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Abstract

Anaplastic thyroid carcinoma is a very rare subtype of thyroid carcinoma and one of the
most lethal known malignancies, with a mean survival of 3-5 months. The poor prognosis is
mainly due to its undifferentiated nature, inoperability and failing to respond to the typically
used therapies for thyroid cancer. Photothermal Therapy (PTT) entails the use of light to
increase the temperature of tissues, leading to hyperthermia-mediated cell death. Tumours are
more susceptible to the generated heat as they are unable to dissipate it. By using targeted
light-absorbing gold nanoparticles (AuNPs), able to transform the light energy into heat, it is
possible to target the heat to a specific site, i.e., the tumour.

The aim of this project was to formulate anaplastic thyroid carcinoma-targeted light-
absorbing AuNPs able to convert near-infrared light into heat, for PTT applicable to this
malignancy.

For this, different cores of AuNPs were synthetized and coated with polymeric material.
Particle size, morphology and SPR band were determined. The optimized coated-AuNP core
was then functionalized with three ligands to assess anaplastic thyroid carcinoma’s
specificity. All formulations were tested in vitro for safety, efficacy and selectivity.
Moreover, the formulations biodistribution and safety profiles were preliminarily assessed in
Vivo.

The different formulations were deemed safe when not irradiated (<30% reduction in cell
viability) and selective for anaplastic thyroid carcinoma. Holo-transferrin AuNP was the most
cytotoxic when irradiated, promoting 22% of reduction in cell’s viability. Regarding the in
vivo assessments, this formulation was demonstrated as being safe. Taking these all together,
this novel formulation seems to be a viable approach for the treatment of anaplastic thyroid

carcinoma, to assess in a very near future.

Keywords: Anaplastic Thyroid Carcinoma; Photothermal Therapy; potential innovative

therapies; gold nanoparticles.



Resumo

O carcinoma anaplésico da tiroide ¢ um subtipo de cancro da tirdide que, apesar de ser dos
mais raros, ¢ um dos mais letais, com uma sobrevida média de 3-5 meses, devido a sua ndo-
diferenciagdo, fraca resposta a tratamentos e, ao facto de, na sua maioria das vezes, ndo ser
operavel. Como alternativa, a terapia fototérmica (PTT) induz morte celular por hipertermia,
utilizando energia luminosa como fonte de aquecimento para tecidos. Os tumores sdo
particularmente suscetiveis a hipertermia devido a ineficiente dissipacdo do calor. Através do
uso de nanoparticulas de ouro (AuNPs) direcionadas, capazes de absorver e converter a
energia luminosa em energia térmica, ¢ possivel conduzir esta hipertermia a uma localiza¢ao
especifica, como o tumor.

Assim, este projeto teve como objetivo formular AuNPs seletivas para o tratamento de
carcinoma anaplasico da tiroide, que absorvam e convertam luz préximo do infra-vermelho,
mediando PTT para este tumor.

Neste trabalho foram testados e caracterizados (tamanho, morfologia e banda de absor¢ao)
diferentes nucleos de AuNPs. Depois da otimizacdo, as AuNPs foram funcionalizadas com
ligandos no intuito de tornar as AuNPs especificas para este tipo de tumor. A seguranga,
eficacia e toxicidade de cada formulagdo foram testadas in vitro. Foram ainda realizados
ensaios in vivo de modo a estudar a seguranga e biodistribuicao das formulacdes.

Destes estudos, concluiu-se que as AuNPs funcionalizadas revelaram-se seguras (reducao
de viabilidade celular <30%) ¢ seletivas. As AuNPs funcionalizadas com holo-transferrina
foram as que demonstraram maior citotoxicidade para as células cancerigenas sem serem
irradiadas, mas também ap0s irradiagdo com laser, atingindo uma redugdo na viabilidade
celular de 22%. Quanto aos ensaios in vivo, foi demonstrada a seguranca da formulagao.

Considerando os resultados obtidos, esta formulag@o inovadora sugere ser uma estratégia
promissora par o tratamento do carcinoma anaplésico da tiroide, a ser testada num futuro

proximo.

Palavras-chave: Carcinoma Anaplasico da Tiroide; Terapia Fototérmica; terapias

potencialmente inovadoras; nanoparticulas de ouro.
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1. Introduction

1.1 Nanotechonolgy, Nanomedine and Nanoparticles'

Nanotechnology has become an excellent platform with many applications in different
fields of science, allowing to control and manipulate matter at the nanoscale by designing and
engineering new systems [1,2]. The application of nanotechnology for medical purposes is
called nanomedicine. This exponentially-growing field is expected to significantly impact the
quality of health care through the improvement of diagnostic tools, prevention and treatment
of many diseases [3,4]. Nanomedicine could potentially provide improved and cost-effective
healthcare, allowing availability and affordability [5]. In fact, the nanomedicine industry
market value is expected to reach a total of US$334 billion by the end of 2025 [6]. Converting
a material into the nanoscale has many advantages, including very high surface area-to-
volume ratio, precise drug delivery, modification of transport mechanism through biological
barriers and different alterations in the physicochemical properties of the material by itself
[5,7]. Moreover, as many biological processes occur at the nanoscale, and as nanomedicine
allows to cross biological barriers, it can provide novel opportunities to interact with such
processes, which is important for both imaging and drug delivery [5].

Nanomedicine-based therapeutics have contributed to the development of innovative
treatment approaches of different nature (i.e., antitumoral, antiviral, anti-inflammatory) [8],
particularly relevant when applied to cancer treatment [9]. Many NPs-based products have
been approved for the treatment of various tumors, some of them still in various phases of
clinical trials [10]. Approved by the FDA (1995) and the EMA (1996), Doxil® was the first
liposomal-encapsulated doxorubicin formulation. This anticancer drug showed superior
clinical performance in a variety of neoplasms due to its pharmacokinetics and
biodistribution, having reduced adverse side effects and improved overall patient compliance
and quality of life [11]. This formulation contains PEG chains on the liposomal surface. This
characteristic increases the longevity of the liposomes in the circulation system [12].
Moreover, DaunoXome® is a liposomal formulations of daunorubicin, used for the treatment
of different solid malignancies, including AIDS-related Kaposi’s sarcoma, breast cancer and

ovarian cancer; and Abraxane®, a nanoencapsulated paclitaxel using albumin-based

! Section 1.1 Nanotechonolgy, Nanomedine and Nanoparticles is adapted from the following publication by our
group (with permission of the copyright holder): Mota, A., Sousa, A., Figueira, M., Amaral, M., Sousa, B.,
Rocha, J., Fattal, E., Almeida, A. & Reis, C., (2020). Natural-based consumer health nanoproducts:
medicines, cosmetics, and food supplements. Handbook of Functionalized Nanomaterials for Industrial
Applications, 527-578. https://doi.org/10.1016/B978-0-12-816787-8.00019-3
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nanoparticles directed to breast and lung cancers [9,13]. These formulations improved the
quality of life of patients treated with the nanoencapsulated drugs by diminishing the adverse
side effects associated with such drugs.

Different nanosystems applied to cancer treatment and/or diagnosis include: liposomes,
nanoparticles (NPs), dendrimers, polymeric micelles, nanocantileveres, carbon nanotubes and
quantum dots [9]. NPs are described as being molecular assemblies of functional chemicals
and molecules, and can differ not only in the materials in its’ constitution, as well as its’ size
(1-1000 nm) and other physicochemical properties [14,15]. As mentioned, NPs can be made
from different materials, and according to the used material, NPs are categorized as: organic
NPs, usually lipid-, carbon- or polymeric-based; or as inorganic NPs, made from materials
such as metals [16]. The main application of these nanosystems in cancer treatment are mainly
as targeted-drug delivery systems as these elicit enhanced drug bioavailability and delivery
to the desired site. Therefore, NP-delivered drugs lead to higher drug concentration in the
targeted site, through one of two forms of targeting: active targeting and passive targeting
[17,18]. Active targeting consists on modifying the nanosystems’ surface with a targeting
moiety, usually an antibody for a specific biomarker present in the cancer cell or a ligand for
an overexpressed receptor. Besides enabling targeted delivery of a drug, active targeting can
also promote faster internalization of the NP by the targeted cancer cell, through receptor-
mediated endocytosis [17,19]. On the other end, passive targeting requires the understanding
of the enhanced permeation and retention (EPR) effect, resulting from the enhanced
permeability of the incomplete tumour blood vessels and the enhanced retention originated
from lack of tumoral lymphatic drainage [19,20]. The tumour’s microenvironment is deeply
vascularized due to the abnormal secretion of different pro-angiogenesis factors [21]. The
blood vessels present in the tumours’ microenvironment have enhanced permeability due to
faulty angiogenesis, originating blood vessels with open inter-endothelial junctions or open
transendothelial channels [20]. The presence of such gaps in tumoral blood vessels, with a
size cut-off of about 400 to 1000 nm, much bigger than the normal gaps between endothelial
cells (5 to 10 nm), allows NPs that were circulating in the blood system to extravasate into
the tumour interstitium [19]. Due to incomplete and inefficient lymphatic vessels, NPs are
not rapidly cleared from the interstitium, and thus are retained in the tumour [17,20].
Therefore, passive targeting takes advantage of the normal biodistribution of the NPs into the

tumour, as well as of the EPR effect [19].
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1.2 Gold Nanoparticles (AuNPs) and Photothermal Therapy (PTT)

Historically, gold has been used in medicine to treat diseases affecting mainly the skin
(i.e., smallpox, measles and skin ulcers) by ancient civilizations from Egypt, India and China
(e.g.), and is currently used for the development of medical devices to treat cardiovascular
diseases and earing problems, for example [18]. Gold nanoparticles (AuNPs) are a type of
inert inorganic NPs with interesting applications in nanomedicine due to its unique and
versatile optical and physicochemical properties, biocompatibility, stability and low
cytotoxicity [22]. These applications include a variety of fields, such as biosensors,
diagnostics, vaccines, molecular imaging, drug delivery and theranostics [18,23,24]. When
applied to cancer diagnosis, AuNPs can improve tumour computerized imaging (CT scan),
by labelling cancer cells, due to its property to absorb much more X-ray radiation than any
soft tissue and can also be used as probes for near-infrared (NIR)-imaging of tumour cells
[25]. Furthermore, AuNPs can be functionalized or carry imaging and/or radiosensitive
agents in order to improve the already established tools for cancer imaging (i.e., positron
emission tomography - PET, CT scan, magnetic resonance imaging - MRI) [18,25].
Employing AuNPs, instead of other nanosystems, for better imaging of tumours has
advantages, such as higher biocompatibility, as well as better and a more controlled
colorimetric contrast, due to their optical properties, which vary according to size, shape and
surface functionalization [18]. Regarding cancer therapeutics specifically, AuNPs have
shown to present a broad variety of potential applications and have been studied for drug
delivery (chemotherapy), radiotherapy, immunotherapy, photodynamic therapy (PDT) and
photothermal therapy (PTT) [18,24,26-29]. AuNPs have been tested as possible drug delivery
systems for different chemotherapy agents, such as platinum derivates (i.e., cisplatin,
carboplatin and oxaliplatin) and anthracyclines (i.e., doxorubicin and epirubicin), as well as
delivery systems of cancer antigens and immune adjuvants, enhancing cancer immunotherapy
[26,30-33]. Furthermore, AuNPs have also been applied to radiotherapy as radiosensitizers
to physical and chemically enhance the ionizing radiation dose and to improve the chemical
sensitization of DNA to the ionizing radiation emitted [34]. Moreover, AuNPs can improve
the targeting of the radiation to the tumour, reducing the damage to the surrounding tissues,
and further enhancing the therapeutic effect through increasing the production of free radicals
and other reactive species [27].

PDT and PTT are phototherapies that entail the use of light to ablate localized tumour

masses, but through different mechanisms, as depicted in Figure 1[35,36].
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Photodynamic Therapy (PDT)

Activation of Photosensitizer and Tumour shrinkage

Injection of Photosensitizer
Joct e production of ROS

Photothermal Therapy (PTT)

Irradiation of tumour to increase Tumour shrinkage
temperature
(heat-mediated cell death)

Figure 1. Main differences between photodynamic therapy (PDT) and photothermal therapy

(PTT) mechanisms of action in tumour shrinkage.

PDT wuses photochemical reactions produced through the photoactivation of
photosensitizer drugs, when irradiated with the adequate wavelength, originating reactive
oxygen species (ROS) [37,38], which promote cell death. AuNPs are usually used in PDT
with the main purposes of improving the delivery, targeting and accumulation of
photosensitizers drugs to/in tumours, through incorporating the photosensitizer into the
AuNPs or/and by conjugating to the surface of AuNPs [37,39,40].

In contrast, PTT does not use photosensitizers nor photochemical reactions, taking
advantage of a different mechanism of action. PTT uses light/heat sources, such as visible
light, radiofrequency waves, microwaves, ultrasound waves, ultraviolet (UV) and NIR light,
in order to increase the local temperature and ablate the tumour mass by hyperthermia [36].
The hyperthermia generated at the tumour site causes the cancer cells to undergo irreversible
damage, usually characterized by protein denaturation and disruption of the cellular
membranes, culminating in hyperthermia-mediated cell death [37,41,42]. In comparison to

the current commonly therapies used to treat cancer, PTT presents many advantages such as

20



minimal invasiveness, low toxicity and spatial-temporal specificity [41,43]. Furthermore,
PTT presents a high specificity to neoplastic tissues or tumour cell masses, since these present
an incomplete vasculature, which unables them to dissipate the heat generated from the light
source through their blood vessels and therefore tend to reach higher temperatures, making
them more prone to heat-mediated cell death [42]. Although hyperthermia-based treatments
have been used for many years, there are still some limitations associated to PTT-based cancer
treatments [44,45]. The main limitation relates with the difficulty to induce homogeneous and
precisely-localized hyperthermia without resorting to more invasive approaches (i.e.,
inserting antennas to the local of the tumour). Another important problem related with the use
of PTT results from the poor penetrating capacity of the radiation used, since human tissues
present high extinction coefficients, therefore limiting PTT-based treatments to superficial
and localized tumours [45].

