in a number of side effects and are not
always successful in preventing the progression of the disease [2]. As consequence, cancer remains one
of the leading causes of death worldwide and, according to the International Agency for Research on
Cancer, there has been a notable escalation in the numbers. In 2018, around 18.1 million new cases of
cancer were recorded, rising to around 19.3 million new cases in 2020 and forecasts point to a further
increase to 30.2 million new cases by 2040. It should be noted that the 2020 statistics attribute almost
10 million deaths to this disease, which represents approximately one in six deaths, and projections
predict that this figure will rise to 16.3 million in 2040 [3], [4]. These observations impose extreme
emotional, physical, and financial pressure on individuals and their families, on communities and health
systems, so the treatment of this disease has been an extremely challenging target of study worldwide

[5].

2.1.1 Melanoma

Cutaneous melanoma is the most common subtype of melanoma and is a malignant neoplasm
originating in melanocytes, which are melanin producing cells. Despite being a minority among skin
cancers, its characteristics - such as highly invasive behavior, rapid recurrence, drug resistance and low
survival rates - have established melanoma as the primary cause of over 80% of skin cancer deaths [6],
[7]- Consequently, it is widely regarded as one of the most aggressive and lethal variations of skin cancer
and, over the last five decades, has shown a significant prevalence increase when compared to other
forms of malignant tumors [8]-[10]. Numerous risk factors for melanoma oncogenesis have been iden-
tified and the majority can be classified as inherited and environmental, with excessive ultraviolet (UV)
light exposure being the most significant one [7].

Currently, the primary methods used to treat this type of cancer include surgery, chemotherapy,
and immunotherapy, however, these approaches face limitations such as late diagnosis and off-target
administration. The commonly used clinical drugs for melanoma treatment, namely doxorubicin (DOX),
vemurafenib, and paclitaxel, lack site-specificity and often encounter resistance from melanoma cells
[8]. Furthermore, melanoma is a heterogeneous disease, meaning that it exhibits diverse responses to

3



Chapter 2: Introduction

anticancer drugs, consequently, personalized treatment approaches are necessary to cater to the specific
needs of each patient [11]. That said, therapeutic strategies for melanoma have been at the forefront of
personalized medicine, with increasing attention in recent years on targeted approaches. Among these,
some methods include MH (usually combined with other therapies) and the convergence of molecular
targeted therapy with immune checkpoint inhibition (with the combination of nivolumab and ipili-
mumab being one of the most studied within this context) [12]-[16].

2.2 Hyperthermia

As the name implies, the term "hyperthermia” means heat generation and, when associated with
cancer treatment, this heat production essentially occurs at the tumor site [17]. Supported by Greek
philosophy which extols the qualities of fire, the first documentation of this technique, represented using
cautery, was performed by Hippocrates for the treatment of breast tumors. However, it was in the 19th
century with the investigations of Busch and Coley that a better understanding of how the application
of heat affected the tumor tissue was achieved, in these cases through the generation of artificial fever
by infections and toxins, respectively [18]-[20].

Nowadays, hyperthermia treatment can be categorized based on the extent of the temperature
increase and depending on the location of the disease, and these are generally related. First, regarding
the whole-body hyperthermia, it involves lower temperatures (T < 41 °C) and serves to mimic the febrile
process being usually used in the treatment of metastases. The local therapy, also known as thermal
ablation, is the one that achieves the highest temperatures (T > 46 °C), and its goal is usually the total
ablation of the tumor by inducing direct tissue necrosis, coagulation, or carbonization. Large energy
absorption, however, may result in harmful outcomes on the surrounding healthy cells. Concerning re-
gional hyperthermia, it entails the application of heat to more extensive areas such as whole tissue and
organs and the temperature range is about 41- 46 °C. This milder rise in temperature is usually combined
with chemotherapy or radiation therapy and can limit some of the collateral damage to normal tissues
beyond the ablation zone [21], [22].

2.2.1 Magnetic Hyperthermia

Nanotechnology is a multidisciplinary field that has been growing in recent years and consists of
the manipulation of a broad spectrum of materials with at least one dimension in the range of 1 to 100
nm. NPs, nanotubes, nanowires, and quantum dots are some of the different types of nanomaterials that
are highly promising for a variety of applications, since they have unique characteristics (mainly due to
their small size and high surface-to-volume ratio). The current nanotechnology era, especially in the
field of nanomedicine, is marked by the emergence of various magnetic NPs (MNPs) and their size,
chemical composition, morphology, and magnetic properties are key determinants of their applications.
Typically composed of pure metals (iron, cobalt, and nickel), metal alloys or metal oxides, MNPs pos-
sess an important feature - they can be magnetically controlled by an external magnetic field [23].
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MH is a therapeutic approach that involves the use of MNPs to induce controlled heating in the
targeted tissues. Therefore, as depicted in Figure 2.1, it is based on the integration of two primary ele-
ments: injectable MNPs and a magnetic field generator, both of which normally hold medical device
approvals [24]. Successful heating relies on the appropriate amplitude and frequency of the AMF, where
the frequency should exceed the MNPs relaxation time for effective heat dissipation. However, in bio-
medical contexts, the product of magnetic field strength and frequency (H x f) must stay below 5 x 10°
Am™'s™! to prevent adverse effects [25], [26].

Nowadays, most MNPs used in hyperthermia applications, whether experimental or commer-
cially available, are predominantly SPIONs according to MagForce® and Sennewald. This preference
is due to the stringent requirements of biocompatibility, non-toxicity, ability to evade the reticuloendo-
thelial system (RES), and low protein adsorption for MNPs intended for biomedical use [27], [28]. That
said, SPIONs, due to all their characteristics mentioned above, their magnetic field-guided functionality,
biocompatibility and theranostic potential, are at the forefront of nanomedicine tools [29].

Stable SPIONs are

injected at the
tumour site.  /

@IS IS

Application of and AMF (B)
causes the SPIONs to /" /' Heat generated by
generate heat. "/ SPIONs destroys
the cancer cells.

G 4
w” o

Figure 2.1 | lllustration of magnetic hyperthermia therapy. Magnetic hyperthermia treatment utilizes MNPs
and an AMF to selectively raise the temperature of cancer cells, leading to their targeted destruction while mini-
mizing harm to healthy tissue, holding significant promise in the field of cancer treatment. Adapted from [30].

MH can be traced back to 1957, when Gilchrist and colleagues selectively heated tumors in
lymph nodes using an AMF and iron oxide NPs (IONPs) [31]. In the 1990s, after extensive studies with
magnetic fluids, Jordan A. and colleagues proposed the term "magnetic fluid hyperthermia™ (MFH) as
a novel cancer therapy [32]. Since then, numerous publications have described various approaches, with
different magnetic materials, synthesized in different ways and using different field strengths and fre-
quencies. The first pre-clinical trials in patients were initiated by Jordan et al. and, in 2001, this group
introduced a whole-body magnetic field applicator for clinical MFH [33]. This therapy consists of the
injection of aminosilane-coated IONPs which they called NanoTherm®, a real-time temperature simu-
lation software called NanoPlan® and an AMF applicator, the NanoActivator® [34], [35]. The thera-
peutic potential of this technique has been clinically validated in glioblastoma multiforme and prostate
carcinoma, both in synergy with other therapies and as monotherapy and, up to now, is the only metallic-
based cancer therapy that has received both FDA and EMA approval [33], [36]-[41].
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2.3 SPIONs

One of the most studied types of MNPs, especially in cancer therapy, are IONPs due to charac-
teristics such as high chemical and colloidal stability, high biocompatibility, low cost and, as nanoscale
entities, the ability to accumulate at the tumor site [42], [43]. That said, as illustrated in Figure 2.2, this
type of NPs have been used in a variety of applications such as drug delivery agents, contrast agents for
biomedical imaging, and MH agents [44]-[49].

Delivery

Toxin and Bacteria
removal

Hyperthermia

éf‘/q/) - OO‘Separation
Targeting ¢ «X %

Figure 2.2 | Biomedical applications of SPIONs. SPIONs find versatile utility across numerous applications,
including drug delivery, toxin and bacteria removal, targeting, magnetic hyperthermia, and serving as contrast
agents for biomedical imaging. Adapted from [50].

From all IONPs, the most common magnetic materials that compose the core of IONPs are mag-
netite (FesO4), maghemite (y-Fe.Os), and hematite (a-Fe0s), which differ in their chemical composi-
tion, crystal structure, stability, and magnetic properties. For biomedical applications, magnetite is the
one that stands out, since its properties allow it to exhibit an important property, superparamagnetic
behavior [51]. Figure 2.3 represents the hysteresis loops of different forms of magnetism. A hysteresis
loop is described by the variation of the degree of magnetization (B) with the magnetic field strength
(H). This B-H relationship is directly associated with two parameters: coercivity, which is the magnetic
field required to reduce the magnetization to zero, and remanence, or remanent magnetization, which
represents the residual magnetization when a field is removed. Due to the total absence of these two
parameters, superparamagnetic materials, such as SPIONs, can only be magnetized when an external
magnetic field is applied, and this magnetization occurs because, in the presence of this field, the mag-
netic moments align in the field direction [52], [53]. This behavior is a result of the material’s distinct
magnetic domain, which is normally attained when the NP size is below approximately 15 nm at room
temperature [54]. During the demagnetization process, magnetic moments undergo relaxation, known
as Brownian and Néel relaxations, leading to the dissipation of energy in the form of heat. This particular
property of SPIONs holds significant importance and is extensively investigated for MH treatments
[53]. The presence of this unique magnetic domain and the ability to reverse the orientation of their
magnetic dipoles contribute to a significant increase in their magnetic susceptibility. Consequently, they
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have the capacity to absorb significantly more energy (per unit mass) than larger multidomain particles
when subjected to AMFs suitable for physiological applications [55].

Ferromagnetism

Figure 2.3 | Magnetic hysteresis loops (applied magnetic field versus magnetization) for ferromagnetic, su-
perparamagnetic, paramagnetic, and diamagnetic nanoparticles. (Hc - Coercivity; M, - Remanent magnetiza-
tion; M; - Saturation magnetization) Adapted from [56].

2.3.1 Surface Modification

SPIONSs surface modification is a strategy employed for diverse purposes. These include provid-
ing a reactive surface for functionalization purposes, protection against RES clearance, mitigation of
potential cytotoxicity, and prevention of aggregation or oxidative stress [26], [54], [57], [58].

Regarding the aggregation of uncoated SPIONSs, it tends to occur under neutral pH conditions.
This is primarily because, at physiological pH levels, the particle's charge approaches zero, reducing the
repulsive interactions between NPs and leading to their aggregation [59], [60]. To prevent this, and as
aforementioned, SPIONSs are typically coated to enhance their stability. However, biological fluids
consist of various components, including charged proteins, which can interact with the NPs through an
adsorption process. This adsorbed layer of proteins is commonly known as PC, and holds significant
implications for the properties and behavior of the NPs [61], [62]. Nevertheless, it is crucial to consider
that different stabilizing coating agents, depending on the surface charge they provide to the particles,
can result in varying degrees of protein adsorption [63]. Calatayud et al. conducted a study wherein they
compared the hydrodynamic size differences of negatively and positively charged MNPs when
immersed in a biological medium [64]. Following a 24-hour incubation period, the research group
observed substantial disparities between the two types of NPs. Positively charged particles exhibited a
hydrodynamic size of approximately 3000 nm, while negatively charged particles measured around
1500 nm. However, in addition to NP-protein interactions, it's worth noting that there can also be
interactions among proteins, referred to as "protein-mediated bridging,” which can, in turn, result in the
aggregation of NPs [61].

In the context of SPIONSs, preventing aggregation is particularly important. When SPIONs

aggregate, they cease to exhibit the characteristics of single-domain particles and, instead, become
7
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permanently magnetized assemblies, thereby losing their superparamagnetic properties. This is
particularly problematic in MH applications, since these aggregates compromise the SPIONs' heating
capacity and, therefore, the MH efficacy [55]. Guibert C. et al., studied the role of aggregation in the
heating capacity of IONPs [65]. Among their findings, the group evaluated the variation of the specific
absorption rate (SAR), a critical parameter in MH that measures the material's capability to convert
alternating magnetic energy into heat. They were able to observe that the SAR values of NPs in small
aggregates is similar to that of well-dispersed NPs, while the formation of large aggregates results in a
significant decrease in SAR values. Additionally, they concluded that the degree of compactness within
the aggregates plays a crucial role, as closer proximity between NPs leads to a more pronounced
decrease in heating efficiency. Therefore, SPIONs surface modification with polymers, surfactants or
other stabilizing agents is essential to maintain their intrinsic characteristics. Some examples of coating
agents employed for surface functionalization of NPs include OA, DMSA and APTES (Figure 2.4).