Applying combined PTT and nanotechnology approaches can overcome the above-
mentioned limitations to PTT. Indeed, using photoabsorbent NPs, one can change the
photothermal properties of the medium and therefore enhance the hyperthermic effect on
tumours [46]. In order to enhance PTT efficacy, NPs are required to present the following set
of characteristics: high absorbance at the wavelengths of biological windows (700-980 nm
and 1000-1400 nm), since intervals tissues’ scattering and absorption is reduced at these
wavelengths, allowing radiation to reach the tumour site in order to achieve maximum
absorption and conversion into thermal energy by the NPs. It has been described that NPs
generally present also low toxicity when not activated by laser, ensuring that no tissues are
harmed before the NPs reach the desired site [45]. Also, NPs allow easy surface
functionalization and therefore provide higher selectivity of the PTT-generated hyperthermia
to the cancerous mass [45].

NPs with applications in PTT can be made of different materials, with a special focus in
inorganic metal-based NPs, including iron oxide-based NPs, palladium-based NPs, copper-
based NPs and AuNPs [47,48]. In addition to inorganic NPs, NPs for PTT can also be
developed from organic materials, examples of such including carbon-based NPs (e.g.,
graphene NPs, carbon dots and carbon nanotubes), micelles, liposomes and protein/polymer-
based NPs [48,49]. Gold-based NPs, made entirely or partially of gold, have many advantages
when used in NP-based PTT, compared to other NPs [50]. Such advantages include efficient
light-heat conversion and tunnable optical properties that can be manipulated through varying
the AuNPs physical characteristics, such as size and shape [18,50,51]. AuNPs are considered

plasmonic NPs, as their characteristic optical properties are a result of the surface plasmon
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resonances (SPR) phenomenon [51,52]. In this phenomenon, free electrons present at the
interface between the metallic surface and the adjacent medium oscillate in resonance with
external electromagnetic fields generated by the light sources, resulting in charge separations
and consequent dipole oscillations [51,52]. These resulting oscillations are amplified at the
SPR frequency, causing high degree absorption of the photons emitted by the light source at
the SPR wavelengths [51,52]. The SPR wavelengths of AuNPs can be manipulated through
modifying its’ composition, size, structure and shape [52]. The majority of the AuNPs
synthetized for PTT applications present SPR bands at wavelengths bellow the biological
window, in the UV or visible spectrum, which present poor penetration into human tissues
and thus are suitable for the treatment of very superficial tumours only, such as skin cancers
[53-55]. Moreover, AuNPs can also be designed to absorb in the NIR range of the light
spectrum (650-950 nm), allowing the treatment of more internal solid tumours, localized up
to 2-3 cm bellow the skin [56,57].

There have been many advances regarding the use of AuNP-mediated PTT with NIR light
to treat solid tumours and NIR-activated AuNPs have been proposed for the treatment of
many cancers, including melanoma [58,59], lung cancer [60], breast cancer [61], prostate
cancer [62], liver cancer [63] and colon cancer [64]. Some of the cited examples mention
functionalized AuNPs, with ligands such as epidermal growth factor (EGF) [58] and anti-
EGF receptor (EGFR) antibodies [60,61], which allow, through active targeting, to improve
tumour targeting and formulation specificity, avoiding accumulation of AuNPs in off-target
organs, and therefore with substantial decrease of the side effects. AuNPs allow
functionalization with a large variety of ligands through an array of processes, such as:
covalent conjugation, normally associated with the conjugation of biomolecules (i.e., DNA,
proteins, peptides, some drugs) and the establishment of gold-thiol chemistry, allowing the
ligand to attach to the AuNPs’ surface through secondary tethering; and non-covalent
conjugation, that occurs by processes such as specific binding affinity, electrostatic or by
hydrophilic interactions [57,65,66].

There are some concerns regarding the long-term toxicity of NPs, in general, mainly driven
by using toxic chemicals to synthetize these systems and ineffective clearance of NPs from
its’ accumulation sites [57]. Such concerns can be addressed by modifying the NP surface
through ligand conjugation, or for example by adding an external coating [57]. Examples of
commonly used coatings for AuNPs are the addition of polyethylene glycol (PEG) [62] and
other polymers [67,68], chitosan [63], protein-based coatings (i.e., bovine serum albumin,

BSA) [69], amorphous silica [70,71] and lipids [72].
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1.3 Anaplastic Thyroid Carcinoma

Thyroid is a butterfly-shaped gland composed by two lobes, located medially in front
of the neck, below the larynx and posteriorly to the tracheal thyroid cartilage [73]. This gland
has a functional unit, the thyroid follicle, a cystic structure composed of a single layer of
follicular cells [74]. These units store thyroglobulin, involved in the synthesis of thyroid
hormones (i.e., tri-iodothyronine, T3; and tetraiodothyronine, Ts) [74,75]. Thyroid hormone
production and secretion are controlled by the hypothalamus-pituitary axis, comprising the
release of thyrotropin-releasing hormone (TRH) from the hypothalamus, and thyroid-
stimulating hormone (TSH), from the pituitary [74,76]. Upon release by the pituitary, TSH
binds to the TSH receptor (TSHR) of the follicular cells’ membrane, stimulating the synthesis
and release of the thyroid hormones [74,76]. Regulation of thyroid function is achieved almost
entirely by a negative feedback mechanism carried out by Tz and T4 on hypothalamus and
pituitary.

T3 and T4 are known to play important roles in the human body, such as promoting the
growth and differentiation of many tissues, as well as energy and metabolic homeostasis, due
to their involvement in different metabolic pathways [77]. Moreover, the thyroid gland also
comprises neural-crest derived parafollicular C-cells, located in-between thyroid follicles and
responsible for calcitonin secretion [78], which promotes calcium and phosphate renal
elimination and deposition in different tissues [78].

Although thyroid cancers account for only 2.1 % of all cancers diagnosed worldwide, it is
one of the most frequent endocrine malignancies [79-81]. As with other malignancies,
thyroid cancers differ in their morphology, invasiveness and molecular profile [81,82].

Taking into account their histopathology, thyroid carcinomas can be classified as well-
differentiated (medullary, papillary and follicular thyroid carcinoma) or undifferentiated

(anaplastic thyroid carcinoma) [82—84], as summarized in Table 1.

2 Section 1.3 Anaplastic Thyroid Carcinoma is adapted from the following publication by our group (with
permission of the copyright holder): Amaral, M., Afonso, R.A., Gaspar, M.M., & Reis, C.P. (2020). Review
article - Anaplastic thyroid cancer: How far can we go?. EXCLI Journal,19, 800-812.
https://doi.org/10.17179/excli2020-2257
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Table 1. Classification of thyroid carcinomas (TC).

Cell Type Subtype
Unknown Anaplastic TC Undifferentiated
Follicular Papillary TC
Follicular TC Well-
Parafollicular Differentiated
C-cells Medullary TC

1.3.1 Epidemiology and Prognosis

Papillary thyroid carcinoma accounts for the largest portion of thyroid carcinomas (70-
80%), being the least aggressive due to slowly-forming metastasis and low invasiveness [85].
Follicular thyroid carcinoma is a more aggressive subtype of well-differentiated thyroid
carcinoma, due to its usual later diagnosis, and accounts for 10% of thyroid malignancies
[86]. Medullary thyroid carcinoma accounts for 5-10% of thyroid malignancies, originates
from parafollicular C-cells, is associated with a mutation of the RET proto-oncogene and can
be sporadic or familial (25% of medullary thyroid carcinomas) [87]. Another form of
hereditary thyroid carcinoma is familial non-medullary thyroid carcinoma, englobing all
hereditary thyroid carcinomas originating from thyroid follicular cells [88,89]. Although
familial non-medullary thyroid carcinoma is inherited through an autosomal dominant
pattern, the associated mutated genes are not yet identified [89].

Anaplastic thyroid carcinoma is a form of undifferentiated thyroid carcinoma, which
although rare (<2%), is one of the most lethal malignancies, being characterized by high
aggressiveness, due to both fast growth and strong invasiveness, as well as low
responsiveness to most therapies currently available [90,91]. Moreover, although anaplastic
thyroid carcinoma arises from thyroid follicular cells, these cells loose its thyroid-like
features, leading to very poor prognosis [92]. The overall 5-year survival rate upon anaplastic
thyroid carcinoma diagnosis is lower than 10%, and most patients do not live longer than a
few months after diagnosis [93].

These two groups of malignancies have different aggressiveness. Indeed, well-
differentiated thyroid carcinomas are known to be more manageable, with higher survival
rates, whereas undifferentiated thyroid carcinomas are known to be more aggressive, with
higher invasiveness and poorer prognosis, normally non-operable and having poor treatment
response rates [94]. Well-differentiated thyroid carcinomas include malignancies derived
from the thyroids’ follicular cells, such as papillary and follicular thyroid carcinomas [95].

Anaplastic thyroid carcinoma is an undifferentiated subtype with very poor survival
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prognosis, estimated to be 3 to 5 months after diagnosis, and survival rates of 10-20% and
less than 5% after 1 and 10 years, respectively [96]. Although this rare tumor has an incidence
of only 1-2 persons per million per year, it is responsible for 40% of all thyroid cancer deaths
[97,98]. The very poor prognosis is associated to anaplastic thyroid carcinoma only being
detectable by the current diagnostic tools at advanced stages and, furthermore, being
unresponsive to the current treatments available [82].

In similarity to what is seen for malignancies of other tissues and/or organs, there are risk
factors associated with the increased chances of developing thyroid carcinomas. Such risk
factors include radiation exposure to the chest or neck area, abnormal iodine intake leading
to iodine deficits, previously-existing thyroid pathologies (i.e., goiter and Hashimoto’s
Thyroiditis) and metabolic disorders (i.e., diabetes and obesity) [99]. There are some etiologic
factors specifically associated with the development of anaplastic thyroid carcinoma, both as
primary disease or by dedifferentiation of other thyroid malignancies. Such etiological factors
include irradiation and abnormal TSH levels [100]. The biggest risk factor for developing this
rare undifferentiated carcinoma seems to be prior history of goiter, both of self and familial
[96]. Furthermore, risk factors generally include previous history of other thyroid
malignancies, as these can give rise to anaplastic thyroid carcinoma through dedifferentiation
[100,101]. Anaplastic thyroid carcinoma seems to occur most frequently in the elderly, being
diagnosed at around 65-72 years old [102]. Generally, both well-differentiated and anaplastic

thyroid carcinoma affect women 2 to 3 times more than men [103].

1.3.2 Pathophysiology and Histology

As previously mentioned, based on their histology and behavior, thyroid carcinomas can
be subcategorized in well-differentiated and undifferentiated (anaplastic) thyroid carcinomas.
Regarding histology, well-differentiated thyroid carcinoma arises from the thyroids’
follicular cells and can be classified as papillary, if a papillary pattern is seen, or follicular, if
a follicular pattern is found [104]. Although both patterns may be present, classification is
based on the most prevalent pattern observed [104]. Furthermore, well-differentiated thyroid
carcinoma aggressiveness is determined by assessing the presence of capsular and/or blood
vessels invasion [105]. Usually, papillary thyroid carcinomas present as an encapsulated
mass, not invasive, whereas the follicular subtype presents high invasiveness, of both capsule

and blood vessels. Papillary thyroid carcinomas can be further distinguished into two classes
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according to molecular profiling: BRAF-predominant; and RAS-predominant, the last
associated with increased aggressiveness [105].

Usually, thyroid carcinoma staging is determined by age, histology, size, extra-glandular
invasion and presence of distance metastasis [106]. Regardless of the patient’s and tumor
status based on the mentioned characteristics, anaplastic thyroid carcinomas are always
classified as stage IV [85,90,107]. Then, by assessing different parameters, it can be sub-
classified as: stage IVA, if it is confined to the thyroid; stage IVB, when there is extra
thyroidal disease; or stage IVC, once distant metastasis are present [108].

Anaplastic thyroid carcinoma is often clinically characterized as a large palpable rapidly
growing mass, causing symptoms such as hoarseness, dysphagia, dyspnea, and in advanced
cases, superior vena cava syndrome and Horner’s syndrome [109,110]. Histologically, the
characteristic cells of this tumor are known to have undergone epithelial-mesenchymal cell
phenotype transition [82]. Furthermore, histological findings may follow one of three patterns
according to the main cellular population present being giant, spindle or squamous cells
[109,110]. This leads to uncertainty of the organ of origin, culminating in delays in diagnostic
and in initiation of treatment [109,110]. Although these histological differences may be
present, they do not significantly influence prognosis [111]. Macroscopically, regardless of
its cellular heterogeneity, anaplastic thyroid carcinoma presents characteristically as large
light tan color tumors, with marked invasiveness and mitotic activity, high proliferation,
presence of hemorrhage and large areas of necrotic tissue, but decreased apoptosis [111].

Although this undifferentiated malignancy can arise primarily, there is clinical, pathologic
and epidemiologic evidences supporting that it can originate from the dedifferentiation of
previously-existing well-differentiated thyroid carcinomas [112,113]. Such evidence includes
the fact that these tumors can coexist and that some treated well-differentiated thyroid
carcinomas relapse as anaplastic thyroid carcinomas [114]. Furthermore, the genetic
modifications and oncogenes that give rise to follicular and/or papillary thyroid carcinomas
are also observed in anaplastic thyroid carcinomas [112,113,115]. Moreover, anaplastic
thyroid carcinoma harbors some characteristic genetic features [116]. For example, gain of
function mutations of the PIK3CA gene are frequently seen in anaplastic thyroid carcinoma,
but not in well-differentiated thyroid carcinomas [116]. Mutations in the gene encoding [-
Catenin, CTNNBI, are commonly associated with epithelial-mesenchymal transition, which
has been speculated as being one of the main processes behind this malignancy pathogenesis
[94,116]. The previously mentioned mutations are gain of function of important oncogenes,

but the loss of function and inactivation of tumor suppressor genes are also present in
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anaplastic thyroid carcinoma [116,117]. Such genes include p53 and PTEN, both negative
regulators of proliferation and inducers of apoptosis [94,117,118]. Thus, the inactivity of
these genes lead to increased aggressiveness, and are present in this non-differentiated tumor
[116]. Anaplastic thyroid carcinoma shares mutations with follicular and/ or papillary thyroid
carcinomas, such as point mutations in BRAF and RAS, but these mutations are more common
in the differentiated subtypes [116,117,119]. Furthermore, the overexpression of receptors,
such as EGFR, are not only characteristic of anaplastic thyroid carcinoma but also of thyroid
and primary thyroid carcinomas dedifferentiation or anaplastic carcinoma transformation
[120,121].

Like other cancers, anaplastic thyroid carcinoma presents altered expression (i.e.,
overexpression, low expression or loss of expression) of many receptors when compared to
healthy thyroid tissues, and have been hypothesized as being contributors to tumour genesis
and disease progression, including growth factor receptors such as HER-2, platelet-derived
growth factor receptor (PDGFRJ), vascular endothelium growth factor receptor (VEGFR)
and EGFR, as already mentioned [122—-124]. EGFR is a family of transmembrane growth-
factor receptors tyrosine kinases overexpressed in anaplastic thyroid carcinoma
(EGFR/ErbB-1, HER2/ErbB-2, HER3/ErbB-3 and HER4/ErbB-4) that take part in a complex
signalling cascade that mediates many cellular processes, including cell proliferation,
survival, adhesion, migration and differentiation [125,126]. Aberrant activation of EGFR,
through its’ overexpression or overactivation of normally-expressed EGFR, in cancer cells
leads to an increase of the cells’ capacity to grow and survive, mediating tumorigenesis and
dedifferentiation, increasing the tumour aggressiveness [127,128]. The role of EGFR in
thyroid cancer progression has been described as being mediated through the overactivation
of the MAPK and PI3K/AKT signalling pathways, that regulate cell growth, proliferation,
cell death through apoptosis, and metabolic processes, both through the gene expression
regulation [129,130].

Moreover and in similarity to other malignancies, anaplastic thyroid carcinoma also
presents overexpression of the type Il cell membranase-associated glycoprotein, type I
receptor for transferrin (TfR1/CD71), responsible for transferrin (Tf)-mediated iron import
and mainly involved in iron homeostasis and cell growth when in physiological conditions
[131,132]. This ubiquitously expressed receptor is expressed in healthy thyroid tissues, but
have low levels of membrane incorporation, when in physiological conditions, acquiring an

aberrant expression profile during tumorigenesis and tumour progression [131]. Abnormally
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expressed TfR1/CD71 is involved in different key processes in cancer, such as promoting

cancer cells’ proliferation, migration, invasion, apoptosis and metastasis [132].

1.3.3 Diagnosis

Well-differentiated thyroid carcinomas, such as follicular or papillary thyroid carcinomas,
are usually asymptomatic and are diagnosed upon physical and/or ultrasonography
examination [133]. In rare occasions, well-differentiated thyroid carcinomas may present
symptoms such as a palpable and growing neck mass, hoarseness, dysphagia and/or with
cervical lymph-node metastases [133].

Anaplastic thyroid carcinoma generally presents more serious symptoms, including
hoarseness, airway distress, dyspnea and dysphagia, caused by a fast growing neck mass
[134,135].

In order to classify a thyroid nodule as malignant or benign, TSH serum levels are
evaluated, and a combination of histological, cytological and imaging techniques are used.
TSH serum levels allow to differentiate between hyperfunctioning and non-functioning
nodules [85]. Thyroid carcinomas often present non-functioning thyroid nodules, and thus,
other tests are generally required [85].

Definitive diagnostic is usually achieved by fine-needle aspiration biopsy and/or high-
resolution ultrasonography [85,136,137]. Papillary, medullary and anaplastic thyroid
carcinomas are diagnosed according to the results of these examinations, but additional
histological tests can be necessary to differentiate between follicular thyroid carcinoma and

benign follicular thyroid adenomas [138].

1.3.4 Current Treatment Approaches

Currently, thyroid cancer is treated by using a combination of radioactive iodine therapy,
thyroid hormone suppression therapy and surgery. Nevertheless, the chosen treatment is
defined according to different factors, such as the subtype of cancer and stage of disease [85].

Total or partial surgical resection of the thyroid gland remains one of the first options for
both well-differentiated and undifferentiated thyroid carcinomas, although in the latter total
thyroidectomy is unusual due to invasiveness of the disease [109,139].

Therapy with radioactive iodine has been used to treat thyroid cancer since 1946 [140].
For radioactive iodine therapy to be effective, a high level of thyroid-stimulating hormone

(TSH or thyrotropin) must be present in the blood to promote its uptake/or absorption. To
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synthetize thyroid hormones, the thyroid follicular cells need to uptake iodine, a substrate
required for the synthesis of these hormones. lodine is internalized by the follicular cells
through iodine symporter channels. Inside the follicular cells, the iodine is oxidized and
bound to tyrosyl residues of thyroglobulin, giving rise to tri-iodothyronine (T3) and
tetraiodothyronine (T4), with three and four atoms of iodine, respectively [141,142]. When in
the presence of Radioactive Todine ('*'I) instead of normal iodine, the '3'I undergoes the
previously described processes in the follicular cells, leading to tissue necrosis mediated by
its beta emissions. As a result, this necrosis will lead to the ablation of the functional tissues
of the thyroid gland [142,143]. Conventionally, this therapy is used after surgery, either as an
adjuvant therapy or to treat any tumoral residual tissue [144,145]. Undifferentiated and
medullary thyroid carcinomas do not respond to this therapy as they are characterized by a
lack of expression of thyroid cell markers and behavior, being unable to uptake iodine and
consequently produce T3 and T4[109,138].

Usually, life-long thyroid hormone therapy (THST) is used to treat well-differentiated and
medullary thyroid carcinomas after thyroidectomy and radioactive iodine therapy to prevent
thyroid-stimulating hormone (TSH)-dependent proliferation of any residual well-
differentiated thyroid cancer cells [138,146,147]. Physiologically, TSH release by the
pituitary is inhibited by high serum levels of T3 and T4, i.e., through a negative feedback
mechanism [141]. Thus, this therapy involves the administration of T3z and T4, increasing
serum levels of these two hormones and inhibiting pituitary TSH release [141]. Moreover,
besides inhibiting TSH-dependent proliferation of cancer cells, THST also corrects the
surgically-induced hypothyroidism of patients who undergo total or partial thyroid resection
[141].

Medullary thyroid carcinomas and undifferentiated thyroid carcinomas are usually
unresponsive to the conventional course of therapy used for well-differentiated thyroid
carcinomas: radioactive iodine therapy, THST and surgery [148]. For this reason, systemic
chemotherapy is used for the treatment of the mentioned malignancies, and also for the
treatment of non-resectable, radioactive- iodine-non-responsive, recurrent or metastatic, well-

differentiated thyroid carcinomas [148,149].

a) Treatment of well-differentiated thyroid carcinomas
Currently, well-differentiated (papillary and follicular) thyroid carcinomas are treated by

using a combination of surgery to remove the thyroid and, if necessary, radioactive iodine
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therapy and THST. It has been reported that patients with stage I or well-differentiated high-
risk thyroid carcinoma benefit from radioactive iodine therapy, improving their overall
survival [144]. This is not the case for patients with stage I well-differentiated thyroid
carcinomas, whose overall survival worsens when 3! is used [144]. Furthermore, radioactive
iodine therapy can also be useful for patients with metastatic disease, in which the distant
neoplastic foci have thyroid-like features, responding to treatment and '3!'T uptake [109]. Thus,
although radioactive iodine therapy is efficient in many cases, it has severe side effects
associated to it such as off-target organ damage (i.e., salivary glands and bone marrow) and
increasing the patients risk of developing hematologic malignancies [150].

Furthermore, THST has been shown to be an efficient therapy for the treatment of well-
differentiated thyroid carcinomas, increasing the patients’ overall survival, reducing disease
recurrence and cancer-related mortality [109,144]. Moreover, high-risk well-differentiated
thyroid carcinoma patients strongly benefit from this therapy, whose survival can be increased
2 to 3 fold-factor [138].

In the case of metastatic and/or advanced well-differentiated thyroid carcinomas, systemic
chemotherapies are used. But, unfortunately, these malignancies are associated with poor
response rates and short time of response when systemic therapies are used [151]. Some of
the cytotoxic drugs used for the treatment of advanced thyroid carcinoma include
doxorubicin, paclitaxel, tamoxifen, bleomycin, epirubicin, cisplatin and octreotide [148,151—
153]. The choice of systemic therapies is somewhat inconclusive, as reports with different
response rates to the same protocols are observed. For example, doxorubicin, the most studied
and used chemotherapy agent for these malignancies, seems to be one of the cytotoxic drugs
with the highest response rate, ~40%; but this response is temporary and most responses to
this drug are incomplete [138]. Other studies show that some patients only have a response
rate of ~17%, for the single use of doxorubicin, displaying however, an increase in response
rates when combined with cisplatin or even achieving complete responses [154,155].
Altogether, doxorubicin seems to be the most effective in treating metastatic disease, that are
non-responsive to other treatments, as well as for medullary thyroid carcinoma, either as a
single-agent chemotherapy or in combination with other agents [153]. Such combined
regimens include: doxorubicin, bleomycin and vincristine; or bleomycin, doxorubicin and
cisplatin [153].

When administered at low doses, cytotoxic agents can be used as radiosensitizers for

external radiation therapy to increase its efficacy [154].
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b) Treatment of Anaplastic Thyroid Carcinoma

According to the most recent American Thyroid Association (ATA) guidelines, to manage
and control local and metastatic anaplastic thyroid carcinoma, a combination of surgery,
chemotherapy and radiotherapy should be used [156]. Surgery for local disease management
should be applied when total or major part of the mass is resectable, without damaging the
surrounding vital structures (i.e., trachea, larynx, vocal cords, esophagus, major vessels and
nerves, etc.). ATA also describes that only a small percentage of patients fit these criteria. In
palliative care, surgery can improve quality of life, for example by decompressing the
patient’s airway. Regardless of potential-curative or palliative intent of treatment,
tracheostomy is recommended by ATA for airway management [108]. As adjuvant or primary
course of treatment, radio- and chemotherapy are also used. Different cytotoxic drugs are
used, such as regimens combining paclitaxel and carboplatin, or docetaxel and doxorubicin,
but multimodal chemotherapy regimens composed of only one cytostatic drug, such as
cisplatin, paclitaxel and doxorubicin, are also part of the therapeutic options. In the case of
advanced metastatic disease, surgery and radiotherapy are not recommended, being the
systemic therapies the most appropriate.

For this, anthracyclines and platins are used as first-line cytotoxic chemotherapy regimens.
Overall survival seems to be maximized when the three presented therapeutic options are
combined [157].

Although the above-described therapeutic options are available, both individually and
combined, its efficacy in treating and curing patients with anaplastic thyroid carcinoma is
very low [157]. For example, although it has been described that total resection of tumor
increases 1 year survival to 92%, the mean survival of patients that undergo surgery is 3.5
months [158]. Radiotherapy alone does not seem to improve survival (2.3 months), but in
combination with surgery and chemotherapy, survival rates of 2 years after diagnosis, for
some patients, are reported [96,158].

Radiotherapy has no effect in disease re-occurrence, with half of the patients relapsing
when treated with radiotherapy alone [158]. Due to the recurrence rate, cytotoxic agents such
as doxorubicin, can also be used as radiosensitizers, improving local long-term control rate
(68 %). Although this cytotoxic agent is the most used in chemotherapy regimens for
anaplastic thyroid carcinoma, its response rate is around 22% [96,157,158]. Paclitaxel and
docetaxel, also used in chemotherapy regimens, show a response rate of around 53 and 14%,
respectively [96,157]. Regimens composed of only cisplatin, bleomycin and methotrexate

also have poor response rates [96]. The poor response rates presented might be due to
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anaplastic thyroid carcinoma expressing multidrug resistance-associated proteins and due to
the presence of cancer stem cells [96,159]. Although systemic treatment with chemotherapy
has achieved promising results, combining doxorubicin and cisplatin seems to be more
effective in reducing mass size, being, for this reason, the standard systemic therapeutic

regimen [157,158].