A B C
o O SH o
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\/\N\/M/\/\)L OH o o 2
SH O - ~

Figure 2.4 | Chemical structure of OA (A), DMSA (B) and APTES (C).

OA, a monounsaturated fatty acid (FA), is a common surfactant for surface modification and
stability enhancement due to its high affinity for the surface of SPIONs. Stabilization of the particles is
achieved by the formation of strong chemical interactions between the positive surface of the NPs and
the carboxylic acid of the OA, as well as by repulsion between the OA chains [66]. The literature pre-
sents the most varied applications of OA, from inhibition of ferroptotic cell death to improvement of
hepatocellular lipotoxicity (by inhibiting endoplasmic reticulum (ER) stress and pyroptosis) [67]-[69].
Overall, OA is considered highly resistant to oxidation and is able to increase the activity of antioxidants
(e.g., tocopherols). Regarding SPIONSs coated with this compound, numerous studies have been con-
ducted, exploring their potential applications for example in MH, in drug release, and imaging [49],
[70], [71].

DMSA, a dithiol, is a derivative and analog of the compound dimercaprol containing two sulfhy-
dryl (-SH) groups. Approved by the FDA in 1989, DMSA is a compound with low toxicity with several
applications including the treatment of heavy metal poisoning and the coating of MNP surfaces (being
one of the most studied compounds in this last domain) [72], [73]. When the DMSA molecules sur-
rounding the SPIONSs are oxidized, they form a cage of disulfide cross-linked DMSA molecules around
the core of the NPs and this process leads to an abundance of carboxylate groups on the particle surface,
resulting in a negative surface charge, thereby increasing the colloidal stability of the SPIONs in aqueous
solutions [74].

APTES is used in a variety of applications and is considered one of the most used organosilanes
to promote the interfacial behavior of inorganic oxides, including SPIONs. The functionalization with

APTES introduces amino groups on the surface of the NPs opening numerous possibilities for
8
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applications ranging from cell and enzyme separation to diagnostics, drug delivery, and MH [75]. Ac-
cording to the literature, this compound not only improves the colloidal stability of NPs, but also demon-
strates higher cell internalization efficiency when compared to other surface coatings [76].

2.4 Cell Death

Recently, the Nomenclature Committee on Cell Death (NCCD) has been formulating guidelines
for both define and interpret cell death [77]. The initial morphological classification of cell death en-
compassed three types: type | cell death (apoptosis), type 1l cell death (autophagy), and type 11 cell
death (necrosis). However, as scientific research has advanced, diverse novel cell death modalities have
since been identified and characterized based on their stimuli, morphological features and molecular
mechanisms. Among the current 12 modalities, some share overlapping signaling pathways, yet they
are not entirely identical and cannot be neatly incorporated into the traditional type I-111 categories [78].
Due to the complexity of this subject, this work will mainly discuss two distinct forms of cell death:
necrosis and apoptosis.

Apoptosis stands out as a primary form of programmed cell death, meticulously regulated to in-
duce cellular self-destruction. This orchestrated mechanism entails a sequence of events including cell
shrinkage, chromatin condensation (pycnosis), nuclear fragmentation (karyorexia), and plasma mem-
brane blebbing. Ultimately, this process culminates in the formation of small vesicles, termed apoptotic
bodies, that are efficiently recognized and absorbed by neighboring phagocytic cells and degraded
within the lysosomes [77]. Notably, distinct from other modes of cell death, apoptosis relies on the
activity of caspases, and it can be triggered via three pathways: the extrinsic pathway involving death
receptors, the intrinsic pathway linked to mitochondria, and the accessory extrinsic pathway involving
the perforin/granzyme mechanism. On the other hand, necrosis represents an unregulated form of cell
death triggered by external factors and typically involves premature cell death. Characteristic traits of
this type of cell death encompass cellular swelling, increased cytoplasmic granularity, inflammation,
plasma membrane rupture, and the consequent loss of intracellular organelles. Unlike apoptosis, necro-
sis lacks pronounced chromatin condensation but involves indiscriminate deoxyribonucleic acid (DNA)
degradation [78], [79].

2.4.1 Cell Death by Magnetic Hyperthermia

In the realm of biomedical applications, particularly in cancer treatment utilizing MH, apoptosis
gains preference due to its inherent attributes that end up safeguarding neighboring healthy cells. That
said, it is essential to heed the temperature threshold that can incite the necrotic mechanism (usually
above 45 - 46 °C where the so-called thermo-ablation occurs) [80]. Since cancer cells have a higher
sensitivity to hyperthermia compared to normal cells, they go into controlled cell death, not affecting
healthy cells. This is also favored by the fact that healthy tissues usually are able to withstand this ther-
apeutic temperature range between 41- 45 °C [81].
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After exposure to hyperthermia treatment, a broad spectrum of cellular transformations becomes
evident. These encompass modifications in cell membrane characteristics, metabolic processes, nuclear
components, cytoskeletal structure, macromolecular synthesis, the upregulation of heat shock genes,
and intracellular signaling events [82]. Yet, despite the persistent uncertainty surrounding the specific
mechanisms by which hyperthermia induces cell death, prevailing thought asserts that the primary and
most immediate impacts of hyperthermia toxicity involve the denaturation of proteins and damage to
the cell membrane [81]. In fact, it has been observed a close resemblance between the thermal energy
necessary for triggering cell death and the energy required for protein denaturation [83].

In addition to the observable modifications in membrane integrity and the resulting cytoskeletal
impairment, an additional pivotal outcome of protein denaturation lies in the disruption of DNA synthe-
sis and repair processes. According to the literature, cells undergoing mitosis have been documented to
exhibit heightened sensitivity to heat, making cancer cells notably more responsive to this effect [81].
Another contributing factor to the heightened sensitivity of tumor cells to heat arises from their disor-
ganized and abnormal vasculature architecture, notably distinct from healthy tissue. This anomalous
architecture results in reduced blood flow within tumor tissue, thus hindering effective heat dissipation
and impeding the supply of oxygen and essential nutrients. In addition, NPs exhibit a tendency to accu-
mulate preferentially in neoplastic tissues. This preferential accumulation is attributed to their selective
permeability through the tumor's vasculature, where they are subsequently retained due to diminished
lymphatic drainage. This phenomenon is commonly recognized as the enhanced permeabilization reten-
tion effect (EPR) [81], [84].

2.4.1.1 Literature review

Cell death mechanisms should not be considered exclusive, so it is plausible to consider that a
given stimulus could trigger a combination of events. Within MH there is a wide range of parameters
which, when varied, lead to the activation of diverse cell death pathways and this is reflected in the
difficulty and lack of consensus observed in this field.

Oh. Y., et al. in an in vitro MH assay using chitosan-MnFe,O4 on a breast cancer line observed
that at 42 °C the cells showed significant and irreversible alterations in their morphology [85]. The group
concluded that the disruption of the cytoskeleton and nucleus of cancer cells eventually led to the in-
duction of apoptosis at this temperature, and in fact, several studies document the association between
the apoptotic process and cleavage and disruption of the cytoskeleton (particularly actin filaments) [86]-
[88]. Nonetheless, at 52 °C, the group observed the direct induction of necrotic cell death without any
observable apoptotic process.

In a study conducted by Salimi. M. et al., the group functionalized SPIONs with polyamidoamine
dendrimers (PAMAM) for MH in breast cancer [89]. Their research revealed that MH induced the in-
trinsic apoptosis pathway in treated cancer cells, with an observed increase in the pro-apoptotic protein
Bax. In addition, they observed that in mice the treatment reduced mammary gland tumor growth by
suppressing tumor angiogenesis and promoting cell necrosis.
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As previously stated, cancer treatment frequently involves the strategic combination of therapies
to achieve a synergistic effect. Salvador D. et al. combined DOX and hyperthermia on the human mel-
anoma cell lines A375 and MNT-1 [90]. They concluded that hyperthermia led to an increase in the
effect of DOX through oxidative stress, cell cycle arrest (in the G2/M phase), and apoptotic cell death.
Recently, Duval K. et al. used Bionized NanoFerrite IONPs to evaluate the effects of MH on B16-F10
murine melanoma cells [91]. Regarding the induced apoptosis pathways, the results showed that both
pro-apoptotic and anti-apoptotic changes were stimulated. However, the synergistic combination with
radiation immunity-related mMRNA expression proved to be the most effective stimulator of a wide va-
riety of immune and cytotoxic genes. That said, the combination of MH with other immunotherapeutic
approaches has been widely explored. Chao et al. combined MH with immune checkpoint blockade
immunotherapy to achieve whole-body therapeutic responses after local treatment [92]. They observed
that thermal ablation using IONPs resulted in high expression of high mobility group box-1 (HMGB1),
an immunogenic cell death marker, in the remaining tumors. The group then administered anti-cytotoxic
T lymphocyte antigen-4 (anti-CTLA4) to induce systemic immunity resulting in metastasis inhibition.

Furthermore, according to the literature, cancer cells are more susceptible to lysosome membrane
permeabilization (LMP), which can be explained by differences in composition and morphology. For
example, it is now known that, when compared to normal cells, tumor cells have larger lysosomes and
a higher concentration of cathepsins, which are hydrolytic enzymes that can potentially degrade vital
cellular components, inducing cell apoptosis or, if the damage is significant, necrosis [93]-[95]. That
said, it has been found that LMP can also trigger cell death and numerous studies have used Magnetic
Intralysosomal Hyperthermia (MILH) to induce this process [96], [97]. Clerc et al. employed this tech-
nigue using SPIONs modified with gastrin and identified cell death occurring through a non-apoptotic
signaling pathway [98]. This demise was attributed to the localized temperature increase at the periphery
of the SPIONSs. This rise in temperature prompted the lysosomal Fenton reaction, leading to the gener-
ation of reactive oxygen species (ROS) and subsequently lipid peroxidation, culminating in LMP and
the subsequent release of lysosomal enzymes including cathepsins [25], [96].

In a study conducted by Beola et al., using SPIONs internalized in macrophages, distinct localized
temperatures were observed [99]. These temperatures were directly linked to the fluctuations in the
quantity of internalized NPs within the lysosomes, as well as the vesicle size. The outcomes led them to
hypothesize that this phenomenon might be linked to varying rates of heat transfer through the vesicle
wall, but further research is needed. In addition, they also observed that the number of internalized NPs
influenced the activation of distinct apoptotic pathways. At lower concentrations of SPIONSs, the intrin-
sic apoptotic mechanism predominated and at higher concentrations the extrinsic route became the main
mechanism. Apart from the investigation focused on lysosomes, the elevation of subcellular tempera-
tures has gained significant prominence. Shah et al. showcased that hyperthermia specifically targeted
at mitochondria also induced apoptosis in cancer cells [100].
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3.MATERIALS AND METHODS

3.1 SPIONs

3.1.1 Synthesis

The synthesis of SPIONs was accomplished through a chemical co-precipitation technique,
adapted from the method originally described by Soares et al. [66]. This method is commonly used for
SPIONSs synthesis due to its simplicity and productivity. In short, it consists of an ammonia-triggered
reaction and precipitation of ferrous and ferric chlorides (FeCl, and FeCls, respectively) forming NPs.
The complete chemical reaction is depicted in Equation (3.1):

Fe?*(aq) + 2Fe3*(aq) + 80H (aq) — Fe;0, + 4H,0 (1) (3.1)

In this work, to create 1 and 2 M solutions, the ferrous chloride (Alfa Aesar) and ferric chloride
(Sigma-Aldrich) were dissolved in 10 mL and 2.5 mL of MiliQ water respectively. The iron mixture
was then diluted with 50 mL of water achieving a molar ratio of 1:2 (Fe?*: Fe*"). The mixture was then
placed under magnetic stirring at 600 rpm and with bubbling N in order to avoid oxidation of the par-
ticles. Furthermore, 10 mL of NH,OH 25% (VWR chemicals) was added quickly while being vigorously
stirred for 5 minutes. Finally, to stop the reaction, 60 mL of MiliQ water were introduced. The 1,10-
phenanthroline colorimetric method was used to quantify the amount of iron from each SPIONSs synthe-
sis afterward [66], [101]. The method's procedure is provided in Appendix A.1.