¢) Novel therapies

To overcome the lack of both efficacy and tumor selectivity, nanosystems-based
therapeutic approaches have been developed with promising results. One example is the
copper-based nanosystems for radiotherapy and Photothermal Therapy (PTT), used to treat
thyroid carcinomas [160]. PTT is a non-pharmacologic and less invasive approach to target
and reduce tumors by thermal ablation of cancer cells, with minimal side effects when
compared to other therapeutic options [161], as represented in Figure 2. A gold-based nano
hybrid approach has been developed for the treatment of melanoma, also showing very
promising results for the treatment of other tumors, such as anaplastic thyroid carcinoma
[58,161].

Moreover, an incoming therapeutic approach for the treatment of anaplastic thyroid
carcinoma is using targeted inhibitors for hyperactive and/or mutant components of signaling
pathways [162]. As previously mentioned, members of the RAF/ MAPK and MEK pathway
are mutated in this malignancy (i.e., EGFR, BRAF, Ras) [114,162,163]. Recent studies
reported promising results, either of decrease in tumor mass or good responses, using
targeted/multi-targeted therapies, both individually or combined, enlightening the benefits of
using sequencing tools to identify possible targets for each patient [98]. Furthermore, small-
molecule tyrosine kinase inhibitors, such as sorafenib [96], vemurafenib [164], dabrafenib
[165], and trametinib [165], have been shown to be promising for the treatment of anaplastic
thyroid carcinoma, being currently in clinical trials, alone or in combination (i.e., dabrafenib
+ trametinib) [96,98,165]. However, when a small-molecule tyrosine kinase inhibitor was
used alone, disease reoccurrence was reported by most patients [162]. Table 2 summarizes
the promising results of completed clinical trials using small-molecule tyrosine kinase

inhibitors for the treatment of anaplastic thyroid carcinoma.
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Figure 2. Different steps of PTT using a targeted hybrid gold-based nanosystem developed
and a near-infrared (NIR) laser, in a xenograft mice model. (A) /n situ administration of hybrid
nanosystem at the tumor site, specific for tumor cells (represented in a darker color); (B)
Irradiation of the injected site with a NIR laser to activate the formulation; (C) Reduction of

tumor mass through thermal ablation.

Some of these therapeutic results displayed much higher response rates in comparison to
the current therapies used, being 10 months the longest overall survival rate reported. The 2-
3-fold increase in overall survival corresponds to less than a year.

Table 3 resents ongoing clinical trials (Phase I and II) registered on the ClinicalTrials.gov
database, and its respective database ID, being conducted worldwide, using different
treatment approaches and protocols (i.e., radiotherapy, chemotherapy, immunotherapy,
small-molecule tyrosine kinase inhibitors, and a combination of these therapies) for the

treatment of anaplastic thyroid carcinoma.

Table 2. Results of completed clinical trials using targeted or multi-target therapies for the

treatment of anaplastic thyroid carcinoma.

Drug Target Main Outcomes Reference

PFS of 47 weeks; 63% of patients
Everolimus mTOR [166]
reported tumor shrinkage.

Complete clearance of metastasis
Vemurafenib BRAF [164]
38 days after treatment
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Multi-targeted Significant decrease of neck mass,
Sunitinib [167]
(i.e., RET, VEGFR) alleviating symptoms

Dabrafenib + BRAF and MEK,

69% response rate [165]
Trametinib respectively
Multi-targeted (i.e.,
Imatinib 45% of patients had 6-months OS [168]
Ber-Abl, c-kit)
Multi-targeted (i.e.,
VEGFR, FGFR, PFES of 7.4 months OS of 10.6
Lenvatinib [107]
PDGFRa, RET, months
KIT)
Multi-targeted (i.e.,
NCT00654238
Sorafenib VEGFR, RET, Raf, PFS of 77 weeks

(clinicaltrials.gov)
PDGFR)

PFS — Progression-Free Survival and OS — Overall Survival

Table 3. Ongoing clinical trials using targeted or multi-targeted therapies, radiotherapy,

immunotherapy and chemotherapy for the treatment of anaplastic thyroid carcinoma.

Drug Target ClinicalTrials.gov ID Phase

Multi-Targeted (i.e.,

Lenvatinib VEGFR, FGFR, NCT02726503 I
PDGFRa, RET, KIT)

Trametinib + Paclitaxel MEK, BRAF NCT03085056 Early I

Durvalumab + Tremelimumab + PD-1 and CTL-4,

Stereotactic Body Radiotherapy respectively NCT03122496 :

MLNO0128 mTOR NCT02244463 I

Pembrolizumab PD-1 NCT02688608 II
Multi-Targeted (i.e.,

Nexavar RAF, MEK, ERK, NCT03565536 I
VEGFR, PDGFR)

Efatutazone + Paclitaxel PPAR y NCTO02152137 I

Intensity-Modulated Multi-Targeted (i,

Therapy + Paclitaxel + Pazopanib VEGER, PDGER, ¢- NCT01236547 II

Hydrochloride

kit)
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Atezolizumab + Bevacizumab + PD-1, VEGFR, MEK
Cobimetinib + Paclitaxel + and BRAF, NCTO03181100 II

Vemurafenib respectively

Although some advances have been done regarding the treatment of anaplastic thyroid
carcinoma, it still presents low survival rates. There is an urgent need to improve the treatment
of this rare malignancy, in order to significantly increase patients’ survival and their life
quality improvement. Altogether, the best approach seems to be a more personalized
multimodal course of treatment, since there is considerable variability of response to
treatments using targeted/multi-targeted therapies between individuals with tumor molecular

profile.
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2. Objectives of this project

This project aims to develop, characterize and assess the efficacy of a novel formulation
of targeted and biocompatible AuNPs, for PTT of anaplastic thyroid carcinoma, a superficial,
and very lethal, tumour.

The group has previously developed a novel formulation of functionalized AuNPs, with a
polymeric coating composed of Hyaluronic Acid and Oleic Acid (HAOA), to specifically
treat melanoma with AuNP-mediated NIR-PTT [58,161]. The specificity is a consequence of
the functionalization with EGF, the ligand of EGFR, generally overexpressed in human
melanoma cells [169]. This functionalization is also efficient due to the coatings’ (HAOA)
strong adsorbing capacity, as already described by the same research group. This formulation
had very promising preliminary results [58,161]. To treat anaplastic thyroid carcinoma, the
previously formulated coated-AuNPs formulation was modified and, by changing its’ ligands,
a novel formulation specific for anaplastic thyroid carcinoma can be developed.

Like stated in section 1.3.2, as both EGFR and TfR1/CD71 membrane receptors are
overexpressed in anaplastic thyroid carcinoma, it is possible to target these cancer cells by
functionalizing the novel coated-AuNPs formulation with ligands for these receptors. Thus,
different ligands will be studied to try and maximize the formulations’ efficacy, including
EGF and lapatinib, both targeting EGFR, and holo-transferrin (HTY), targeting TfR1/CD71,
overexpressed in anaplastic thyroid carcinoma.

Firstly, a novel formulation of AuNPs must be designed and characterized regarding its
physicochemical properties (i.e., mean size and size distribution, conjugation efficiency,
absorbance spectra and morphology). Furthermore, the AuNPs will be coated and
functionalized with each of the selected ligands, and the most appropriate ligand will be then
chosen regarding the results of different studies, such as the overall physicochemical
properties and in vitro assessments. Using non-cancerous and anaplastic thyroid carcinoma
commercialized cell lines, safety, selectivity and efficacy of the different coated and
functionalized formulations will be assessed, when activated and not-activated, using cell
viability studies. After optimization, the most adequate ligand will be selected, and the safety
and biodistribution of the coated and functionalized AuNPs will be assessed in vivo, using
CD-1 mice. For this, the final formulation will be administered to mice, and biochemical and
histologic assessments will be conducted, as well as the gold content in the different tissues,

and tissue indexes, will be determined.
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3. Materials and Methods

3.1 Materials

3.1.1 Reagents

Gold (II) chloride trihydrate, Silver Nitrate, L-ascorbic Acid, Hyaluronic Acid (HA),
Rosmarinic Acid (RA), Oleic Acid (OA), holo-Transferrin human (powder, grade 97%) and
Lapatinib (98%) were acquired from Sigma-Aldrich (St. Louis, MO, USA). EGF Recombinant
Human Protein was supplied from Gibco (ThermoFisher Scientific, Waltham, MA, USA).
Bradford Dye Reagent was purchased from Alfa Aesar (ThermoFisher Scientific, Waltham,
MA, USA). Water MilliQ by Merck Millipore (Burlington, MA, USA). All chemical products

and solvents used were of analytical purity grade.

3.1.2 Cell lines and cell culture

Cell growth was done according to supplier’s instructions (ATCC). The human
keratinocyte cell line HaCat was maintained in Dulbeco’s modified Eagle’s medium (DMEM),
with high-glucose (4500 mg/mL), complemented with 100 ng/mL penicillin/streptomycin and
10% foetal bovine serum (FBS). Human anaplastic thyroid carcinoma cell line 8505C was
maintained in RPMI 1640, and supplemented as previously mentioned for DMEM. All cell
lines were stored in a humidified chamber at 37°C, in a 5% CO, atmosphere. The cell cultures
were maintained every 2 to 3 days, at which the medium was changed, until a confluence of

80% was achieved.

3.1.3  Animals

Male CD1 mice were purchased from IHMT (Lisboa, Portugal). The animal housing
was kept at the controlled temperature of 22.0 + 1.0°C, humidity at 50.0 + 15.0% and a cycle
of light of 12h in Faculty of Pharmacy facilities. Animals were kept under standard hygiene
conditions, fed commercial chow and given acidified drinking water ad libitum.

All experiments regarding the usage of animals were conducted in accordance with the
EU Directives (2010/63/UE), the Portuguese Law (DL 113/2013, 2880/2015 and 260/2016),
and were approved both by the Animal Welfare Body (ORBEA) of the Faculty of Pharmacy,
University of Lisbon, and of the Ethics Committee of the NOVA Medical School, Faculdade
de Ciéncias Médicas, NOVA University Lisbon .
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3.2 Methods

3.2.1 Preparation of HAOA-coated AuNPs

The HAOA-coated AuNPs were prepared using a modified approach previously
published by our group [161]. The full process is still under patent protection (WO
2017/095251). Briefly, an aqueous solution of gold (III) chloride trihydride was mixed with an
aqueous solution containing L-ascorbic acid, silver nitrate and RA. The mixture was
continuously stirred for 15 min (800 rpm, Heidolph MR3001, Heidolph Instruments,
Schwabach, Germany), at room temperature. Two different ratios of gold:RA (m/m) were
tested, 5:3 and 5:10, originating two different AuNPs’ cores.

The HAOA coating was prepared by adding, while stirred at 400 rpm, at 60°C, the
following to milli-Q water: hyaluronic acid (HA), oleic acid (OA) and sodium hydroxide. This
aqueous mixture is stirred overnight at the mentioned conditions. In order to coat the AuNPs’
core, the HAOA prepared overnight is cooled to room temperature, and is mixed with the
AuNPs’ core solution, 1:1 (v/v). The method of functionalization of the HAOA-coated AuNPs
is the same regardless of the ligand (i.e., EGF, HTT, lapatinib), by mixing the HAOA-coated
AuNPs with the phosphate buffered saline pH 7.4 (PBS, according USP32) solution containing
the intended ligand under magnetic continuous stirring, for 30 min at room temperature, at a
ratio of 1:1 (V/v).

In order to recover AuNPs, suspension was centrifuged at 7200 x g, for 15 min
(Beckman Instruments centrifuge, Inc., Brea, CA, USA). The supernatant was stored in order
to determine the efficiency of ligand conjugation to the NPs, and the pellet, correspondent to

the functionalized HAOA-coated AuNPs, was resuspended in PBS and stored at -4°C.

3.2.2 HAOA-coated AuNPs characterization
a) Mean Size and Polydispersivity Index (Pdl)

The different formulations, AuNPs core and HAOA-coated AuNPs, functionalized with
the different ligands and non-functionalized, were characterized regarding its mean size and
polydispersivity index (PdI). The formulations were diluted in PBS pH 7.4 (1:10, v/v).
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used to measure mean size and

Pdl, using Dynamic Light Scattering. All measurements were performed in triplicate.
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b) Determination of Conjugation Efficiency
To determine the conjugation efficiency (%) of the different HAOA-coated AuNPs
functionalized formulations (i.e., EGF-functionalized, HTf-functionalized and lapatinib-
functionalized HAOA-coated AuNPs) the different formulations were centrifuged, at 7200 x g
for 15 min, as mentioned, and the supernatant was stored. Different methods were used to
determine the concentration of ligand present in the formulations’ supernatant, and after this
concentration was determined, the conjugation efficiency was calculated using the following

equation 1:

Ligand Concentration inthe Supernatant

Conjugation Efficiency (%) = x 100 (Eq. 1)

Concentration of ligand solution used to initially prepare NPs

i. Determination of EGF’s concentration in the supernatant

To determine the concentration of EGF present in the supernatant of EGF-
functionalized HAOA-coated AuNPs, after centrifugation, the following Bradford protocol
was employed. Firstly, BSA solutions, with concentrations ranging from 0 to 25 pg/mL, were
prepared in order to plot the calibration curve. Then, the sample/calibration curve solution were
mixed with ThermoFisher Bradford Solution (ThermoFisher Scientific, Waltham, MA, USA)
in a 96-well microplate, at a ratio of 1:1 (v/v), and left to incubate for 5 min. After this time
period, the absorbance of the 96-well microplate was measured using a BioTekTM ELx800™
Absorbance Microplate Reader (Winooski, VT, USA), at 570 nm. The absorbance was then
converted into concentration using the equation 2 plotted with the calibration curve solutions
(R? = 0.9801). This was then applied to equation 1, allowing the determination of the
conjugation efficiency. All measurements were performed in triplicate.

Abs = 0.0022 X EGF¢oncentration + 0.0331 (Eq. 2)

ii. Determination of HTf concentration in the supernatant

The concentration of HTf present in the supernatant obtained from the centrifugation
of HTf-functionalized HAOA-coated AuNPs was determined by using the A280 function in
ThermoFisher NanoDrop™ ND-1000 UV-Vis Spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA). For this, a droplet (2uL) of the supernatant was placed in the equipment
pedestal and the measurement was carried out. The obtained concentration was then applied to
equation 1, to determine the percentage of HTf that conjugated to the HAOA-coated AuNPs.

All measurements were performed in triplicates.
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iii. Determination of Lapatinib concentration in the supernatant

In order to determine the conjugation efficiency of lapatinib, the concentration of this
drug present in the supernatant was determined by HPLC (Hitachi System LaCrom Elite,
Column oven, Diode Array Detector UV-vis and Pump, Tokyo, Japan), following a protocol
described elsewhere [170]. The supernatants were analyzed using a Columns Water Symmetry
C18 (5 pm, 4.6 x 150 mm), with isocratic flow of 0.5 mL/min, and a mobile phase composed
of acetonitrile/ water (70:30; v/v). Measurements were performed in triplicates at 227 nm, and
a calibration curve was stablished using standardized solutions of lapatinib. The determined
concentration was applied to equation 1, in order to determine the conjugation efficiency of

lapatinib to the surface of the HAOA-coated AuNPs.

¢) Surface and Morphology Analysis

The surface morphology of the different formulations, AuNPs’ core and HAOA-coated
AuNPs, functionalized with different ligands, and non-functionalized, was analyzed using
Transmission Electron Microscopy (TEM). For TEM observations, aliquots (10 pL) of the
aqueous suspensions of the different AuNPs formulations were carefully placed on 200-mesh
copper grids previously coated with Formvar and carbon and left to adsorb for 1-3 min. After
removing the excess of the samples with filter paper, the material was negative staining with
1.0% uranyl acetate for some minutes at room temperature, and further allowed to air-
dry. Observations were made on a JEOL 1200EX transmission electron microscope (JEOL

Ltd., Tokyo, Japan) operating at 80 kV. Images were recorded digitally

3.2.3 Determination of Absorbance Spectra of the HAOA-coated AuNPs
The maximum absorbance wavelength for the AuNPs’ core, HAOA-coated AuNPs and
functionalized HAOA-coated AuNPs were determined by scanning the formulations’
absorbance at wavelengths raging from 400 to 1000 nm, using a UV-Vis Spectrophotometer
(Hitachi, Tokyo, Japan), against a blank. Formulations were diluted in PBS at pH 7.4 (1:4;

v/v). The measurements were performed in triplicate.

3.2.4 Determination of Recovery Yield

Prior to being recovered, all formulations (core, coated and functionalized) were
centrifuged (7200 x g, 15 min) and freeze-dried using a FreeZone 2.5 Liter Benchtop Freeze
Dry System (Labconco, Kansas City, MO, USA), at -49°C for 48h. After lyophilization, the
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powder was weighted and the recovery yield (RY, %) was calculated by using the following

equation 3:

Final mass of AuNPs

Recovery Yield (%) = x 100 (Eq. 3)

Initial mass of all components used in formulation

3.2.5 Invitro Safety Assessment

Safety was in vitro assessed by evaluating cell viability (methylthiazolyldiphenyl-
tetrazolium bromide, MTT, assay) of the healthy cell line HaCat, after incubation with the
different formulations, when not activated by laser. For this, HaCat cells were seeded in a 96-
well plate at a concentration of 7.5 x 10* cells/well, and left to incubate with the formulations,
for 24 h, at 20 pM and 80 puM: core AuNPs, HAOA-coated AuNPs, EGF-functionalized
HAOA-coated AuNPs, HTf-functionalized HAOA-coated AuNPs, lapatinib-functionalized
HAOA-coated AuNPs, and the free ligands (EGF, HTf and lapatinib). After 24 h, the
formulations-containing medium was removed, the cells were washed twice with PBS pH
7.4, and 200 puL MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) was added, at a
concentration of 0.5 mg/mL (in complete DMEM). The cells were then left to incubate with
the MTT reagent for 4h, in order to allow the crystals to form and, after the time period passed,
the crystals were solubilized using dimethyl sulfoxide (DMSO). Absorbance was measured
using a BioTekTM ELx800TM Absorbance Microplate Reader (Fisher Scientific, NH, USA),
at 570 nm. The control wells (no treatment) were considered as 100% viable. The results are

presented as percentage of the control wells and calculated according with equation 4:

Cell Viability (%) = Z2testarowp o 10 (Eq. 4)

AbScontrol

3.2.6 Invitro Efficacy Assessment

Efficacy was assessed in vitro by MTT assay. Human anaplastic thyroid carcinoma cell
line 8505C were seeded in two mirroring 96-well plate at a concentration of 7.5 x 10* cells/well,
and left to incubate with the formulations (AuNPs, HAOA-coated AuNPs, EGF-functionalized
HAOA-coated AuNPs, HT{-functionalized HAOA-coated AuNPs and lapatinib-functionalized
HAOA-coated AuNPs), for 4 h, at 80 uM. After 4 h, the formulation-containing media was
removed and substituted with fresh medium, and one of the plates containing the cells were
irradiated with a laser emitting at 808 nm, 3A, for 3 min, as shown in Figure 3, and the other
plate was left without being irradiated. To control the possible cytotoxicity of the laser, cells
that were not incubated with formulations were also irradiated. The cells were washed twice

with PBS at pH 7.4, and 200 pL MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) was
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added, at a concentration of 0.5 mg/mL (in complete RPMI). The cells were then left to
incubate with the MTT reagent for 4h, in order to allow the crystals to form, posteriorly
solubilized using DMSO. Absorbance was measured using a BioTekTM ELx800TM
Absorbance Microplate Reader (Fisher Scientific, NH, USA), at 570 nm. In similarity to the
previous MTT assay, the control wells (no treatment) were considered as 100% viable. The

results were also calculated using equation 4 and presented as percentage of controls.

Figure 3. Laser setup for in vitro activation of gold nanoparticles (AuNPs).

3.2.7 In vitro Selectivity Assessment

Selectivity of the formulations was tested in vitro by determining the viability of 8505C
cells after incubation with the different formulations for 24 h and comparing to the results of
the in vitro safety assessment using HaCat cells. For this, the cells were seeded in a 96-well
plate at a concentration of 7.5 x 10* cells/well, and left to incubate with the formulations
(AuNPs, HAOA-coated AuNPs, EGF-functionalized HAOA-coated AuNPs, HT{-
functionalized HAOA-coated AuNPs and lapatinib-functionalized HAOA-coated AuNPs), for
24 h, at 20 uM and 80 uM. After this time period, the cells were washed twice with PBS pH
7.4, and 200 pL. MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) was added, at a
concentration of 0.5 mg/mL (in complete RPMI). The cells were then left to incubate with the
MTT reagent for 4 h and the crystals were solubilized using DMSO. Absorbance was measured
using a BioTekTM ELx800TM Absorbance Microplate Reader (Fisher Scientific, NH, USA),
at 570 nm. In similarity to the previous MTT assays, the control wells (no treatment) were

considered as 100% viable, and the results, in percentages, were calculated using equation 4.
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3.2.8 In vitro haemolytic activity

The used protocol was based on a previously published one [171]. Briefly,
ethylenediamine tetraacetic acid (EDTA)-preserved peripheral human blood was collected
from voluntary donors at the day of the determination of the haemolytic activity of AuNPs
core, HAOA-coated AuNPs and HTf-functionalized HAOA-coated AuNPs. The peripheral
blood was centrifuged at 1000 x g, for 10 min, in order to separate and remove the plasma from
the erythrocytes. After this, the erythrocyte pellet was suspended in PBS and centrifuged at
1000 x g, for 10 min, allowing the pellet to be washed three times. The formulations were
diluted in PBS to concentrations ranging from 0.04 to 80 pM (2-fold dilution). One hundred
uL of the diluted formulations were added to wells of 96-well plates, adding 100 pL of the
erythrocyte suspension to the formulation-containing wells. Erythrocytes and distilled water
were added to wells, correspondent to total haemolysis (positive control), and erythrocytes and
PBS were added to other wells (negative control). The plate was left to incubate for 1 h and
was then centrifuged at 800 x g, for 10 min. The supernatants were collected and the
absorbance (Abs) was measured using a BioTekTM ELx800™ Absorbance Microplate Reader
(Winooski, VT, USA), at 570 nm, with a reference filter of 620 nm. The haemolytic activity

(%) was determined according to the following equation 5:

Sample Abs — Negative Control Abs

Haemolytic Activity (%) = %X 100 (Eq. 5)

Negative Control Abs —Positive Control Abs

3.2.9 Preliminary in vivo Assessment of HTf-functionalized and non-functionalized HAOA-
coated AuNPs

a) Invivo preliminary safety assessment

An in vivo preliminary safety assessment of the HAOA-coated AuNPs was performed
using CD1 mice, with a mean weight of 23 g (n=18). The formulation was subcutaneously
(s.c.) administered in the thyroid neck region, at a dosage of 23 mg/kg of body weight.
Although the dosage administered was based on previous works by other groups [172], the
dose to be administered, although intravenous, is not consensual, with groups reporting 1
mg/kg of body weight, while others suggest 20 mg/kg of body weight [172—174]. Then, the
animals were randomly separated into six groups, each with 3 specimens, being sacrificed at
different time points: 30 min (group 1), 1 h (group 2), 2 h (group 3), 4 h (group 4), 6 h (group
5) and 24 h (group 6). At each time point, the animals of each group were anesthetized and
sacrificed, according to animal welfare principles. Afterwards, peripheral blood samples were

collected for biochemical analysis, pictures of the neck region were taken, and organs and
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tissues (i.e., neck region including thyroid, spleen, right lobe of the liver, right kidney, skin
from administration site) were harvested for histological analysis. For biochemical analysis,
plasma has to be separated from whole blood. In order to do this, the collected blood was
centrifuged at 1000 x g, for 10 min, and the supernatant, corresponding to plasma, was collected
for quantification of IL-6, ALT (to determine liver toxicity), creatinine and urea (to determine
kidney toxicity).

The organs and tissues harvested were prepared for histological analysis by being fixed
in 10% formalin and embedded in paraffin. Then, the specimens were sectioned (5 pm sections)
and stained with hematoxylin-eosin. The histologic preparations were observed in an Olympus
BX51 microscope (Olympus Corporation, Tokyo, Japan). An Olympus U-TV1X-2 colour

camera was used to capture representative images of the preparations.

b) Invivo biodistribution assessment of HTf-functionalized HAOA-coated AuNPs

The biodistribution of HTf-functionalized HAOA-coated AuNPs and HAOA-coated
AuNPs was in vivo assessed using CD-1 mice (n=12). The animals were randomly distributed
for different groups and administered either HTf-functionalized HAOA-coated AuNPs or
HAOA-coated AuNPs. In similarity to the previous assay, the respective formulation was
administered s.c. in the thyroid region at a dose of 23 mg/kg of body weight. The animals of
each group were then re-divided into two subgroups, according to the time point at which they
would be scarified: 4 h post-administration; and 24 h post-administration. Respecting the
animal welfare principles, the animals were sacrificed and the main organs involved in
clearance and excretion (i.e., liver, spleen, kidneys and lungs) were harvested and weighed, in
order to determine its’ tissue indexes, at 4 h and 24 h post-administration of HAOA-coated

AuNPs or HTf-functionalized HAOA-coated AuNPs, according to the following equation 6

[175]:
. _ organ weight
Tissue Index = /—animal weight x 100 (Eq. 6)

After weighting the organs, Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
was conducted in order to determine the amount of Hf-functionalized HAOA-coated AuNPs
and HAOA-coated AuNPs present in each of these organs (i.e., liver, spleen, kidneys and
lungs) as well as in the blood. For this analysis, the organs and blood were freeze dried and
stored at -80°C and further digested using a microwave digestive system and a mixture of nitric

acid and hydrochloric acid (5% of each).
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3.2.10 Statistical Analysis

Data is presented as mean + SD, with a n > 3. GraphPad Prism Version 5.03 (GraphPad
Software, San Diego, CA, USA) was used to perform all the statistical analysis. Statistical
differences were evaluated with ANOVA, and the differences were considered as significant

for p <0.05.
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4. Results

4.1 Optimization and characterization of the functionalized HAOA-AuNPs

4.1.1 Mean size and Polydispersivity index (Pdl)

AuNPs were prepared using two different ratios of gold:RA, 5:3 and 5:10 (m/m). The
AuNP core (Figure 4A) was formulated following the presented ratios, and the NPs were
coated with the novel HAOA coating (Figure 4B). Mean size and Pdl were determined
throughout the different steps of assembling the final formulation (i.e., core synthesis, coating
of the NPs and functionalization of the AuNPs surface), and the results are presented in Table
4. Looking at the results regarding the size of the uncoated AuNPs, AuNPs’ size varied
significantly when different gold:RA ratios (m/m) were used, and tended to increase when the
HAOA coating was added, for both AuNPs formulated using 5:3 (increase of ~40%) and 5:10
(increase of ~12%) (m/m) gold:RA ratios, suggesting that the AuNP’s core was successfully
coated. Concerning all results, the 5:10 AuNPs core was then chosen for functionalization
using three different ligands: EGF, HTf and Lapatinib (Figure 4C). After functionalization,
mean size and PdI were determined once more, and it is to note that there was a tendency of

increase in size, significant in the case of the EGF-functionalized HAOA-coated AuNP.