3.1.2 Surface Modification

3.1.2.1 Stabilization with OA

For this work, the procedure followed for stabilization with OA is described in P.1.P. Soares et
al. [66]. Briefly, after synthesis, the SPIONs were allowed to settle via magnetic attraction, forming a
precipitate, and the upper layer of water was discarded. Then, a known volume of the SPIONSs colloid
was mixed with OA (Panreac), 64 mM, where the amount of OA to be utilized was obtained by applying
a factor of 64% and taking into account the mass of the SPIONSs. Then, the mixture was left to react for
about 2.5 hours in an ultrasound bath. Finally, in order to release the OA that did not interact, the stabi-
lized SPIONSs were subjected to dialysis using a 4 RC 12 to 14 kDa MWCO Dialysis Membrane Tube
4 RC (Spectrum™ Spectra/Por™). MilliQ water was employed for the dialysis, with periodic water
changes, until the pH of the final suspension reached a neutral level.
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3.1.2.2 Stabilization with DMSA

The surface modification using DMSA in this work was adapted from Fauconnier N. et al.
[102]. Briefly, post-synthesis, the SPIONs were allowed to settle via magnetic attraction, forming a
precipitate, and the upper layer of water was discarded. Afterward, underwent five washes with MiliQ
water through magnetic separation and then an oxidation procedure was done to increase solution sta-
bility. In order to oxidize the SPIONs, the solution's pH was adjusted to 3 using 65% nitric acid (Panreac)
while being magnetically stirred. DMSA was first dissolved in 2 mL of MiliQ water, and the pH adjusted
to 5.5 using a 0.1 M NaOH solution (Eka Chemicals) with vigorous stirring. Following this, DMSA
(Acros Organics) was added at a ratio of 3:4 of [DMSA]/[Fe?*] and the reaction proceeded for approxi-
mately 2.5 hours within an ultrasound bath. Finally, to eliminate unbound DMSA, the NPs underwent
dialysis using a 4 RC 12 to 14 kDa MWCO Dialysis Membrane Tube (Spectrum™ Spectra/Por™), and
here MiliQ water was used to do dialysis water changes until the final suspension's pH was neutral.

3.1.2.3 Stabilization with APTES

In this work, the stabilization with APTES was carried out according to the method described
by Mashhadizadeh H. et al. [103]. Briefly, the prepared SPIONs suspension was allowed to settle to
separate the supernatant and an aqueous solution containing 10 % (v/v) APTES (Merck) and glycerol,
in a ratio of 1:2, was added. Then, for 2 hours, this mixture was left to react at 90 °C with mechanical
stirring. Finally, the suspension underwent five washes with water and ethanol, after cooling to room
temperature.

3.1.3 Characterization
Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), transmission electron microscopy (TEM), and dynamic light scattering (DLS), were used to
analyze the stabilized synthesized SPIONSs. To evaluate the heating capacity of the SPIONs, MH assays
were performed. DLS technique was also used to perform a PC formation assay by measuring the hy-
drodynamic diameter (Dh) and -potential of the samples at different time points. All sample prepara-
tions for the various techniques are specified in Appendix A.2 and in Appendix A.3.

3.1.4 Stability Study

To study the SPIONSs stability, new syntheses were conducted, and the particles were character-
ized in various dispersion media, including MiliQ water, phosphate buffer saline (PBS), NaCl, and high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM-HG, Biowest). The characterization involved
assessing their Dh and {-potential using DLS, as well as their heating capacity. To determine the surface
charge of the SPIONS, a graphite electrode cell was utilized, and measurements were conducted using
an SZ-100 nanoparticle array (Horiba, Lda) with a 532 nm laser. Additionally, the heating capacity of
the synthesized NPs was assessed. At the concentrations of 1, 2.5, 5 and 10 mg/mL the temperature of
the sample was measured using an Nb Nanoscale Biomagnetics D5 equipment with a magnetic field
strength of 300 Gauss and a frequency of 388.4 kHz. In each sample, a temperature stabilization period
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of about 30-40 seconds without an applied field was used followed by 10 minutes of applied field. The
above characterization of the SPIONs in water was conducted at the time of synthesis and repeated after
1, 3, and 6 months to assess the stability and the ability of the SPIONS to retain their characteristics over
time.

3.2 Cell Culture

Three cell lines were used for the different cell assays: advanced cutaneous melanoma cancer
cells WM983b (Rockland), human Caucasian fetal foreskin fibroblast cells HFFF2 (ECACC 86031405)
and a human leukemia monocytic cell line THP-1 (ATCC TIB-202™). The WM938b cell line was
grown in DMEM-HG supplemented with 1% penicillin-streptomycin (P/S, Gibco) and 5% heat-inacti-
vated fetal bovine serum (FBS, Biowest). The HFFF2 cell line was grown in low glucose DMEM me-
dium (DMEM-LG, Biowest) supplemented with 1% P/S and 10% FBS (Biowest). Lastly, the THP-1
cell line was grown in Roswell Park Memorial Institute (RPMI, Biowest) medium supplemented with
1% P/S, 10% heat-inactivated FBS, 1% of sodium pyruvate and 1% of non-essential amino acids (both
from Gibcon). The three cell lines were maintained in an MCO-19AIC(UV) CO; incubator (Sanyo) with
a humidified atmosphere of 5% CO, at 37 °C.

3.2.1 Cytotoxicity Protocols
The resazurin and Live/Dead assays were the two cell viability tests used to evaluate cell via-
bility of the three cell lines in the presence of the coated SPIONSs. The procedures followed are described
in Appendix B.1.

3.2.2 Internalization Study

The uptake of SPIONs by the three cell lines was determined based on the Prussian blue staining
technique. For this assay, WM983b, THP-1 and HFFF2 cells were exposed to the SPIONs for 1 h, 6 h
and 24 h at a concentration of 100 pug/mL (protocol in Appendix B.2).

3.3 Hyperthermia Studies

Before proceeding to in vitro MH, the heating capacity of the SPIONs was tested in a planar
applicator at a 300 G AMF at a frequency of 388.4 kHz for 10 min. The three different types of SPIONs
were diluted in water at a concentration of 5 mg/mL and the assay was conducted in a nB nanoScale
Biomagnetics D5 series device.

3.3.1 In Vitro Magnetic Hyperthermia

For the in vitro MH assay 500k cells/mL and 450k cells/mL of WM983b and HFFF2 respec-
tively were seeded in hyperthermia vials and left to incubate for 24 h. After this the different types of
SPIONs were added at a concentration of 5 mg/mL diluted in the corresponding cell medium with
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gentamicin antibiotic (Gilbco) at a ratio of 1:1000 from a stock solution of 10 mg/mL and the vials were
incubated again for 24 h.

All MH assays were performed on a nB nanoScale Biomagnetics DM 100 series apparatus, using
samples with a volume of 1 mL. To achieve the desired temperature range, the configuration used con-
sisted of applying a 300 G AMF at a frequency of 388.4 kHz until a temperature of 45 °C was reached
or until 25 min of heating was achieved. For this study, 3 controls were performed per assay, one SPI-
ONs control (unheated vial with SPIONs and cells), and two cell controls (without NPs), one accompa-
nying the vials to be measured and the other kept in a CO; incubator MCO-19AIC(UV) (Sanyo) with a
humidified atmosphere of 5% CO, at 37 °C.

Following the MH treatment, each flask was rinsed 2x with the respective cell culture medium
and 500 pL of the previously prepared resazurin solution (50% resazurin plus 50% complete medium)
was subsequently added to each flask in order to measure the metabolic activity of cells in response to
treatment. The flasks were then left to incubate for a period of approximately 2 h in order to provide
adequate fluorescence while avoiding signal saturation. Once the incubation time had elapsed, the so-
lutions from the flasks were transferred to a non-sterile 96-well cell culture plate. Additionally, 1 mL of
cell culture medium and gentamicin at a 1:1000 ratio from a 10 mg/mL stock solution were re-introduced
into each flask for the resazurin assay to be repeated 24 h later. Absorbance values were measured at
wavelengths of 570 and 600 nm using the BioTek ELx800 UV absorbance microplate and cell viability
was expressed as a percentage of the control, given by [% cell viability = test cells/incubator control
cells x 100].

3.3.2 Sand Bath Hyperthermia

For this assay the three cell lines were seeded separately in a 24-well plate maintaining the cell
density used for the resazurin assay. After the cells were adhered, 500 pL of SPIONSs coated with APTES
at a concentration of 100 pug/mL were added and the plate was incubated again for a period of 24 h.
After this period, the plate was placed in a sand bath for 1 h at a temperature range of 41- 44 °C. Imme-
diately after hyperthermia, a solution of resazurin (Alfa Aesar) with concentration of 0.04 mg/mL was
placed on the wells to get a final resazurin concentration of 0.02 mg/mL and the plate was incubated
again for a period of approximately 2.5 hours in order to avoid signal saturation. After this time, 100 pL
of the solutions from each well were transferred to a non-sterile 96-well cell culture plate before reading
to minimize any potential influence of the SPIONSs' color on the absorbance values. The absorbance was
then measured at 570 and 600 nm wavelength using the BioTek ELx800 UV absorbance microplate
reader and cell viability was expressed as a percentage of the control (plate that was not heated), given
by [% cell viability = NP treated cells/control cells x 100]. After this, half of the replicates were fixed,
and the other half were placed with 400 pL of the respective medium in each well and underwent an
additional 24-hour incubation (the steps outlined below were reiterated with this samples after this time
interval). For the fixation process the cells were washed 4x with PBS and 400 pL/well of 4% paraform-
aldehyde (PFA, Sigma Aldrich) was added. After a period of about 15 minutes, the cells were washed

3x with PBS and then permeabilized with 400 pL of 0.5% Triton-X 100 for 20 min. After being washed
16
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with PBS the cells were then stained with Actin-staining™ 555 Phalloidin Red (Cytoskeleton) dissolved
in 0.2% PBS solution at 100 nM. Each coverslip was covered with 50 pL of the staining solution for 1.5
hours. Then, each coverslip was washed with PBS and nuclear staining was performed by adding 50 pL
of a 10 uM 4’,6-diamino-2-phenylindone (DAPI, Molecular Probes) solution dissolved in the PBS so-
lution and left to act for about 3-4min. After this staining the coverslips were washed with PBS and
water and mounted on slides on 10 pL of Mowiol mounting medium (Sigma-Aldrich). The samples
were visualized with an epi-fluorescence microscope Nikon Eclipse Ti-S.
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4. RESULTS AND DISCUSSION

4.1 SPIONSs Characterization

411 FTIR

OA, DMSA and APTES coated SPIONs were studied with FTIR to characterize the chemical
transformations occurring during the various surface modifications and to identify characteristic bands
related to the prevalent functional groups. Measurements obtained between wavelengths of 500 and
4000 cm* are shown in Figure 4.1.

In all three spectra presented, the presence of the three characteristic bands of SPIONSs is evident.
The strong absorption band at approximately 550 cm™ corresponds to the Fe-O stretching vibration
mode while the band at 1590 cm is attributed to the O-H stretching vibration modes of the NPs. Finally,
the broader band between 3000 cm* and 3500 cm is associated with the O-H stretching vibration mode
due to water [26].

Regarding the FTIR spectrum of OA coated SPIONSs, the sharp peaks at approximately 2921 and
2851 cm! represent the symmetric and asymmetric -CH stretching in the OA molecule, respectively.
The band at 1709 cm™ corresponds to the C=0 stretching vibration and indicates the formation of an
OA bilayer. This bilayer is significant as it imparts hydrophilicity to the SPIONs, enhancing their sta-
bility in aqueous solutions. Additionally, bands at approximately 1588 and 1435 cm can be attributed
to the symmetric and asymmetric -COO stretching vibration modes, respectively, indicating covalent
bonding between the -COO- groups of the OA and the Fe atom of the NPs [26], [66], [104].

The FTIR spectrum of DMSA coated SPIONs reveals characteristic bands related to carboxylic
acid functional groups. The DMSA presence on the SPIONSs' surface is supported by the identification
of bands associated with the asymmetric and symmetric stretching vibration modes of the C=0 double
bond at approximately 1587 cm™ and 1373 cm™, respectively. The IR bands characteristic of thiol (S-
H) or disulfide groups (S-S) at the ranges 2250-2600 cm™ and 500-540 cm?, respectively are not evi-
dent in the DMSA spectrum. According to the literature, the absence of S-H stretching vibration modes
can be attributed to the dialysis process which in turn contributes to the formation of intraparticle S-S
bridges [105], [106]. However, the S-S band may be concealed by the Fe-O band due to overlapping
ranges, leading to the apparent absence of the thiol and disulfide groups in the FTIR spectrum.

According to the literature, the primary mechanism behind the covalent anchoring of the ami-
nopropyl silane groups is predominantly attributed to their self-polycondensation and this should be
observed in a band at approximately 584 cm™ [107]. However, the spectrum does not exhibit the
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presence of Fe-O-Si bonds, as these bonds overlap with the Fe-O vibrations of the SPIONs, similar to
what is observed in the curve of the DMSA-coated SPIONs. Nevertheless, two characteristic bands of
this type of coating can be observed: one around 1555 cm, corresponding to the bending mode of the
amine, and another absorption band at 959 cm™, attributed to the stretching vibration of Si-O.
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Figure 4.1| FTIR spectra of SPIONs synthesized by chemical co-precipitation. SPIONs coated with OA (black
line), DMSA (purple line) and APTES (green line).

412 TGA

The thermal stability of the three different coated SPIONs under study was assessed by TGA and
the obtained curves are shown in Figure 4.2.

The TGA curve of OA-coated SPIONSs exhibits four distinct mass losses. Up to 300 °C, there is
a weight loss of 19.08%, likely attributed to both the desorption of water molecules and the removal of
the free/weakly bound coating agent since this range includes the boiling temperature of OA (b.p. 94-
195 °C/1.2 mmHg) [108]. The next two weight losses in the ranges of approximately 300-400 °C and
400-500 °C were 15.85% and 5.10%, respectively, which may be associated with the chemisorption
decomposition of OA on the surface of the NPs. This confirms a higher binding energy between the OA
molecules and the SPIONs and occurs when a bilayer is formed. Finally, in the range of 500-890 °C, a
weight loss of 11.07% is observed, likely resulting from the weight loss of the SPIONs themselves. This
is caused by the reducing gas produced from the coating agent at elevated temperatures, and beyond 600
°C, the carbon of the OA is oxidized, forming CO and CO,[109]. The considerable difference concern-
ing the weight loss observed in OA-coated SPIONs compared to DMSA- and APTES-coated NPs can
be attributed to the fact that the OA-coated SPIONSs, being an oil-based sample, did not undergo proper
lyophilization. This was evident through visual inspection, as the DMSA and APTES samples appeared
in powder form, while the OA-coated samples did not.
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Regarding the plot of DMSA functionalized SPIONSs, this is characterized by two mass losses:
one at ~200 °C of about 5.14% and another one at ~600 °C of 3.40% that can be justified due to loss of
water and due to the decomposition of DMSA ligands over the SPION surface, respectively. According
to the literature the loss of these ligands is usually more defined with 3 steps between 140 and 500 °C
[110].

Lastly, the TGA curve of APTES-coated SPIONs shows a weight loss of approximately 1.32%
until approximately 200 °C, which is likely attributable to the presence of water and impurity phases,
probably from unwashed salts. Beyond this temperature, as indicated in the literature, the APTES coat-
ing decomposes, resulting in an additional weight loss of 4.98% [111].
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Figure 4.2 | TGA curves of SPIONs produced by chemical co-precipitation. SPIONs coated with OA (black
line), DMSA (purple line) and APTES (green line).

4.1.3 XRD

XRD is a valuable method for exploring the crystal structure and phases of materials, enabling
confirmation of their composition and identification of specific crystalline phases. In the case of SPI-
ONs, magnetite (Fes0.) and maghemite (y-Fe2Os) are the principal phases, however, their similar crystal
structures and physical properties pose challenges in precisely distinguishing them through this tech-
nique [112].

Magnetite is generally preferred for biomedical applications, especially MH, due to its higher
magnetization and consequently greater heating efficiency. The SPIONSs synthesis process was carried
out under anaerobic conditions facilitated by the presence of N, so the resulting SPIONSs should possess
a cubic crystalline structure, mainly consisting of magnetite.

Figure 4.3 shows the XRD patterns obtained from the synthesized SPIONs coated with OA,
DMSA and APTES. The three patterns exhibit the presence of six distinctive 26 peaks associated with
these NPs, positioned at 30.3, 35.6, 43.3, 53.6, 57.2, and 63.1, corresponding to the diffraction planes
(220), (311), (400), (422), (511), and (440), respectively [66]. A comparison with standard XRD patterns
for magnetite and maghemite powders (JCPDS 00-019-0629 for magnetite and JCPDS 00-039-1346 for
maghemite) confirms that the produced SPIONs possess a cubic crystalline structure characteristic of
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magnetite. This confirmation underscores the preservation of the crystalline structure of the SPIONs
across all the utilized coating agents post-stabilization.
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Figure 4.3 | X-ray pattern of SPIONs synthesized by chemical co-precipitation. SPIONs coated with OA (black
line), DMSA (purple line) and APTES (green line).

To analyze the crystallinity of the different SPIONs quantitatively, their average crystallite size

was calculated using Scherrer’s equation (4.2):
;= K
- B cosB

(4.2)

Where 7 represents the average core diameter of the particles; K is the Scherrer’s constant or grain
shape factor (K = 0.94); A stands for the incident X-ray wavelength (A= 1.54 A); B denotes the full width
at half-maximum (FWHM, in radians) of the highest intensity, and 6 is the Bragg diffraction angle (angle
of diffraction). Based on this equation, the OA-coated SPIONs exhibited an average crystallite size of
approximately 7.9 nm (2 8 = 35.46), for DMSA-coated SPIONs approximately 6.8 nm (2 6 = 35.56),
and for APTES-coated SPIONS, the t value was approximately 7.5 nm (2 6 = 35.50). Upon comparing
the obtained values with the existing literature, it can be inferred that the synthesized SPIONs retained
the crystal structure of the uncoated SPIONSs. This observation indicates that the stabilizers used in the
synthesis process do not introduce any alterations to the crystal structure of the SPIONSs as reported
elsewhere [66].

414 TEM

In order to study the size and its distribution, as well as to observe the morphology of the synthe-
sized SPIONs, TEM technique was used. Figure 4.4 displays the TEM analysis of OA (A and D), DMSA
(B and E), and APTES (C and F) coated NPs. The average sizes, within a distribution range of 3-11 nm,
were approximately 7.1 £ 1.4 nm, 6.6 + 1.1 nm, and 6.6 = 1.2 nm, respectively. This is interesting
considering that, all three types of SPIONSs fulfilled the criteria for biomedical applications, as they had
sizes below 200 nm with a narrow size distribution, and their sizes remained within the range suitable
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for superparamagnetism, which should not exceed a few tens of nanometers. A semi-spherical shape
was observed in all TEM images, which, according to the literature, can be attributed to the type of salts
used for NP production or the molar ratio of the iron ions [113]. Furthermore, it can also be concluded
that the presence of the different coatings had no influence on the core size of the SPIONSs, keeping the
particles diameter between 6 - 8 nm, which is in agreement with the average crystallite size obtained
from the XRD analysis.
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Figure 4.4 | TEM images and the corresponding size distribution graphs of SPIONs synthesized by chemical
co-precipitation. OA-coated SPIONs (A, D), DMSA-coated SPIONs (B, E) and APTES-coated SPIONs (C, F).
Scale bar of 50 nm and of 100 nm.

4.1.5 {-Potential and DLS Analysis

The Dh is a critical parameter in particle characterization as it reflects the particle size when in
solution, considering any coatings or modifications on the particle surface [114]. In this regard, the
evaluation of the hydrodynamic size in water for the various synthesized SPIONs was carried out in
three different concentrations (0.025, 0.05, and 0.1 mg/mL) and the results are presented in Figure 4.5
(A). As shown, at the highest concentration (0.1 mg/mL), significant aggregate formation was observed
in all three types of NPs, rendering this concentration unsuitable for further measurements. Regarding
the concentration of 0.025 mg/mL the sizes of this first synthesis were approximately 93, 201 and 90
nm for the SPIONs coated by OA, DMSA and APTES respectively, while for the same order of coatings
for the concentration of 0.05 mg/mL were approximately 90, 191 and 86 nm respectively. Although the
differences were not substantial, the sizes obtained for the intermediate concentration (0.05 mg/mL)
were slightly smaller, leading to its selection for the subsequent measurements throughout the study.

(-potential is a parameter that quantifies the electrostatic charge present on the surface of colloidal
particles, such as NPs, dispersed in a liquid medium and serves to quantify the potential difference
between the particle surface and the surrounding liquid. Due to its significant role in determining the
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stability and behavior of colloidal systems, -potential was also evaluated in this study and the results
are shown in Figure 4.5 (B). In this first characterization, this parameter was also conducted in filtered
MiliQ water, at a concentration of 0.05 mg/mL, and the results presented confirmed the expected con-
trast between coating agents [115], [116]. SPIONs coated with OA and DMSA exhibited negative
charges of -63.7 £ 1.5 mV and -46.3 + 7.8 mV, respectively, while the APTES-coated SPIONs displayed
a positive charge of approximately +30.5 £ 5.8 mV.
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Figure 4.5 | Hydrodynamic diameter (A) and {-potential analysis (B) of SPIONs produced by chemical co-
precipitation diluted in water. SPIONs coated with OA (black), DMSA (purple) and APTES (green). Data is
expressed as average + standard deviation for at least five measurements.

Different syntheses were carried out throughout this study and Table A.1 in Appendix A2 gives
an overview of the various Dh and { -potentials obtained. From these data, it was possible to observe
some variation between the syntheses, which can be attributed to many factors. Some of the factors that
may have affected the disparity in results could be associated with the reaction conditions (reaction time,
temperature, pH and stirring), the concentration of precursors and coating agents (which may have been
subject to measurement errors) and variations in the dialysis process (for OA and DMSA coated SPI-
ONs) [117], [118]. Therefore, a comprehensive understanding and control of these factors are crucial
for achieving better homogeneity of results across syntheses.

4.1.6 Magnetic Hyperthermia Analysis

An important parameter in MH is the SAR of the material, which characterizes the material's
capability to convert alternating magnetic energy into heat [119]. To evaluate the heat-producing capac-
ity of the produced SPIONS, diverse samples were subjected to a magnetic field strength of 300 Gauss
and a frequency of 388.4 kHz. A temperature stabilization interval of approximately 30-40 seconds with
no applied field was followed by a 10-minute application of the field. Four distinct concentrations (1,
2.5, 5, and 10 mg/mL) were tested in water, with the outcomes depicted in Figure 4.6. The SAR values
shown (Figure 4.6 (B)) were calculated according to equation A.6 presented in Appendix A2.

The results illustrated variations between different stabilizers, with OA-coated SPIONSs register-
ing the highest values for both AT and SAR, while APTES-coated NPs exhibited the lowest values. For
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a concentration of 5 mg/mL, the recorded AT values (in °C) were 30.2 £ 1.7, 24.2 £ 0.8, and 19.5 £ 0.6
for OA-coated SPIONs, DMSA-coated NPs, and APTES-coated NPs, respectively. Correspondingly,
for the same sequence of coatings and concentration, the SAR values attained (in W/g) were 190 + 5,
149+ 11, and 119 + 11. The chosen concentration for these parameter measurements in subsequent tests
was 5 mg/mL.
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Figure 4.6 | Temperature variation (A) and SAR values (B) of SPIONs produced by chemical co-precipita-
tion in water for different concentrations. SPIONs coated with OA (black), DMSA (purple) and APTES (green).
Temperature variation induced by the application of an AMF with a 300 G intensity and a 388.4 kHz frequency,
over a period of 10 minutes.

4.2 SPIONSs Stability

4.2.1 ¢ - Potential

Due to its significant role in determining the stability and behavior of colloidal systems, the C -
potential of the different SPIONs was evaluated using different media [120]. As already mentioned, in
a first characterization, this parameter was measured in filtered MiliQ water and the SPIONs coated
with OA, DMSA and APTES exhibited (in mV) surface charges of -63.7 £ 1.5, -46.3 =+ 7.8, and +30.5
+ 5.8. However, in physiological environment, large quantities of proteins adsorb to the NPs, leading to
alterations in their surface charge. Thus, the { - potential was also analyzed both in PBS 1x and in the
different cell media used (DMEM HG + 5% FBS, DMEM LG + 10% FBS and complete RPMI).

As depicted in the Figure 4.7, the { -potential values were closer to zero in PBS, and this effect
became more pronounced when the NPs were exposed to the different cell media due to the surface
charge neutralization effect by the surrounding proteins. This observation underlines the significant in-
fluence of the surrounding environment on the {-potential of NPs and highlights the need for a compre-
hensive understanding of colloidal behavior under biological conditions as it directly influences the fate
and biological responses of NPs in vivo.
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Figure 4.7 | ¢-potential analysis of SPIONs at 5 mg/mL in water, PBS 1x and cell culture media. SPIONs
coated with OA (black), DMSA (purple) and APTES (green). Data is expressed as average * standard deviation
for at least three measurements.