Functionalized

AuNPs HAOA-coated AuNPs HAOA-coated AuNPs

Figure 4. Gold nanoparticles (AuNPs) throughout the formulation processes: (A) AuNPs’ core;
(B) HAOA-coated AuNPs; and (C) functionalized (i.e., EGF, HTf or lapatinib) HAOA-coated
AuNPs.
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Table 4. Mean size and polydispersivity index (PdI) of both 5:3 and 5:10 gold nanoparticles
(AuNPs), throughout the different steps of the formulation. Data is presented as mean + SD, n
>3 (** p<0.01, *** p<0.001).

Sample Mean Size (nm) PdI
5:3
Uncoated 88.0£11.6 0.319 £ 0.061
AuNPs
HAOA-coated 125.3 £25.7 0.312+0.072
14.7 £ 42,
Uncoated 3147 ? 0.475 +£0.029
seskok
HAOA-coated 354.0+29.3 0.394 +0.176
5:10
671.5+65.8
AuNPs EGF-HAOA-coated 0.579 + 0.058

kK

HT{f-HAOA-coated 4153 +474 0.375+0.078
Lap-HAOA-coated 483.4+179.7 0.494 £ 0.072

4.1.2 Morphologic analysis

Morphology was assessed by Transmission Electron Microscopy (TEM). Results are
shown in Figure 5 and include ratio 5:3 gold:RA (m/m), uncoated and HAOA-coated, while
Figure 6 showcases the morphology analysis results of 5:10 gold:RA (m/m) ratio AuNPs,
uncoated, HAOA-coated and functionalized using the three ligands (EGF, HTf and lapatinib).

In Figure 5A, it is to note the presence of NPs with different shapes (i.e., spherical,
triangular, truncated triangular and hexagonal-shaped AuNPs) and sizes. In Figure 5B, the 5:3
AuNPs were coated with HAOA, where we can see the black AuNP core surrounded by a white
cloudy coating, probably related to the HAOA mixture.

Figure 5. TEM micrographs of 5:3 gold:RA (m/m) gold nanoparticles (AuNPs): (A) uncoated
and (B) HAOA-coated AuNPs. Scale bars =200 nm.
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Figure 6A shows the isolated uncoated core of 5:10 AuNP, with a very defined
icosahedron-shaped AuNP. But, as previously seen for the 5:3 AuNPs, the shape of the 5:10
AuNPs changed after HAOA coating addition, seen in Figure 6B as spherical NPs. Figure 6C-
E shows the spherical-shaped functionalized HAOA-coated AuNPs with: EGF, Figure 6C;
HTT, Figure 6D; and lapatinib, Figure 6E. By observing Figure 6C, D and E, it is evident the
increased size of the EGF-functionalized HAOA-coated AuNPs in comparison to the other

AuNPs, as was confirmed by the size analysis.

£
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Figure 6. TEM micrographs of ratio 5:10 gold:RA (m/m) gold nanoparticles (AuNPs): (A)
uncoated, (B) HAOA-coated, (C) EGF-functionalized HAOA-coated, (D) HTf-functionalized
HAOA-coated and (E) Lap-functionalized HAOA-coated AuNPs. Scale bars =200 nm.

4.1.3 SPR band

In order for the AuNP-mediated PTT to be more effective, the AuNPs must absorb at
wavelengths in the biological windows (700-980 nm and 1000-1400 nm). Thus, the aim was
to develop functionalized HAOA-coated AuNPs that absorbed in the NIR range (650-950 nm)
of the light spectrum, as these wavelengths are described to safely penetrate healthy tissues and
to allow the activation of AuNPs localized in less-superficial tumours [50], such as thyroid
malignancies. To evaluate this, the SPR band, corresponding to the maximum absorbance peak
(Absmax) of the AuNPs was determined throughout the different steps of development, for both
gold:RA ratios used (Table 5). It is worth notice that while 5:10 uncoated AuNPs present a
SPR band in the NIR wavelengths, the 5:3 uncoated AuNPs did not, presenting a SPR band in
the visible range of the light spectrum. It is to expect a shift to higher wavelengths when the
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AuNPs were coated with HAOA. Although this was the case for the 5:10 HAOA-coated
AuNPs, with a shift from 753 + 54 to 840 + 122 nm, it was not what was seen for the 5:3
AuNPs, which SPR band decreased from 551 + 26 nm, when uncoated, to 536 + 2 nm when
coated with HAOA, remaining in the visible range. Due to this, the 5:10 AuNPs were chosen
for the next stage of the formulation design: functionalization with the ligands. It is to note that
after functionalization with the different ligands, the SPR band of the functionalized and coated
5:10 AuNPs shifts to lower wavelengths, with the Absmax of the EGF- and HTf-functionalized
HAOA-coated 5:10 AuNPs remaining in the NIR range (785 + 127 and 710 + 128 nm,
respectively), but not the Absmax lapatinib-functionalized HAOA-coated 5:10 AuNPs (481 + 25

nm), which has shifted into the visible section of the light spectrum.

Table 5. SPR peak (Absmax) of both 5:3 and 5:10 gold nanoparticles (AuNPs), throughout the
different steps of the formulation. Data is presented as mean + SD, n > 3.

Sample SPR band (AbSmax nm)

5:3 Uncoated 551+£26
AuNPs HAOA-coated 536+2
Uncoated 753 + 54

HAOA-coated 840 + 122

Asu:lil(l)’s EGF-HAOA-coated 785+ 127

HT{-HAOA-coated 710+ 128
Lap-HAOA-coated 481 +25

4.1.4 Recovery yield of the optimized ratio

In order to determine the industrial scalability of the optimized AuNPs core (5:10), the
RYs of the formulations were determined, including the uncoated core, coating and
functionalized formulation, and the results are shown in Table 6. HAOA-coated and EGF-
functionalized HAOA-coated 5:10 AuNPs had the lowest RY while lapatinib-functionalized
HAOA-coated 5:10 AuNPs had the highest RY, achieving a mean value of 86%.
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Table 6. Recovery Yield (RY) of the optimized gold nanoparticles (AuNPs) core, throughout
the different steps of formulation.

Sample RY (%)
Uncoated 78.2+9.6
HAOA-coated 57.7+5.9
5:10
EGF-HAOA-coated 66.0+0.9
AuNPs

HTf-HAOA-coated 70.0+3.4
Lap-HAOA-coated 86.2 +36.5

4.1.5 Conjugation efficiency

Due to the favourable characteristics of the 5:10 AuNP core (i.e., SPR band in the NIR
range) when compared to the 5:3 AuNP, the 5:10 AuNP formulation was chosen for
functionalization and further testing, and is from now on referred to as AuNPs in this section.
Conjugation efficiency was determined indirectly by measuring the non-conjugated free
protein present in the supernatant after centrifugation through colorimetric assays or
spectrophotometry for protein quantification, regarding EGF and HTf, and the results are
summarized in Table 7. HTf-functionalized HAOA-coated AuNPs had a higher conjugation
efficiency than the EGF-functionalized HAOA-coated AuNPs. The quantification of the non-
conjugated free lapatinib by HPLC is still ongoing and, consequently, the determination of

conjugation efficiency for this ligand is pending.

Table 7. Conjugation efficiency (%) of functionalized HAOA-coated 5:10 gold:RA (m/m)

ratio gold nanoparticles (AuNPs) (mean value + SD, n = 3).

Sample Conjugation Efficiency (%)
EGF-functionalized 77.51+9.43
HAOA-coated AuNPs HTf-functionalized 80.84 + 8.72
Lap-functionalized ND

ND — Not determined (ongoing)

4.2 Preliminary safety assessment

In order to evaluate the in vitro safety of the different formulations for healthy tissues,
HaCat cells were incubated with the non-laser activated formulations at two different
concentrations (20 and 80 pM) for 24 h. The results of this in vitro assay are presented in Figure

7. There was significant decrease in cell viability for some of the treatments when compared
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to the non-treated control (100%, not shown). However, since cell viability was higher than
70% for all tested formulations and concentrations, no significant cell death was observed.
Regardless, addition of the HAOA coating seems to have improved cell viability when
compared to the uncoated-AuNPs, for both concentrations, increasing cell viability by ~9%
and ~17%, at 20 and 80 uM, respectively. Moreover, all of the functionalized (EGF, HTf and
lapatinib) HAOA-coated AuNPs did not decrease cell viability bellow 85%, and thus seem to

be safe for healthy tissues, in vitro.
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Figure 7. Cell viability (%) of HaCat cells after a 24 h incubation period with the different
formulations of gold nanoparticles (AuNPs) (coated and uncoated, and functionalized with the
different ligands and non-functionalized) at two different concentrations (20 uM, in black and
80 uM, in grey). Results are shown regarding mean = SD, n =5 (* p <0.05, ** p < 0.01, ***

p <0.001 vs control).

4.3 In vitro efficacy assessment

Efficacy of the formulation against anaplastic thyroid carcinoma was assessed using 8505C
cells, a human anaplastic thyroid carcinoma cell line. For this, cells were incubated with the
different formulations at 80 uM for 4 h, in order to allow the formulation to target the cells,
bind cellular receptors and to be internalized by them. Cells were then irradiated with a laser
to activate the formulations, emitting at 808 nm, with 3A, for 3 min, and cell viability was
determined. The 8505C cells were incubated with the same formulations, not-activated, to
compare the activity of the formulations after activation. Moreover, to ensure that the
difference in viability seen was not caused by the laser, cells were left untreated and were

irradiated, enabling to evaluate the solo effect of the laser in cell viability. The cell viability
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results regarding the formulation efficacy are shown in Figure 8. All laser-activated treatments
caused a significant decrease in 8505C cell viability when compared to the respective non-
activated formulations. Furthermore, it was clear that the HT{-functionalized HAOA-coated
AuNPs were the most cytotoxic for the anaplastic thyroid carcinoma cell line, both when

activate and not-activated. Moreover, the laser had no effect over cell viability.
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Figure 8. Cell viability (%) of 8505C cells, a human anaplastic thyroid carcinoma cell line,
after a 4 h incubation period with the different formulations of gold nanoparticles (AuNPs) at
80 uM, activated with 3A (in grey) or not activated (in black) after this time period. Results

are shown regarding mean = SD, n =3 (** p <0.01, *** p <0.001 vs control).

4.4 In vitro selectivity assessment

To complete the in vitro testing, the different AuNPs formulations’ selectivity was assessed
by incubating HaCat and 8505C cells with the different formulations at different concentrations
(20 and 80 pM) for 24 h. Results are shown in Figure 9. By comparing the viability of both
cell lines incubated with formulations at 20 uM (Figure 9A) for 24 h, it was observed that some
formulations (i.e., AuNPs, HAOA-coated AuNPs, EGF-functionalized HAOA-coated AuNPs
and lapatinib-functionalized HAOA-coated AuNPs) were more cytotoxic for the HaCat cells
than the cancerous 8505C cells, that seem to have shown some resistance to the formulations’
action. In fact, the only formulation at 20 uM to which the 8505C were more susceptible was
the HTf-functionalized HAOA-coated AuNPs, reducing 8505C cellular viability to 79.83 +
3.36%, while HaCat cells’ had a viability of 91.67 + 1.87%. The results were slightly different
when the formulations were more concentrated, at 80 uM (Figure 9B), as AuNPs and HTf-
functionalized HAOA-coated AuNPs resulted in significantly different cell viability results
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depending on the cell line, showing some selectivity for the anaplastic thyroid carcinoma cell
line, inducing a more pronounced reduction in cell viability to the 8505C cells (34.83 +0.70%
and 71.67 £ 2.06%, for each respective treatment) than to the HaCat cells (66.80 = 0.80% and

89.83 £ 0.54%, for each respective treatment).
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Figure 9. Cell viability (%) of healthy HaCat (black) and tumor cells 8505C (grey) cells after
a 24 h incubation period with the different not-activated formulations of gold nanoparticles
(AuNPs), at: (A) 20; and (B) 80 uM. Results are shown regarding mean + SD, n =5 (* p <
0.05, ** p <0.01, *** p<0.001 vs control).

Due to these and the previously presented in vitro results, HTf-functionalized HAOA-coated

AuNPs was the formulation selected for the experiments moving forward.