4.2.2 Protein Corona Formation

When in contact with biological fluids, a dynamic layer of proteins tend to adsorb onto the surface
of the NPs. This resultant structure, known as the PC, comprises proteins constituting the "hard corona”,
those demonstrating affinity for either the iron oxide core or the polymer coating, and proteins that
exhibit weaker binding forming the "soft corona” through protein-protein interactions [62], [121]. The
formation of the PC ends up giving the functionalized NPs a new identity, altering their physicochemical
properties and affecting their stability and interaction with cells [64].

In order to gain a deeper insight into PC formation in the synthesized SPIONSs, the Dh of the
various SPIONs was measured using the DLS technique. PC formation was tested with MiliQ water as
a control and also with the 3 types of cell culture media related to the cell lines under study, with and
without FBS, in order to also assess the influence of serum on the Dh of the SPIONs. Four-time intervals
(1 h,6h, 12 h, and 24 h) were also investigated to discern the impact of time. The results for SPIONs
coated with OA, DMSA and APTES are shown in Figure 4.8, Figure 4.9 and Figure 4.10, respectively.

The results show that protein adsorption occurs rapidly, resulting in minimal variation over the
time periods studied. According to the literature, the formation of PC in DMEM is contingent on time
and does not occur instantly [63], [122]. However, it's important to mention that these observations were
not corroborated in this particular work. Moreover, OA-coated (Figure 4.8) and DMSA-coated (Figure
4.9) SPIONs exhibited similar behavior, probably due to their negative charges attracting similar
positively charged components of the surrounding medium. In addition, serum-free media led to the
formation of larger hydrodynamic sizes in the case of SPIONs coated with negatively charged coating
agents. Figure 4.8 (B, C) and Figure 4.9 (B, C) show curves below the water curve (shown in Figure 4.8
(A) and Figure 4.9 (A)). This could possibly be due to measurements of negatively charged components
in these media (DMEMLG_FBS and RPMI_FBS). These values are lower than those for SPIONs
suspended in water, indicating that they correspond to smaller components than the SPIONs themselves.
Regarding APTES-coated SPIONs (Figure 4.10), the curves indicate the largest hydrodynamic sizes,
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suggesting FBS contains abundant negatively charged proteins. This aligns with previous literature
which suggest that NPs with an initially positive surface charge tend to form larger PCs after medium

incubation compared to NPs with an negative surface charge [64], [123].
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Figure 4.8 | Analysis of the dynamics of PC formation in OA-coated SPIONs incubated for periods of 1 h, 6
h, 12 h and 24 h at 0.05 mg/mL in different media. Water and DMEM_HG with and without FBS (A),
DMEM_LG with and without FBS (B) RPMI with and without FBS (C). Hydrodynamic diameter variation vs
time. Data is expressed as average + standard deviation for at least three measurements.
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Figure 4.9 | Analysis of the dynamics of PC formation in DMSA-coated SPIONs incubated for periods of 1
h, 6 h, 12 h and 24 h at 0.05 mg/mL in different media. Water and DMEM_HG with and without FBS (A),
DMEM_LG with and without FBS (B) RPMI with and without FBS (C). Hydrodynamic diameter variation vs
time. Data is expressed as average + standard deviation for at least three measurements.
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Figure 4.10 | Analysis of the dynamics of PC formation in APTES-coated SPIONs incubated for periods of
1h,6h,12hand 24 h at 0.05 mg/mL in different media. Water and DMEM_HG with and without FBS (A),
DMEM_LG with and without FBS (B) RPMI with and without FBS (C). Hydrodynamic diameter variation vs
time. Data is expressed as average + standard deviation for at least three measurements.

Calatayud et al. conducted a study that also revealed significant differences in the hydrodynamic
size of NPs with distinct surface charges after a 24-hour incubation in a protein-rich cell medium [64].
After this time, the group observed that NPs with a positive surface charge exhibited a hydrodynamic
size of approximately 3000 nm, while NPs with a negative surface charge measured approximately 1500
nm. In a study by Portilla, Y. et al., the group evaluated PC formation using SPIONs coated with APTES
and DMSA, using DMEM for incubation with different time points [63]. They observed that the
maximum hydrodynamic size occurred after an incubation of 5 to 10 h (2455 nm for APTES-MNPs and
209 nm for DMSA-MNPs) and then decreased until stabilizing after 24 h. While the sizes differed
significantly from our study, the research group also noted a similar increase in the Dh of APTES-coated
SPIONSs, consistent with our findings.

In conclusion, the variations in hydrodynamic size observed in MNPs coated with different
coatings following media incubation are directly attributed to the surface charges introduced by each
respective coating. To isolate SPIONs with adsorbed proteins, future investigations could involve
resuspending SPIONs in water before measurements to exclude medium constituents' influence and
facilitate subsequent comparisons.

4.2.3 Magnetic Hyperthermia

To evaluate the stability and capacity of the produced SPIONSs to maintain their characteristics
over time, AT and SAR values were gauged at 1, 3, and 6 months post-synthesis. Prepared at a
concentration of 5 mg/mL in water, the samples underwent identical field conditions as employed during
their initial characterization. The outcomes are depicted in Figure 4.11. The SAR values shown were
calculated according to equation A.2 in Appendix A2.

From the results obtained, it can be seen that, in general, there are significant differences at the
end of the 3-month period, with a decrease in these parameters in the three types of SPIONs synthesized.
Notably, SPIONs coated with APTES displayed the least significant decrease. The elevated values (in
some cases) observed after 6 months could potentially be attributed to challenges in maintaining an
exact SPIONs concentration due to increased aggregation and heightened resistance to dispersion via
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sonication. In the future, it would be interesting to evaluate the hydrodynamic size over these periods of
time to confirm the suggested formation of aggregates. Kulikov et al. observed a (smaller) decrease in
SAR values after 18 months in OA-coated SPIONS, attributing it to alterations in magnetic properties
resulting from potential oxidation of Fe?* ions in the FesO4 structure, consequently impacting the NPs'
surface anisotropy [124].

Ultimately, underscoring the significance of periodically monitoring physicochemical attributes
of standard NPs, including size/agglomeration, surface charge, and, as illustrated in this context, heat
capacity, throughout the study duration is crucial. Such monitoring allows that any changes are duly
considered when interpreting and analyzing the collected data.
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Figure 4.11 | Evaluation of SPIONSs stability at 5 mg/mL in water through analysis of temperature variation
(A) and SAR values (B) over 6 months. Temperature variation induced by the application of an AMF with a 300
G intensity and a 388.4 kHz frequency, over a period of 10 minutes. Data is expressed as average * standard
deviation for at least three measurements. *p value < 0.05 compared with the previous measurement.

The heating capacity of the produced SPIONSs at the end of 1 month period, using various solvents,
was also evaluated. Once again, the samples were prepared at a concentration of 5 mg/mL, but this time
in water, in a PBS solution, and in DMEM HG. The results are depicted in Figure 4.12.

Regarding using water, a reduction in AT and SAR values could be observed, however, this
reduction was only significant when PBS and DMEM HG were utilized as dispersion media. This
phenomenon can be attributed to the formation of a PC, which enhances the propensity for aggregate
formation. The principal difference when comparing water and the other two dispersion media was
observed for the OA-coated SPIONSs, probably due to their high negative surface charge which led to
greater bonding with the cations present in the surrounding media, culminating in greater aggregation
and loss of stability.
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Figure 4.12 | Evaluation of SPIONs stability at 5 mg/mL in water, PBS 1x and DMEM HG + 10% FBS
through analysis of temperature variation (A) and SAR values (B) at the end of the 1-month period. SPIONs
coated with OA (white), DMSA (purple) and APTES (green). Temperature variation induced by the application
of an AMF with a 300 G intensity and a 388.4 kHz frequency, over a period of 10 minutes. Data is expressed as
average * standard deviation for at least three measurements. *p value < 0.05 compared with the previous meas-
urement.

4.3 SPIONSs Cytotoxicity

Since SPIONSs hold great promise as candidates for MH applications, which involve direct contact
with the human body, their biocompatibility is of utmost importance. Thus, in order to evaluate the
possible cytotoxicity of the synthesized SPIONSs, the resazurin colorimetric method was performed, and
the results are depicted in Figure 4.13.

The assay was conducted on three different cell lines: HFFF2 presented in Figure 4.13 (A),
WM983b in Figure 4.13 (B), and THP-1 shown in Figure 4.13 (C). Cells were exposed to different
concentrations of NPs for 24 h and 48 h, and the results are expressed as the percentage of cell viability
relative to the control (cells not exposed to NPs but maintained under the same conditions). SPIONs
concentrations that resulted in cell viability of more than 80% were considered to be non-cytotoxic. The
detailed protocol can be found in Appendix B1.

Regarding OA-coated SPIONS, it is possible to observe that they are not toxic at the lowest con-
centrations tested; however, cytotoxicity can be observed from 0.5 mg/mL onwards, primarily for
HFFF2 cells. In contrast, DMSA-coated SPIONs demonstrated the lowest cytotoxicity to the cell lines
used, presenting a viability above 80% except WM983b in the presence of the highest NPs concentra-
tion. On the other hand, SPIONs coated with APTES exhibited moderate cytotoxicity in fibroblast and
macrophage cell lines, and in the HFFF2 cell line, the behavior did not appear to be dose-dependent,
remaining relatively constant as the concentration of NPs increased.

A Live/Dead assay was performed (results presented in Figure 4.14), also revealing that there
appears to be no direct correlation between cell viability and the NPs concentration used. Having said
that, it can be inferred that these specific SPIONs exhibit a certain level of cytotoxicity, that appears to
be non-concentration dependent. This observation is further supported by the fact that in all assays, the
percentage of cell viability remains above 50%. It is important to note that the results of cytotoxicity
assays are highly influenced by several factors, these factors encompass the cell lines chosen, the
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specific nature of the assay performed and critical aspects such as the size, composition, morphology,
and concentration of the NPs under study. Moreover, the pH of the culture medium and the duration of
exposure are additional key factors that significantly influence the cytotoxicity responses.

According to available literature, positively charged NPs tend to be more cytotoxic to non-phag-
ocytic cells, while anionic ones are more cytotoxic to phagocytic cells [64], [125]. However, such con-
clusions couldn’t be drawn from the results obtained in this study. Furthermore, the assay was also
performed after 48 h of cell exposure to the synthesized SPIONSs, but as can be seen in Figure B.2 in
Appendix B, no significant differences were observed after this period. As a result, all remaining assays
were conducted only with a 24 h exposure period.
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Figure 4.13 | Resazurin cell viability assay of the HFFF2 (A), WM983b (B) and THP-1 (C) cell lines after 24
h of incubation with the three types of SPIONs produced. Data is expressed as mean * uncertainty for three
independent experiments with five replicates for each condition.
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Figure 4.14 | Live/Dead cell viability assay of the HFFF2, WM983b and THP-1 cell lines after 24 h incubation
with APTES-coated SPIONs. Three replicates were made for each concentration and data is expressed as average
+ uncertainty for approximately 15 images for each condition.

4.4 SPIONS Internalization

To study the interaction between the SPIONs under study and the three cell lines, images of the
location of the NPs inside the cells were taken with Prussian blue staining after 1 h, 6 h and 24 h of
exposure time. Figure 4.15, Figure 4.16 and Figure 4.17 depict the contact of the different types of SPI-
ONs at a concentration of 100 pg/mL with HFFF2, WM983b, and THP-1 cell lines, respectively.

The increasing predominance of the blue color with longer exposure times indicates a higher
number of SPIONs bound to the cell membranes or already internalized within the cells. When compar-
ing the three types of coatings, APTES-coated SPIONs show a higher intracellular uptake compared to
the other two NP types. This finding aligns with existing literature, which suggests that NPs with a
positive surface charge are more efficiently internalized due to the physical adhesion (electrostatic at-
traction) between the NPs and the negatively charged cytoplasmic membrane [126]. This electrostatic
attraction is generally considered as a primary driving force in regulating the cellular uptake of NPs
[127]. In the study conducted by Calatayud et al., aforementioned in section 4.2.2, besides investigating
the impact of surface charge on hydrodynamic size when exposed to physiological media, they also
explored the influence of this charge on NP internalization in neuroblastoma cells [64]. In this study,
the research group observed that the cells were able to incorporate 100% of the initially positively
charged NPs (added up to =100 pg/cell), while for the initially negatively charged NPs, absorption was
less than 50%.

Moreover, a relatively higher internalization of DMSA-coated SPIONs compared to OA-coated
ones is also observed. This observation can be attributed not only to the charge, as it is less negative
compared to OA, but also its smaller hydrodynamic size making it more easily absorbed by cells.
Finally, an enhanced internalization of the different types of SPIONs by macrophages can be observed,
especially within the first hour of exposure. The mechanism of cellular uptake remains unclear, but there
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are already some types of SPIONs under study evaluated as NMR markers for the diagnosis of inflam-
matory and degenerative diseases associated with high phagocytic activity of macrophages [47], [128].
Furthermore, a noticeable difference in internalization can be observed between the HFFF2 and
WM983b cell lines, with fibroblasts exhibiting a higher internalization rate compared to the melanoma
cell line. This finding is particularly noteworthy, as recent studies indicate that extracellular MH results
in elevated levels of cell apoptosis due to the higher heating efficiency of SPIONs. For example, Hannon
G. et al. observed significant differences in cell viability within a pancreatic cancer cell line when com-
paring intracellular and extracellular MH. Following a 30-minute exposure, they observed that extracel-
lular MH led to significant levels of cell necrosis, while intracellular MH had no impact on cell viability
[48]. Another study, coordinated by Simdes B. et al., explored the internalization dynamics of SPIONs
in WM983b using molecular inhibitors of endocytosis [132]. This work revealed that the SAR values
were higher when SPIONSs were in the extracellular environment, and consequently inhibiting the cel-
lular uptake of SPIONs enhances the efficacy of MH.

DMSA
CAAAH

APTES

Figure 4.15 | SPIONSs intracellular location in HFFF2 fibroblast cells after Prussian blue staining. Cells in-
cubated with 100 pg/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright field images
at 40x objective magnification with scale bar: 50 um.
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Figure 4.16 | SPIONSs intracellular location in WM983b melanoma cells after Prussian blue staining. Cells
incubated with 100 pg/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright field
images at 40x objective magnification with scale bar: 50 um.
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Figure 4.17 | SPIONSs intracellular location in THP-1 macrophage-like cells after Prussian blue staining.
Cells incubated with 100 pg/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright
field images at 40x objective magnification with scale bar: 50 um.
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4.5 Magnetic Hyperthermia

All the MH assays mentioned before were conducted in hyperthermia flasks. However, before
proceeding to in vitro hyperthermia, heating of SPIONSs in Petri dishes was tested in order to provide a
better environment for cell adhesion and facilitate subsequent assays. The heating results for the differ-
ent types of SPIONSs at a concentration of 5 mg/mL in Petri dishes are presented in Figure 4.18. Accord-
ing to the obtained results, the temperatures reached were below the desired levels, with the highest
temperature recorded being 30.7 °C. Upon applying the field in 2D, the heating proved to be insufficient,
not even reaching the physiological temperature. Since the planar applicator did not allow the use of the
same optimized parameters used for the hyperthermia flasks, the following tests were conducted in
flasks to attempt to reach the desired therapeutic temperature range for the in vitro MH study.
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Figure 4.18 | Temperature curves of the three types of SPIONs in water at 5 mg/mL on a planar applicator.
SPIONSs coated with OA (black), DMSA (purple) and APTES (green). Temperature variation induced by the ap-
plication of an AMF with a 300 G intensity and a 388.4 kHz frequency, over a period of 10 minutes. Three repli-
cates are presented for each condition.

4.5.1 In Vitro Magnetic Hyperthermia

The results of the MH tests using different types of SPIONs with the HFFF2 and WM983b cell
lines are shown in Figure 4.19 (A and C, respectively). For this assay, a configuration involving a 300
G AMF at a frequency of 388.4 kHz was used to achieve temperatures up to 45 °C or a maximum of 25
minutes of heating. Abrupt temperature changes in the temperature curves can be attributed to SPION
sedimentation during measurement. The findings indicate that only the APTES-coated SPIONs were
able to attain the desired temperatures and, in general, in the melanoma cell line, the temperature of 42
°C was reached faster compared to the assay performed in fibroblasts. For DMSA-coated SPIONSs, the
maximum temperatures recorded were 39.2 °C and 35.6 °C for HFFF2 and WM983Db, respectively. For
OA-coated SPIONS, the corresponding temperatures were 39.8 °C and 37.7 °C. The temperature con-
trast between the two cell lines could be possibly attributed to the elevated level of aggregation and a
propensity for precipitation observed in the hyperthermia flasks containing the melanoma cell line, as
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depicted in Figure B.6 in Appendix B.3. In contrast, the flasks containing the HFFF2 cell line with OA-
and DMSA-coated SPIONSs exhibited enhanced stability, likely contributing to their heightened heating
capability.

It is well known that hyperthermia therapy induces cancer cell apoptosis by exploiting the in-
creased sensitivity of cancer cells to temperatures between 40 °C and 44 °C. To assess the therapy's
efficacy in reducing cell viability, resazurin assays were conducted immediately after MH and 24 hours
later, as shown in Figure 4.17 (B and D). Overall, a substantial decline in viability compared to the
control cells that remained in the incubator is evident, particularly pronounced in the WM983b cell line
(D) compared to HFFF2 (B). Reduced viability in both cell and SPION controls can be attributed not
only to NPs cytotoxicity at this concentration in the NPs control group but also to the suboptimal assay
conditions (e.g., challenging to maintain sterility). In the case of fibroblast cells subjected to hyperther-
mia using OA and DMSA-coated SPIONSs, a recovery in viability can be observed 24 hours post-assay.

To sum up, APTES-coated SPIONSs led to a more significant reduction in viability, aligned with
the higher temperatures achieved and, once again, the melanoma cell line displayed greater susceptibil-
ity, consistent with existing literature [81]. It would be interesting to re-evaluate viability 48 hours later
to assess the evolving behavior of both the melanoma cell line and fibroblasts.
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Figure 4.19 | In vitro MH (A, C) and subsequent cell viability assays (B, D) of HFFF2 fibroblasts (A, B) and
WM983b melanoma cells (C, D) incubated for 24 h with the different types of SPIONs. SPIONs coated with
OA (black), DMSA (purple) and APTES (green). Temperature variation induced by the application of an AMF
with a 300 G intensity and a 388.4 kHz frequency, until a temperature of 45 °C or until 25 minutes of heating were
reached. Two replicates are presented for OA- and DMSA-coated SPIONs and three replicates for the APTES-
coated SPIONSs. The cell viability test was carried out immediately after the MH test and 24 hours after. "C_NPs"
denotes the NPs control (unheated vial with SPIONs and cells), "C_Cell" denotes the unheated Cell controls (with-
out NPs) that accompanied the vials to be measured, and finally "Control" (gray bars) denotes a cell control
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(without NPs) kept in the incubator. The percentage of cell viability was calculated as a percentage of the cell
control (incubated) and data is expressed as mean * uncertainty for at least five replicas for each condition.

4.6 Sand Bath Hyperthermia

Due to the challenges encountered while attempting to detach cells from the hyperthermia flasks
for subsequent assays, a sand bath was employed to simulate temperature rising within the therapeutic
range. In this procedure, cells from the three cell lines were individually seeded in a 24-well plate,
allowed to adhere, and then exposed to 100 ug/mL of APTES-coated SPIONSs. Following a 24-hour
incubation period, the plate was subjected to a sand bath for 1 hour, maintaining a temperature range of
41- 44 °C.

The results of the subsequent resazurin assays, normalized to a control group not subjected to
either SPIONSs or temperature, are depicted in Figure 4.20. These outcomes demonstrate that the fibro-
blast cell line was the least affected by heating, while the melanoma cell line exhibited the most pro-
nounced impact. It was also possible to observe that the presence of SPIONSs led to a greater decrease
in viability, even though it was not a MH assay. This can be justified not only by some possible cyto-
toxicity but also by the fact that SPIONSs are good heat conductors since they are NPs composed of iron
oxide.
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Figure 4.20 | Cell viability of the three cell lines (HFFF2, WM983b and THP-1) after 1 hour of sand bath
hyperthermia (41-44 °C). Viability was tested right after heating and after a 24-hour incubation period. The
influence of exposure to 100 ug/mL of APTES-coated SPIONs during 24 h of pre-warming incubation was also
tested. The percentage of cell viability was calculated as a percentage to incubated cell controls (hot exposed to
either heat or SPIONS) and the data are expressed as mean = uncertainty for at least five replicates for each con-
dition.

As previously mentioned, the precise mechanism driving cell death resulting from hyperthermia
remains a subject of ongoing research. This lack of consensus arises due to the multitude of parameters
that, when altered, activate diverse cell death pathways. Existing literature indicates that numerous cell
lines exhibit limited tolerance towards temperatures around 44/45 °C. This results in a range of detri-
mental effects, including increased apoptosis or necrosis-associated cell death. This phenomenon is ob-
served in various cell types, such as human erythroleukemia cells, murine melanoma cells, and prostate

stromal cells [133]-[136]. However, there are also some lines that have been shown to be resistant to
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this treatment, such as the RIF-1 line and in osteosarcoma [137], [138]. The reason for this may be that
cancer cells normally have a poor apoptosis regulation system, and for example Yonezawa et al., found
a direct transition to necrosis at 44 °C [138]. Additionally, some cell lines initially display short-term
heat shock tolerance but subsequently experience reduced viability, as seen in melanoma (Bowes) cells
and lung adenocarcinoma cells [136], [139]

The response of cytoskeletal structure to heat shock also varies widely depending on factors
such as cell type, attained temperature, and duration of heating. N. K. Prasad et al. observed that fol-
lowing hyperthermia treatment, Hela cells demonstrated varying degrees of membrane blebbing, ac-
companied by notable disruption of actin and tubulin cytoskeletons [140]. This disruption was posited
as a potential cause of cell death following hyperthermia treatment. In a study by Garcia M. et al., acute
and long-term impacts of hyperthermia (45 °C, 30 min, in a water bath) on the B16-F10 murine mela-
noma cell line were investigated [141]. Immediate harmful effects were observed post-heating, with
diminished peripheral F-actin (filamentous actin) rings after 3 hours and altered F-actin cytoskeleton,
loss of cell boundaries, cell shrinkage, and nuclear material condensation after 24 hours. Additional
effects encompassed disruption of cell layer organization, intercellular contact, and a substantial reduc-
tion in attached cell count.

Following the resazurin assay, cells were fixed at 3- and 24-hours post-hyperthermia treatment,
permeabilized, and stained using Actin-staining™ 555 Phalloidin Red and DAPI. Samples were visual-
ized via an epi-fluorescence microscope (Nikon Eclipse Ti-S), with results presented for fibroblast, mel-
anoma, and macrophage cell lines in Figure 4.21, Figure 4.22 and Figure 4.23, respectively. The outcomes
aligned with the resazurin assays, highlighting a reduction in viability, particularly within the WM983b
cell line. Additionally, a reduction in the definition and intensity of the actin filament-marking fluoro-
phore was observed. After 24 h, a comprehensive disruption of actin filaments was apparent, with only
a few nuclei stained by DAPI. This correlates with the substantial decrease in cell viability previously
noted. Actin cytoskeleton cleavage and disruption are frequently observed during apoptosis [86]-[88].
The decrease in cell viability over time also supports the hypothesis that the cytoskeletons of the treated
cells were disrupted, thereby triggering the initiation of a signal leading to cell death. While some fea-
tures described in the literature, such as loss of cell boundaries, cellular shrinkage, cytoplasmic contrac-
tion, and nuclear material condensation, were not evident in the images presented, these observations
should be further explored [138], [141]. Furthermore, marking microtubules could provide insight, as
they are reported to be more sensitive to hyperthermia [140]. Given the anticipated generation of dele-
terious substances like free radicals and ROS due to elevated temperatures, assessing their formation
could offer valuable insights into cellular stress [142]. In addition to oxidative stress an analysis of
caspases activity or lysosomal behavior would also be important.
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Figure 4.21 | Fluorescence images of fibroblast HFFF2 cells stained with phalloidin (F-actin filaments in red)
and DAPI (nucleus in blue) 3 h and 24 h after sand bath hyperthermia. The influence of exposure to 100
png/mL of APTES-coated SPIONs during 24 h of pre-heating incubation was also tested. Unheated control cells
shown in the first column (A, B). Scale bar: 50 pm.
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Figure 4.22 | Fluorescence images of melanoma WM?983b cells stained with phalloidin (F-actin filaments in
red) and DAPI (nucleus in blue) 3 h and 24 h after sand bath hyperthermia. The influence of exposure to 100
pg/mL of APTES-coated SPIONSs during 24 h of pre-heating incubation was also tested. Unheated control cells
shown in the first column (A, B). Scale bar: 50 um.
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Figure 4.23 | Fluorescence images of THP-1 macrophage-like cells stained with phalloidin (F-actin filaments
in red) and DAPI (nucleus in blue) 3 h and 24 h after sand bath hyperthermia. The influence of exposure to
100 pg/mL of APTES-coated SPIONs during 24 h of pre-heating incubation was also tested. Unheated control
cells shown in the first column (A, B). Scale bar: 50 um.
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Emerging nanotechnological discoveries and the unigque properties of bionanomaterials have
given rise to new approaches to improving cancer therapies. Specifically, SPIONs take advantage of
their ability to dissipate heat locally under an AMF. This method, called MH, exploits the increased
sensitivity of cancer cells to changes in temperature, leading to their death. Nonetheless, the intricacies
of the cell death mechanism triggered by this therapy are highly complex and contingent on a multitude
of factors. This complexity underscores its significance as a focal point for investigation within the
current scientific community. Having said that, the primary goal of the presented work was to explore
different SPIONSs coatings and assess their potential for use in MH. The central emphasis was on exam-
ining the stability of these materials, comprehending how the type of coating influences the interaction
with the different cells and understanding the mechanism of cell death induced by the therapy.