4.5 In vitro haemolytic activity

The haemolytic activity of these formulations was determined at a range of different
concentrations, using erythrocytes. Results are summarized in Figure 10. All concentrations
resulted in a haemolytic activity lower than 2%, which is a good indicator for the safety and
biocompatibility of all formulations, an important aspect to consider when using parenteral

dosage formulations in future studies.
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Figure 10. Haemolytic activity of gold nanoparticles (AuNPs) (black), HAOA-coated AuNPs
(dark grey) and HTf-functionalized HAOA-coated AuNPs (light grey) at concentrations
ranging from 0.04 to 80 uM. Results are shown regarding mean = SD, n =3 (* p <0.05, ** p
<0.01, *** p <0.001 vs control)

4.6 In vivo safety assessment

Figure 11 shows representative images of the different organs collected for ex vivo
histological analysis from the different treatment groups. It was seen that the majority of the
groups presented an accumulation of the HAOA-coated AuNPs (seen in a black-ish color) in
the s.c. adipocyte tissue, adjacent to the administration site. Moreover, somehow the HAOA-
coated AuNPs induced an inflammatory reaction with the presence of cellular infiltrates, more
pronounced at 24h post-administration, mainly composed by macrophages and neutrophils,
stained darker. These infiltrates suggest that macrophages might have phagocyted the HAOA-
coated AuNPs. These observations were not done for group 2 and group 3, corresponding to 1
and 2 h, since no skin was present in the specimens, and thus, no subcutaneous fat. Regarding

the other organs, no abnormalities were seen.
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I

Spleen Liver ‘ Neck Area Kidney

Figure 11. Histological images (spleen and kidney with 200x microscopic approach; liver and
neck area with 100x microscopic approach) of the organs removed for analysis after necropsy
(i.e., spleen, liver, neck region, and kidney). For the neck region of 6 h and 12 h, it is possible
to see cellular infiltrates of phagocytic cells, stained darker. All images are representative of

the harvested organs, which showed no histologic alterations (H&E staining).

4.7 Preliminary in vivo biodistribution assessment

The tissue indexes of the main excretion organs (i.e., liver, spleen, kidneys and lungs) were
determined and the results are shown in Table 8. HAOA-coated AuNPs increased significantly
the tissue index of the liver, at 24 h post-administration. However, the administration of

HAOA-coated AuNPs did not result in other significant variations of tissue indexes. HTf-
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functionalized HAOA-coated AuNPs led to an increase of the tissue index of the liver at both

4h and 24h post-administration, but this increase was more significant at 24 h. As for the non-

functionalized formulation, HTf-functionalized HAOA-coated AuNPs did not trigger any other

significant variations of the spleen, kidneys and lungs’ tissue indexes.

Table 8. Tissue indexes (liver, spleen, kidneys and lungs) of mice at 4 h and 24 h post-s.c.

administration of HAOA-coated and HTf-functionalized HAOA-coated gold nanoparticles

(AuNPs). Control represents the tissue indexes of untreated animals. Results are presented as

mean = SD, n=3 (* p <0.05, ** p <0.01).

Tissue Index

Treatment
Liver Spleen Kidneys Lungs
Control 20.1 £0.1 6004 9.7+0.1 72+0.2
4h 204+0.4 58+0.5 10.1+£02 79402
HAOA-coated AuNPs 21.6 £0.6
24 h . 63+06 104+01 7.7+02
21.4+0.1
4h . 6.7+02 105+0.1 7.6+0.3
HTf-functionalized HAOA-coated AuNPs
21.7+£1.0
24 h 6.7+02 105+02 8.0+0.3

ek
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S. Discussion

Anaplastic thyroid carcinoma is one of the most lethal cancers known, presenting a mean
survival of 3 to 5 months, with poor quality of life, currently without any efficient treatment
option [176]. Moreover, the poor quality of life associated to cancer, in most patients, is not
only due to the disease itself, but also caused by treatments' severe side effects, either
associated to poor pharmacological properties or their invasiveness, i.e., their effects in non-
tumor cells.

Nanomedicine is an exponentially growing field and the application of nanoparticles, such
as AuNPs, to the treatment of cancer has recently raised increasing interest. This is probably
related to AuNPs attractive characteristics, such as their biocompatibility, stability, and low
cytotoxicity, associated with the potential for high selectivity, which make them potentially
suitable for treatment of cancer [22]. Additionally, several authors have reported that PTT-
based approaches seem to be very promising for the treatment of superficial tumours [42,48].
Thus, non-pharmacological therapies mediated by NPs have been also explored, such as
AuNPs-mediated NIR-PTT, with promising outcomes [60,61].

Since anaplastic thyroid carcinoma is a relatively superficial tumor, it is a more obvious
candidate for AuNPs-mediated NIR-PTT. The formulation developed for AuNPs-mediated
PTT of anaplastic thyroid carcinoma must be: small, monodisperse, highly selectivity, and thus
be targeted for anaplastic thyroid carcinoma cells; biocompatible, to not harm healthy tissues;
and effective, with high cytotoxicity, when activated by laser, for the anaplastic thyroid

carcinoma cells to ensure tumour shrinkage.

5.1 Methodological considerations

In this project, the method used to produce AuNPs was adapted from the one previously
developed by our group for the treatment of melanoma [58,161]. Furthermore, several
formulations were assayed and parameters were tested: different cores of AuNPs were prepared
using two ratios of gold:RA (m/m) (5:3 and 5:10), coated with HAOA and functionalized with
three different ligands (EGF, HTf or lapatinib). In our preparation method, all the used
compounds were generally regarded as safe for clinical application: gold (III) chloride
trihydride and silver nitrate are not toxic and have been used for a long time for medical
applications [177,178]; gold has the additional advantage of being an inert material [178]; L-
ascorbic acid, also known as Vitamin C, is safe and metabolized by the human body, with

growing interest due to its’ potential intravenous administration for the treatment of cancer,
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improving tumor response and survival [179]; and finally, the phytochemical RA, which has
attracted more attention in the past few years due to some of its remarkable properties such as
its antioxidant nature [180,181].

Several other methods for the preparation of AuNPs were described, such as the Turkevich
method, seeding growth method, chemical method, the Brust-Schiffrin method, e.g. [182].
However, the majority of those methods synthetize AuNPs using cetyltrimethil ammonium
bromide (CTAB), which is an inflammable and cytotoxic agent that raises important safety
concerns [57,183]. Therefore, there was the need to develop CTAB-free AuNPs, either through
using sophisticated removal methods to strip the CTAB from the AuNPs without disturbing
the AuNPs’ structure, or by using alternative agents for the AuNPs’ synthesis. The method
described in the present Dissertation was able to successfully overcome this challenge, as no
CTAB was used.

Thus, by optimizing and adapting the previously described formulation [58,161], using
nontoxic and safe compounds, we were able to develop safe and specific formulations for

AuNPs-mediated NIR-PTT of anaplastic thyroid carcinoma.

5.2 Formulation characterization

The formulations were characterized in each step of production (i.e., core synthesis,
coating addition and functionalization of the AuNPs’ surface) regarding its’ size, Pdl, SPR
band correspondent to the maximum absorbance peak, recovery yield (RY), surface
morphology and conjugation efficiency.

When using a 5:3 gold:RA ratio (m/m) for the synthesis of AuNPs, the resultant core mean
size was 88 nm, while using a 5:10 gold:RA ratio (m/m) resulted in AuNPs cores with much
larger mean size (~315 nm; p<0.001).

When the AuNPs were coated with HAOA, resultant particle size increased. It is to note
that this tendency to increase in size after coating was more pronounced in the formulation
synthetized using the 5:3 gold:RA ratio (~40%, ns) than the 5:10 gold:RA ratio (~12%, ns).
This difference in particle size increment after coating can be explained by the fact that the
5:10 AuNP core is much larger. Since the quantity of HAOA coating used in both formulations
was the same, it resulted in a larger surface area to cover and therefore less quantity of HAOA
was available per individual AuNP in the 5:10 AuNP, when compared to the 5:3 AuNP core.
Moreover, the larger size increase might be a consequence of the high concentration of this

compound in the HAOA coating in addition to the high molecular weight of Hyaluronic Acid
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(~1.5-1.8 x 10° Da), but also. Similar size increases after HAOA coating were seen in the
previous reported formulation for melanoma [58].

The formulation herein described is intended to be administered in situ, therefore not
delivered into the systemic circulation, but instead to be locally taken up by phagocytic cells,
and afterwards cleared by the reticuloendothelial system and the liver. On one hand, it has been
described that phagocytic cells, including macrophages, neutrophils and dendritic cells, are
able to uptake NPs with mean sizes up to 1 um [184,185]. On the other hand, formulation
clearance, both reticuloendothelial and hepatic, should occur only after activation of the
formulations and conclusion the PTT session. Thus, it has been described that NPs size should
be greater than 200 nm [184,185].

Having these size-related clearance aspects in consideration, the 5:10 AuNPs’ core seems
to be more adequate than both the 5:3 AuNPs and previously designed formulation for
melanoma [58,161], since both of these cores are smaller and, even after coating with HAOA,
remain smaller than 200 nm, these cores present a higher risk of entering systemic circulation
by intravasation through the tumor leaky vasculature [184,185].

Still regarding the characterization of the AuNPs size, PdI of the 5:3 and 5:10 AuNPs was
determined, allowing to assess the formulations size distribution.

More uninform AuNPs were observed with the 5:3 ratio, uncoated and coated. PdIs’ up to
0.5 are deemed acceptable, according with the literature [186]. Moreover, although the 5:10
AuNPs core PdI was higher, it decreased following HAOA coating, which suggests that the
coating contributes for monodispersion of the 5:10 AuNP's size. This was not the case for the
5:3 AuNPs, as its PdI remained approximately unchanged before and after the HAOA coating.

Moreover, the individual size distribution of NPs within a NP population should be
minimal. Indeed, it is important for a formulation to be monodisperse, as this characteristic
standardizes the formulation's properties, as well as it allows great predictability for the in vitro
and in vivo NPs behavior [187-189]. For instance, cellular uptake of AuNPs is, like for other
materials-based NPs, influenced by PdI; therefore, if the AuNPs population have an uniform
size distribution, it is easier to predict the proportion and rate of NPs internalization, but if NPs
present polydispersed size distribution, their cellular internalization will occur in an
unpredictable random manner [190]. Furthermore, AuNPs biodistribution is also size-
dependent and, consequently, monodisperse formulations accumulate more uniformly [191]
and, therefore, in a more predictable fashion.

AuNP's size also seems to influence the SPR band/Absmax of AuNPs. Indeed, as AuNP

size increases, the SPR band seems to move towards the right end of the radiation spectrum, to
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higher wavelengths [48]. Moreover, SPR band is also influenced by size polydispersity of the
AuNPs population, with more uniform populations of AuNPs having a more defined peak of
absorbance for a certain wavelength, unlike populations with higher PdlIs, which absorb
throughout a broader range of wavelengths [192]. This was the case of the results presented
herein, with the smaller AuNPs (5:3) having a SPR band in the visible region of the light
spectrum, and the larger AuNPs (5:10) having a SPR band in NIR wavelengths. The HAOA
coating, used to increase biocompatibility (discussed below), is also expected to cause a shift
of absorbance towards higher wavelengths, i.e., to the right end of the light spectrum. This was
reflected in the 5:10 AuNPs, as the SPR band shifted to 840 nm with the coating addition,
whereas in the 5:3 AuNPs SPR band remained unchanged (see Table 5). Taking into
consideration that it is of interest that the final formulation of AuNPs would absorb in the
wavelength range of the previously mentioned biologic windows (700-980 nm and 1000-1400
nm), the SPR band presented by the 5:10 AuNPs seems to be more adequate. Furthermore,
5:10 AuNPs present an improved higher SPR band (840 nm) when compared to the previously
reported formulation developed for melanoma (709 nm) [161]. This represents significant
improvement, as the laser used for the activation of AuNPs emits at 808 nm.

In order to achieve fully functional AuNPs, selective for aplastic thyroid carcinoma,
ligand(s) had be chosen for surface modification of the formulation. The formulation's targets
were chosen by selecting membrane receptors known to be overexpressed in anaplastic thyroid
carcinoma cells. Two target receptors were selected: epidermal growth factor receptor (EGFR)
[122,123,126,193] and type I transferrin receptor (TfR1/CD71) [131,194,195]. In order to
target those receptors, three ligands were selected for the surface functionalization: human
EGF, the ligand for EGFR; lapatinib, an EGFR and HER-2 tyrosine kinase inhibitor [196]; and
human HTHT, the iron-bound form of the ligand (transferrin) for TfR1/CD71.

Formulations were characterized regarding its RY and surface morphology, and the
efficiency of surface functionalization was determined by calculating the conjugation
efficiency.

Surface morphology was assessed by TEM. It was clear that the 5:10 AuNPs’ core
presented a very well-define icosahedron shape. In fact, the novel (5:10) AuNP core was much
more uniform than the previously described formulation, which was heterogenous [161] and
more similar to the 5:3 AuNPs core. Regarding the functionalization of the 5:10 HAOA-coated
AuNPs, there was no difference in shape before (HAOA-coated AuNPs) and after
functionalization with either EGF or HTf, as the shape remained spherical and well defined.

However, the shape changed after lapatinib functionalization, with both spherical and more
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elongated lapatinib-functionalized HAOA-coated 5:10 AuNPs. The functionalization also
induced a change in the HAOA-coated AuNPs size: the coated AuNPs size increased two-fold
factor when functionalized with EGF in contrast to 1.1. to 1.4-fold when functionalized with
HTf and lapatinib. Nevertheless, all functionalized formulations had sizes that met the criteria
for ideal size previously discussed, i.e., between 200 nm and 1 pum.

The efficiency of ligand conjugation to the HAOA-coated AuNPs was determined for
EGF, HTf and lapatinib (ongoing quantification). Both EGF and HTf conjugated efficiently to
the surface of the HAOA-coated AuNPs, with HTf having the highest conjugation efficiency.
RY indicates the percentage of materials/reagents that formed AuNPs, and is a very important
parameter for industrial scale level. All formulations presented an adequate RY, with 66.0 +
0.9 % for EGF, 70.0 + 3.4 % for HTT, and 86.2 + 36.5 % for lapatinib, which will be important
for industrial scale-up.