Following the synthesis through the chemical co-precipitation method, SPIONs underwent
functionalization with three distinct coatings: OA, DMSA, and APTES. Characterization involved var-
ious techniques, including FTIR, TGA, XRD, TEM, DLS, and MH. Examination of FTIR and TGA
spectra confirmed the stabilization process in the synthesized SPIONs. XRD and TEM results indicated
that SPIONs maintained their average core size and morphological structure, preserving crystalline
properties.

To assess the influence of stabilizing agents, DLS and { -potential studies determined Dh and
charge of the modified SPIONSs. Different concentrations of NPs in water were tested revealing signifi-
cant variations in the hydrodynamic size among the different types of coated SPIONSs. At a concentration
of 0.05 mg/mL the results obtained were approximately 93, 201 and 90 nm for the SPIONs coated with
OA, DMSA and APTES, respectively. For the same order of NPs, the superficial charges obtained were
approximately -63.7 + 1.5 mV and -46.3 £ 7.8 mV and +30.5 + 5.8 mV. However, it was possible to
observe that both the Dh and ¢ -potential values varied from synthesis to synthesis. Therefore, an under-
standing and control of the various factors influencing the hydrodynamic size and charge of the NPs are
crucial details to achieve better homogeneity of results. Finally, a MH analysis was carried out in order
to observe the SAR and AT values of the produced SPIONs when exposed to a magnetic field strength
of 300 Gauss and a frequency of 388.4 kHz. At a concentration of 5 mg/mL, AT values obtained were
30.2+1.7°C, 24.2+0.8 °C and 19.5 + 0.6 °C for the OA-coated SPIONs, the DMSA-coated NPs and
the APTES-coated NPs, respectively. Similarly, the SAR values at the same coating order were 190 £ 5
W/g, 149 + 11 W/g and 119 + 11 W/g.
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After fully characterizing the coated SPIONS, studies were carried out to assess their stability
under different conditions. Firstly, the { -potential of the different SPIONs was evaluated using 1x PBS
as well as the various culture media. As expected, the values were closer to zero in PBS, and this effect
became more pronounced when the NPs were exposed to the different cell media due to the neutraliza-
tion carried out by the PC formed. Dh measurements at different incubation times demonstrated rapid
protein adsorption without linear variation. APTES-coated SPIONs exhibited the largest hydrodynamic
sizes, aligning with the tendency of initially positively charged NPs to form larger PCs. It is worth
acknowledging that because the measurements were not done in filtered MiliQ water, there could have
been potential influences from components within the medium. Finally, the AT and SAR values were
measured 1, 3 and 6 months after synthesis. Over time, AT and SAR values decreased, with APTES-
coated SPIONs showing the least significant decline at the end of the 3-month period.

Cytotoxicity tests across three cell lines (HFFF2, WM983b, and THP-1) revealed different re-
sponses: OA-coated SPIONSs displayed cytotoxicity at 0.5 mg/mL, DMSA-coated SPIONs showed the
least cytotoxicity, and APTES-coated SPIONs demonstrated moderate cytotoxicity in fibroblast and
macrophage cell lines. Subsequently, an internalization assay was carried out to study the interaction
between the synthesized SPIONSs and the three cell lines mentioned. The results indicated increased NPs
internalization over time in all cell lines, with APTES-coated SPIONSs showing greater uptake due to its
positive surface charge. The melanoma cell line exhibited the least NPs internalization, what is poten-
tially advantageous for MH since studies indicate that extracellular MH results in greater heating effi-
ciency of the SPIONs.

Regarding the in vitro MH assay carried out in hyperthermia flasks, APTES-coated SPIONs
caused a more significant reduction in viability in line with the higher temperatures reached and, once
again, the melanoma cell line showed greater sensitivity to temperature increase. On the other hand, OA
and DMSA-coated SPIONSs failed to reach the therapeutic temperature range under the conditions tested,
but it was also possible to notice a greater sensitivity on the part of WM983b to these SPIONS.

Lastly, a resazurin test was conducted on all three cell lines, subjecting them to a temperature
range of 41 — 44 °C for one hour in a sand bath, while exposed to a concentration of 100 pug/mL of
APTES-coated SPIONs. Once more, there was notable sensitivity in the melanoma cell line and com-
paratively less sensitivity observed in fibroblasts. It should also be noted that the presence of SPIONs
led to a greater decrease in viability, although this was not an MH assay. The images obtained from the
fluorescence assay with labeling of the nuclei and actin filaments aligned with the resazurin assay, high-
lighting a reduction in viability, particularly in the WM983b cell line. In addition, a reduction in the
definition and intensity of the fluorophore marking the actin filaments of these cells was observed and,
after 24 hours, complete rupture of the actin filaments was evident, with only a few nuclei stained by
DAPI. Fibroblast cell line remained unaffected by both SPION presence and temperature.

In summary, this work delves into the behavior, stability, cytotoxicity, internalization, and hyper-
thermia potential of SPIONs coated with OA, DMSA, and APTES across various cell lines, with a
specific focus on melanoma. Notably, SPIONs coated with APTES seemed to exhibit the most promis-
ing characteristics for the intended application. We are confident that the initially outlined objectives
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have been successfully accomplished and that this work underscores the critical role of the coating em-
ployed and highlights the multitude of factors that demand consideration.

It will be of great interest to optimize the method of synthesis as well as functionalization to
achieve a better homogeneity of the sizes and charges obtained. Additionally, a detailed examination of
protein adsorption on SPIONs surfaces would be interesting to compare internalization processes be-
tween cationic and anionic SPIONSs and their subsequent impact on hyperthermia and cell death mech-
anisms. Exploring the feasibility of achieving therapeutic temperatures with lower NP concentrations in
hyperthermia tests would also be important. Moreover, regarding the in vitro assays, it would be valua-
ble to carry them out on the planar applicator to facilitate subsequent studies. These expanded studies
might include evaluating caspase activity, ROS production, or susceptibility to LMP. To mimic the
tumor environment more accurately, the interaction of these SPIONs could be assessed in spheroids
composed of the three cell lines. This approach would not only enhance our understanding of SPIONs
internalization by the different cell lines but also provide insights into the evolution of cell death under
repeated hyperthermia cycles in a more realistic setting.

While this technique displays significant promise for the future, its underlying mechanism re-
mains intricate, leaving several unanswered questions. Therefore, additional research is imperative to
fully comprehend the nanoscale heating mechanisms and the complete spectrum of biological effects
stemming from this exposure. That said, research efforts like the one presented hold significant value in
advancing the exploration of this therapy for clinical application.
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A. SPIONS

A.1 Spectrophotometric Iron Determination by UV-Vis

After SPIONSs synthesis, the 1,10-phenantroline colorimetric was used to determine the quantity
of iron from each synthesis [66], [101]. Firstly, each sample was sonicated for about 30 seconds and
then were added to 5 Eppendorf tubes. Afterwards, 40 uL of the SPIONSs diluted solution were added in
each tube followed by the addition of 20 uLL of HC1 37% (v/v) (Panreac). The samples were then incu-
bated at room temperature for an hour to dissolve all the SPIONs and generate ferrous and ferric chlo-
rides. Subsequently, to reduce Fe** to Fe?* and form the orange-red iron tris (1,10-phenanthroline) (I1)
complex, 100 pL of a hydroxylamine-hydrate solution (Sigma-Aldrich) at a concentration of 100 mg.
mL"and 500 pL of a 1,10-phenanthroline monohydrate solution (Sigma-Aldrich) at a concentration of
3 mg. mL*were added to the samples. Subsequently, the samples were diluted to 1800 uL using 500
mM ammonium acetate (Panreac) pH 4 buffer, and absorbance readings at 510 nm were obtained using
a UV-Vis spectrophotometer (T90+ UV/VIS Spectrometer, PG Instruments Ltd.). All three mentioned
solutions were prepared beforehand using 0.01 N HCI as the solvent. Using a calibration curve that was
obtained using (Mohr's salt solution in HC1 0.01 N in a concentration range of 10 to 1000 png/mL), the
concentration of iron (I1) was quantified.

Iron (1) concentration was determined using equation A.1:

Absso = 4.5079 x [Fe] + 0.0753 (A1)
SPIONSs concentration was obtained using equation A.2 (where D.F denotes Dilution factor):
[SPIONs] = ([Fe] x D.F)/0.7 (A.2)

A.2 Characterization

FTIR

FTIR spectroscopy is a type of absorption spectroscopy used to identify and characterize the
chemical constituents of substances based on their interaction with infrared radiation (IR). Briefly, when
IR passes through a sample some is absorbed and some is transmitted and, by using the Fourier Trans-
form, the detector's output can be transformed into a readable spectrum. Each type of chemical bond
absorbs IR at specific frequencies, creating distinctive absorption patterns that can be used to identify
the functional groups and molecular structures of the sample.
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For analysis, the three types of coated SPIONSs were freeze-dried for 24 hours (VaCO 2 ZIRBUS
technology) and the spectra were obtain using FTIR Nicolet 6700 (Thermo Electron Corporation) with
attenuated total reflectance (ATR) with an incident angle of 45° in the range of 4000 — 480 cm™.

TEM

TEM is an advanced microscopy technique that relies on the interaction between a high-energy
electron beam (80 keV or more) and a solid sample. High resolution images are produced with this
method allowing the acquisition of detailed information about the sample under analysis.

For this work the images were obtained from solutions of the different types of SPIONs diluted
in ultrapure water at a concentration of 0.5 pg/mL. The diluted samples were placed on a 25 mesh Kevlar
grid for analysis and images were obtained in a Hitachi H-8100 Il with LaB6 thermionic emission.

XRD

XRD is a widely used technique for analyzing the structure of crystalline materials. It is based
on the principle that, when the sample is subjected to X-rays, they interfere with the crystal lattice and
interact with it, producing a diffraction pattern that is then compared to reference standards. The SPIONs
were freeze-dried for 24 hours using VaCO 2 ZIRBUS technology, and the analysis was performed with
a Panalytical X'Pert PRO MDP X-ray diffractometer where the 20 values were obtained using Cu-K
radiation (k = 1.54060) generated in a range of 15° to 80° with a step size of 0.033.

TGA

TGA is a technique used to study the thermal stability and decomposition behavior of materials.
Briefly, it consists of monitoring the mass of the sample as temperature changes occur in a specific
atmosphere. For this work, the SPIONs were also freeze-dried for 24 hours using VaCO 2 ZIRBUS
technology, and the TGA measurements were made using TGA-DSC — STA 449 F3 Jupiter at a heating
rate of 10 °C. min™t from room temperature (25 °C) to 900 °C in oxygen free atmosphere.

DLS

An optical measurement method used for the characterization of disperse systems is DLS. This
method is most typically used to measure the Brownian motion of particles in liquids with the aim of
particle size analysis. Briefly, a photon-counting detector is positioned at a specified angle and contin-
ually measures the amount of monochromatic laser beam scattering caused by the present particles. Due
to Brownian motion, the quantity of photons hitting the detector varies with time, producing character-
istic size-dependent fluctuation intervals in the field scattered intensity (Figure A.1). Typically, the in-
tensity of the dispersed light oscillates more quickly, and the correlation declines more drastically with
smaller particle sizes. Quantitative information concerning the time scale of these fluctuations can be
obtained by a signal processing technique known as autocorrelation. Here, the autocorrelation decay of
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the measured intensity can be correlated to the translational diffusion coefficient (D) by the expression
in Equation A.3.
C (t) =1+ Bexp(—2IT) (A.3)

Where tis the delay time (psec), C is the autocorrelation function, B is a pre-exponential factor,
and I" is the decay constant. Whereas g is the scattering vector that can be determined by the Equation
A4

q= 4"Tﬂsin (9) (A.49)

Here, n is the refractive index (Nwater = 1.33), A is the laser wavelength (A = 532 nm) and 6 is the
scattering angle (6 = 90°). In turn, for spherical particles, Dn can be obtained from the translational
diffusion coefficient (D) using the Stokes-Einstein relationship (Equation A.5).

kgT

h = 3D (A5)

Where ks and T denote Boltzmann’s constant (ks = 1.38x10 2% J/K) and temperature (T = 298.15

K) respectively, while n is the dynamic viscosity of the fluid (nwaer = 0.00089 Pa.s at 25 °C) and D is
the translational diffusion coefficient determined by I'/q?2.
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Figure A.1 | DLS Principle. A monochromatic laser beam illuminates the sample, and particle dimensions are
obtained from variations in the scattered light. These variations, at a specific angle o, are interpreted using an
autocorrelation function, quantifying the resemblance between the intensity of scattered light at a given moment
and a short time afterward, with this difference being defined as the delay time. Adapted from [143].

For this work, for a first characterization, the samples were prepared at 3 different concentra-
tions (0.025, 0.05 and 0.1 mg/mL) of SPIONs with the three types of coatings using MiliQ water filtered
with a 0.22 um pore membrane syringe. The diluted suspensions were then measured in triplicate, with
3 individual passes, using a disposable cell with a dispersion angle of 6 = 90°. All measurements were
performed using a SZ-100 nanopartica series (Horiba, Lda) with a laser of 532 nm and controlling tem-
peratures with a Peltier system (25 °C).

59



Appendix A: Iron Oxide Nanoparticles

Table A.1 | Hydrodynamic size and ¢ - potential of different syntheses of the three types of SPIONs in water
at 5 mg/mL. Dh, hydrodynamic diameter; PDI, polydispersity index. Aggregate formation is also given in na-
nometers (nm). Data is expressed as mean + standard deviation for at least three measurements.

Sample Dh (nm) Aggregates (nm) PDI ¢ - Potential
89.8+5.2 -- 0.22 -85.5+2.8
107.5+4.8 -- 0.17 -58.7+ 2.6
SPIONs OA
- 135.3+9.2 -- 0.23 -71.9+4.6
141.7+49 -- 0.23 -68.4+ 3.9
190.9 +13.8 -- 0.21 -46.1+15
120.8+ 7.8 275.6 £23.3 0.24 -39.3+4.3
SPIONs DMSA
- 111.4+£13.9 218.5+21.6 0.19 -478+2.0
96.9+12.0 213.0+31.2 0.26 -455+45
85.8+8.1 -- 0.19 69+15
322.3+124 16023.9 + 40007.2 0.39 -99+47
SPIONs APTES
- 212.4+39 -- 0.19 142+1.0
230.5+13.1 -- 0.25 16.0+1.6

Magnetic Hyperthermia

When exposed to an AMF, the capacity of SPIONSs to absorb energy is quantified using a param-
eter known as SAR. SAR is defined as the radiofrequency power absorbed per unit mass of an object
over a specified time period (W/g), and this value is determined by the equation A.6.

Mre dt

SAR (W/g) = LA (T (A6)

Where Cyp is the specific heat of the SPIONSs, C; is the specific heat of the liquid, m; is the mass
of the fluid, mee is the mass of iron in the colloid, and (dT/dt) max is the maximum gradient of the
suspension temperature curve.

In this work, to evaluate the heating capacity of the produced NPs, the samples were exposed to
a magnetic field strength of 300 Gauss and a frequency of 388.4 kHz using an Nb Nanoscale Biomag-
netics D5 equipment. Four distinct concentrations (1, 2.5, 5, and 10 mg/mL) were tested in water and a
temperature stabilization interval of approximately 30-40 seconds with no applied field was followed
by a 10-minute application of the field.

A.3 Protein Corona

For the PC formation study the DLS method was also used under the same conditions as above
to be able to observe the various hydrodynamic sizes. For this test SPIONs with the three types of coat-
ings were prepared at a concentration of 0.05 mg/mL and different filtered (0.22 pum pore membrane
syringe) dispersion media were tested. The formation of PC was tested using MiliQ water and using the
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three types of cell culture media respective to the cell lines under study with and without FBS (in order
to also test the influence of serum on the hydrodynamic size of the NPs). Four different time points were
tested, for this, after dilutions, the samples were incubated for periods of 3 h, 6 h, 12 h and 24 h and
were then measured in triplicates, with 3 individual runs, using a disposable cell with a scattering angle
of 6 = 90°. The {-potential of the produced SPIONs was also evaluated to determine the surface charge
of each coated SPIONs in the different dispersion media. The media had pH values of about 7, 6.9, 7.4,
7.8 and 7.4 for MiliQ water, PBS, RPMI, DMEM LG and DMEM HG respectively. A graphite electrode
cell was utilized to conduct the analysis and all the measures were performed using a SZ-100 nanopartica
series (Horiba, Lda) with a laser of 532 nm and controlling temperatures with a Peltier system (25 °C).
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B. CELL VIABILITY AND SPIONS INTERNALI-
ZATION

B.1 Cytotoxicity protocols

Resazurin Assay

Resazurin, with its IUPAC name being 7-hydroxy-10-oxidophenoxazin-10-ium-3-one, was first
identified by Weselsky. It serves as an indicator for assessing cellular metabolic activity. This particular
dye possesses the qualities of being membrane-permeable, water-soluble, stable in culture media, and
non-toxic. Resazurin plays a pivotal role as an intermediary electron acceptor within the electron
transport chain. It undergoes a transformation from its initial oxidized, non-fluorescent, blue state to its
reduced state known as resorufin, which is fluorescent and exhibits a pink coloration as represented in
Figure B.1. By monitoring a change in absorbance, it is possible to determine the amount of resorufin
produced, which is proportional to the number of viable cells. The main advantages of the resazurin
reduction assay over tetrazolium assays include its lower cost, higher sensitivity, and reduced interfer-
ence from NPs.

@ e
/@: mNADle NAD*/H,0 Q J@\
Viable Cell
Resazurin _— Resorufin

Figure B.1 | Resazurin assay Principle. Living cells maintain a reducing environment in their cytoplasm and
mitochondria, where dehydrogenase enzymes transform resazurin, a blue, non-fluorescent compound, into a red
fluorescent dye called resorufin. Adapted from [144].

For this assay, WM983b, THP-1 and HFFF2 cells were seeded in 96-well plates at a density of
100k cell/mL, 600k cell/mL, and 90k cell/mL respectively and left to adhere for 24 h. In order to assess
possible cytotoxicity, the cells were exposed for 24 h and 48 h to 100 pL of concentrations of SPIONs
between 1 mg/mL and 0.0625 mg/mL in culture medium. Positive control cells were treated with 10 %
DMSO to ensure cell death. A negative control with viable cells treated with complete culture medium
(control cells) was also established. After a 24 h and 48 h incubation period, each well was washed 2x
with the respective cell culture medium. The resazurin solution was prepared from a more concentrated
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solution in PBS at 0.04 mg/mL diluted 2x in cell culture medium. Subsequently, 150 uL of a previously
prepared resazurin solution (50% resazurin plus 50% complete medium) was added to each well and the
plates were left to incubate for a period of approximately 3 h in order to provide adequate fluorescence
avoiding signal saturation. Following this interval, 100 pL of solutions from each well were transferred
to a non-sterile 96-well cell culture plate prior to reading, ensuring minimal impact of the SPIONSs' color
on absorbance measurements. Subsequently, absorbance was recorded at 570 and 600 nm wavelengths
utilizing a BioTek ELx800 UV absorbance microplate reader. Cell viability was then calculated as a
percentage of the control using the formula [% cell viability = (NP treated cells/control cells) x 100].
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Figure B.2 | Resazurin cell viability assay of the HFFF2 (A), WM983b (B) and THP-1 (C) cell lines after
incubation periods of 24 h and 48 h with the three types of SPIONs. The percentage of cell viability was
calculated as a percentage of the cell control (without NPs) and the data are expressed as mean + uncertainty for
at least five replicates for each condition. *p value < 0.05 compared with the same condition at 24 h.
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Live/Dead Assay

The live/dead cell assay is a viability test based on real-time quantitative imaging of cells la-
beled with two probes, calcein green-fluorescent™™ and ethidium red fluorescent. The distinction be-
tween live and dead cells is then made by simultaneous staining with these two fluorophores since cal-
cein™™ stains live cells green indicating intracellular esterase activity and ethidium homodimer-1 indi-
cates loss of plasma membrane integrity by staining dead cells red.

For this assay, the three cell lines were seeded in 24-well plates maintaining the cell densities
used in the resazurin assay except for the fibroblasts, where it was used a concentration of 15k cell/mL
(to facilitate counting) and were left to adhere for 24 h. Subsequently 500 puL of APTES-coated SPIONs
at concentrations of 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, and 0.125 mg/mL diluted in the respective cell
culture medium were added to each well and the plates were incubated for 24 h. Cells that were not
exposed to SPIONs were used as a negative control. To avoid potential contamination due to the pres-
ence of SPIONSs, gentamicin antibiotic (Gilbco) was also added to each well at a ratio of 1:1000 from a
stock solution of 10 mg/mL. The cells were then washed twice with the appropriate cell culture medium,
and 150 mL of DMEM without FBS supplemented with 25 mM of the acid 4-(2-hidroxietil)-1-piperazi-
naetanosulfonic (HEPES) (Sigma), 0.2 ug/mL of calcein (Biotium) and 0.8 ug/mL of ethidium homodi-
mer-1 (Biotium) were added to each well. After being incubated for 30 minutes, the cells were then
washed with the respective culture medium in order to stop the action of the fluorophores. Live and dead
cell images were acquired using an epi-fluorescence microscope Nikon Eclipse Ti-S with 10x magnifi-
cation, and the images were analyzed using Cell Profiler software. The percentage of live and dead cells
were obtained using [% cells = treated cell count/total cells x 100] where outliers were removed consid-
ering a significance level of 0.05. For this assay, three replicates were made for each concentration and
approximately 30 images were taken of each well.

B.2 Internalization Study

Prussian Blue Staining

The uptake of SPIONSs by the three types of cell lines was determined based on Prussian blue
staining. Prussian blue staining is a classic histochemical reaction in which hemosiderin in the cells is
separated from Fe®** by diluted hydrochloric acid. The Fe®*" then combines with potassium ferrocyanide
to produce an insoluble ferrous cyanide known as Prussian blue. In this way it provides representative
images of the iron content inside the cells by light microscopy, giving a qualitative notion of the amount
of SPIONs in the different cell lines.

For this assay, WM983b, THP-1 and HFFF2 cells were seeded in 24-well plates with 12 mm
coverslips, tripling the cell densities of the resazurin assay, to obtain a monolayer cell model, and al-
lowed to adhere for 24 hours. After this time the cells were exposed to the three types of SPIONSs for 1
h, 6 h and 24 h at a concentration of 100 ug/mL and a control without NPs was also made. Gentamicin

antibiotic was added to each well at a ratio of 1:1000 from a stock solution of 10 mg/mL. After the
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incubation periods, the cells were washed 4x with PBS and 400 pL/well of 4% PFA solution was added
for fixation. After a time of about 15 minutes the cells were washed 3x with PBS and were then treated
with 400 pL Perl reagent (4% potassium hexacyanoferrate (1) trihydrate), Ks[Fe (CN)g] - 3H20 (w/v)
(Merck) and 4% HCI (v/v)) for a period of 40 minutes at room temperature. The wells were then washed
4x with PBS and the coverslips were removed. Following a PBS and water wash, each coverslip was
mounted on slides using 10 pL of Mowiol mounting media (Sigma-Aldrich). For this assay, three rep-
licates were made for each condition and approximately 12 images were obtained of each well using a
Nikon inverted microscope with transmitted light bright field and objectives with magnifications of 10X,
20x (not shown), and 40x.
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24 h

6h

Figure B.3 | SPIONs intracellular location in HFFF2 fibroblast cells after Prussian blue staining. Cells incu-
bated with 100 pg/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright field images
at 10x and 40x objective magnification with scale bar: 50 um.
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Figure B.4 | SPIONs intracellular location in WM983b melanoma cells after Prussian blue staining. Cells
incubated with 100 pug/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright field
images at 10x and 40x objective magnification with scale bar: 50 um.
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Figure B.5 | SPIONs intracellular location in in THP-1 macrophage-like cells after Prussian blue staining.
Cells incubated with 100 pug/mL of SPIONs coated with OA, DMSA and APTES for 1 h, 6 h and 24 h. Bright
field images at 10x and 40x objective magnification with scale bar: 50 um.
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B.3 In vitro Magnetic Hyperthermia

Figure B.6 | Hyperthermia flasks before the in vitro MH assay. Flasks containing the HFFF2 cell line (A) and
the WM983b cell line (B) following a 24-hour incubation period with SPIONS.

71