The relationship between AuNPs SPR band and how both HAOA coating and ligand-
binding affects absorbance of the functionalized coated AuNPs is also important for
formulation's efficacy and, therefore, matter for discussion. Due to the fact that the ligands
EGF, HTf and lapatinib present maximum absorption at wavelengths in the UV range, the SPR
band of the functionalized formulations shifted towards the left end of the light spectrum, when
compared to the non-functionalized HAOA-coated AuNPs. Moreover, functionalizing the
HAOA-coated AuNPs with lapatinib caused a more pronounced shift, resulting in a SPR band
in the visible range of the light spectrum.

As mentioned, it is of interest to formulate AuNPs that absorb NIR wavelengths (650-950
nm) as these regions of the light spectrum have high photostability, they can go through an
high deepness, low absorption and low damage by/to the surrounding healthy off-target tissues
[56,197]. This characteristic is in favor of the 5:10 formulation. Due to the 5:10 ratio gold:RA
(m/m) AuNPs having favorable size and SPR band, this was the selected formulation that was

functionalized and used in the assays.

5.3 Safety, efficacy and selectivity in vitro assays

As mentioned earlier, the formulation must be biocompatible with healthy tissues, but must
also be cytotoxic and selective for anaplastic thyroid carcinoma cells, upon activation by laser.
For this purpose, safety, efficacy and selectivity were studied in vitro using two cell lines:

HaCat, a human non-pathological epithelial cell line; and 8505C, a human anaplastic thyroid
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carcinoma cell line. Biocompatibility was assessed by incubating HaCat cells with different
concentrations of the several formulations for 24 h.

As expected, the uncoated AuNPs at a concentration of 80 uM, were cytotoxic for the
healthy cells, which was resolved by adding the HAOA-coating, rendering the coated AuNPs
nontoxic, i.e., biocompatible. The HAOA-coating not only increases biocompatibility, as
shown by our data, but also improves optical properties and allows more effective
functionalization of the AuNPs’ surface by adsorbing the ligands. According to ISO 10993-
5:2009(E), formulations that result in a decrease of cellular viability greater than 30% are
classified as cytotoxic [198]. Thus, according to ISO standards, all coated formulations tested,
including both functionalized and not functionalized, were non-toxic and therefore
biocompatible with HaCat cells at 20 and 80 uM concentration, as the maximum reduction in
cell viability observed was only 17%. Also, our in vitro assays suggest that this formulation
seems safer than the previously HAOA-coated AuNPs developed to treat melanoma [161].
Indeed, using the same concentration (80 M) and the same cell line (HaCat), the previously
reported melanoma-specific AuNPs) caused 25% reduction of cell viability [161], considerably
higher than our HAOA-coated AuNPs reported herein, which further supports the safety of our
anaplastic thyroid carcinoma-specific AuNPs.

The efficacy of the different formulations was studied by analysing cellular viability after
incubation with the laser-activated and not-activated AuNPs, HAOA-coated AuNPs and
functionalized HAOA-coated AuNPs. The cytotoxicity action of the laser was also addressed
by irradiating non-treated cells with the laser used to activate the formulations, and no
reduction in cell viability was seen. In addition to its in vitro safety, the laser system used to
activate the formulations has shown to be very suitable and easily implementable for clinical
applications, mainly due to its easy and intuitive manipulation, but also due to the device
mobility. Regarding the formulations, it is to note that, when not activated, uncoated-AuNPs
and HTf-functionalized HAOA-coated AuNPs were effective in reducing anaplastic thyroid
carcinoma cells’ viability to 61% and 34%, respectively. However, the cell viability was greatly
reduced to 42% (AuNPs) and 22% (HTf-functionalized HAOA-coated AuNPs), when laser
was used to activate the formulations. Thus, laser-induced activation of the formulations
resulted in a significant decrease in cell viability, when compared with the non-activated
formulation. According to ISO 10993-5:2009(E) the non-activated HAOA-coated AuNPs,
EGF-functionalized HAOA-coated AuNPs and lapatinib-coated HAOA-coated AuNPs were
not cytotoxic for anaplastic thyroid carcinoma cells, resulting in cell viabilities of 89%, 87%

and 77%, respectively. Although activating HAOA-coated AuNPs and EGF-functionalized
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HAOA-coated AuNPs resulted in significant cell viability decrease, when compared with the
respective non-activated formulations, HAOA-coated AuNPs still had no cytotoxicity against
the 8505C cells, according to ISO standards. Although EGF- and lapatinib-functionalized
HAOA-coated AuNPs were cytotoxic against anaplastic thyroid carcinoma cells, both
decreasing cell viability to 62% when activated, HTf-functionalized HAOA-coated AuNPs was
the most effective formulation, with the highest toxicity against anaplastic thyroid carcinoma
cells, when activated (cell viability of ~22%) and not activated (cell viability of ~34%)), at 80
uM.

Therefore, these data suggest that surface functionalization of the HAOA-coated AuNPs
is key to increase the cytotoxic action against the anaplastic thyroid carcinoma cell line, being
that HTf-functionalized HAOA-coated AuNPs was the most effective formulation.

Selectivity was assessed by comparing cell viabilities of HaCat cells (nonpathological
cells) and 8505C (anaplastic thyroid carcinoma cells), after being incubated for 24h with the
different formulations, not activated by laser, at 20 and 80 pM. The formulation was considered
to be selective for anaplastic thyroid carcinoma if the cell viability observed in 8505C was
significantly lower than cell viability of HaCat.

For the 20 uM concentration, no formulation resulted in a significant decrease of 8505C
cell viability when compared to HaCat. At 80 uM, two formulations significantly decreased
cell viability: AuNPs; and HTf-functionalized HAOA-coated AuNPs. Although AuNPs seems
to be selective and cytotoxic for anaplastic thyroid carcinoma cells, it failed to be
biocompatible for healthy cells (HaCat) and thus, HTf-functionalized HAOA-coated AuNPs
seem to be the most suitable formulation. This formulation was biocompatible with HaCat
cells, demonstrating a very small decrease in viability of this cell line, and it was also the most
effective against anaplastic thyroid carcinoma cells, both when activated and when not
activated by laser. Our data suggest that HTf-functionalized HAOA-coated AuNPs is selective
for the anaplastic thyroid carcinoma cells and, therefore, this was the selected formulation for

the in vivo experiments that aimed to assess safety and biodistribution, discussed below.

5.4 Haemolytic activity assay

Although the final formulation is intended for intratumoural or in sifu administration, there
is still the possibility (probably low) that it could enter the blood stream through its clearance
or by intravasation of the tumour vessels. Thus, the haemolytic activity was studied to test if

the formulations (AuNPs, HAOA-coated AuNPs, and HTf-functionalized HAOA-coated
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AuNPs) were safe. A wide range of concentrations were studied (0.04 to 80 uM) and all
formulations, at all the tested concentrations, presented an haemolytic activity bellow 2%,
which, according to the literature, is considered non-haemolytic [199]. Therefore, one can state
that AuNPs, HAOA-coated AuNPs, and HTf-functionalized HAOA-coated AuNPs
formulations are safe if in contact with blood. Moreover, comparison between the three
formulations, suggested that the safest formulation is the HTf-functionalized HAOA-coated
AuNPs, since for almost all concentrations, this was the formulation that presented the lowest
haemolytic activity. Considering the low haemolytic activity achieved, confirmed that HTf-
functionalized HAOA-coated AuNPs are safe for parental administration and/or in case it

reaches the bloodstream or its cellular components, namely erythrocytes.

5.5 Safety and biodistribution in vivo assays

Biodistribution and safety assessments were separately carried out in vivo using HAOA-
coated AuNPs and HTf-functionalized HAOA-coated AuNPs.

For the safety assessment, HAOA-coated AuNPs were administrated subcutaneously (s.c)
to the thyroid neck region of mice. At most timepoints tested, the HAOA-coated AuNPs were
still present in the s.c. adipocyte tissue, adjacent to the s.c. administration site, indicating that
most AuNPs had yet to be cleared from this region. In fact, HAOA-coated AuNPs seem to
trigger the presence of macrophages at around 24h, with cellular infiltrates with phagocyted
AuNPs being observed. It has been described that although AuNPs are rapidly phagocyted after
being administrated, polymeric coatings are associated with reduced phagocytosis [200].
Furthermore, when phagocyted or uptaken by human cells, AuNPs do not seem to be cytotoxic
[201], as was also seen in the HaCat assays. This could explain why these infiltrates were only
present at 24h, as the functionalization and coating are expected to dramatically change the
biodistribution of the AuNPs in comparison to other AuNPs-only formulations, and this will
be clarified when the results of the ICP-MS are analysed. Based on other studies, AuNPs
biodistribution seems to be size-dependent and, with sizes greater than 200 nm, are not
expected to cross the blood-brain barrier and tend to accumulate mainly in the liver but some
accumulation is also seen in the lungs, spleen and kidneys [201,202]. However, there were no
organ modifications that could indicate AuNPs-induced lesions and/or rapid clearance. Indeed,
clearance was not significant before the 24h timepoint, which is of the outmost importance,
since the aim is for the AuNPs to be cleared from the tumour site only after laser activation and

PTT session are concluded.
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For the biodistribution assay, HTf-functionalized HAOA-coated AuNPs and HAOA-
coated AuNPs were administrated and tissue indexes were determined. The tissue indexes
provide important information regarding chemically-induced changes to the analysed organs.
Under physiological healthy circumstances, tissue indexes remain constant. However,
increased tissue index might suggest an organ hypertrophy or congestion, whereas decreased
tissue index may indicate that the organ may have undergone atrophy or any other degenerative
changes [175,203].

HAOA-coated AuNPs caused a hepatomegaly 24 h post-administration. Moreover, HT{-
functionalized HAOA-coated AuNPs administration also resulted in an increase of hepatic
tissue index, both 4 h and 24 h after administration, although more pronounced at 24 h post-
administration. The increase of liver's tissue index may be related with the higher expression
of the TfR1/CD71 [204], which causes higher hepatic affinity for HTf-functionalized HAOA-
coated AuNPs, thus leading to its accumulation in the liver. However, hepatic TfR1/CD71
expression does not fully explain the increased liver tissue index that resulted from HAOA-
coated AuNPs administration. In fact, it has been described that when NPs’ surface is
impregnated with Tf, its liver accumulation is not dependent on Tf content and that most
nanoformulations accumulate in the liver as part of their normal clearance and excretion
processes [205,206]. Furthermore, since we found no histologic abnormalities were in the liver,
one can infer that the increased liver tissue index is related to AuNPs hepatic accumulation, as
part of their normal clearance process. Nevertheless, others have suggested that in tumours
with high TfR1/CD71 expression, such as anaplastic thyroid carcinoma, Tf-funcionalized NPs
tend to accumulate more in the tumour itself than in the liver, when compared to the not-
functionalized counterpart [205]. This aspect still needs to be evaluated by comparing with the
pending results and further testing using our HTf-functionalized HAOA-coated AuNPs must
be conducted, which we aim to do in the future, using in vivo murine models of anaplastic
thyroid carcinoma.

Biodistribution of AuNPs have been assessed by other groups. For instance, Bailly ef al.,
described that AuNPs, after 24 h post intravenous administration, accumulated mainly in the
kidneys, liver, spleen and tumour [173]. However, and in similarity to other AuNPs’ properties,
in vivo biodistribution seems to be size dependent, and although the AuNPs of the previous
presented study accumulated in the kidneys, this accumulation is associated with smaller sized
AuNPs and, as size of AuNPs increases, kidney accumulation decreases [207]. Taking these
results together, the HTf-functionalized HAOA-coated AuNPs are deemed as safe for in situ

administration in vivo.
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With all these results in mind, the HTf-functionalized HAOA-coated (5:10) AuNPs gathers
all the required characteristics for the design of an anaplastic thyroid carcinoma-specific
AuNPs for NIR-PTT. Indeed, our functionalized coated NPs present a size between 200 nm
and 1 pm, allowing it to be phagocyted by cells and pass hepatic clearance, as demonstrated in
vivo; concerning size and shape, the AuNPs are monodisperse, allowing the predictability of
the formulations in vivo behaviour, pharmacologic and physicochemical properties as well as
how the AuNPs will interact with biologic entities such as cells; our NPs present spherical
morphology, optimizing surface-area-to-volume ratio, and consequently cell internalization;
their SPR band is within the NIR wavelengths, and more specifically in the 800s’ nm, ensuring
optimal activation by the laser emitting at 808 nm; they are safe and non-haemolytic, as tested
in vitro and in vivo; and finally, our anaplastic thyroid carcinoma-specific AuNPs were
selective and cytotoxic for anaplastic thyroid carcinoma, causing a very significative decrease
in cell viability of an anaplastic thyroid carcinoma cell line, upon laser activation.

Although our data suggests that our HTf-functionalized HAOA-coated (5:10) AuNPs are
safe, additional in vivo studies are required to confirm the safety of these anaplastic thyroid
carcinoma-specific AuNPs after single and multiple dose. The correlation of in vitro and in
vivo assays and its predictable value (transnationality) must be accurate analysed in a very near

future

The project reported herein resulted in very exciting preliminary results of a formulation
designed for NIR-PTT of a very lethal malignancy, anaplastic thyroid carcinoma. Taking solely
these results into account, this formulation seems promising for a possible treatment, either as
palliative treatment to improve patients quality of life by, for example, reducing tumour mass,
as adjuvant therapy, to reduce the anaplastic thyroid carcinoma mass and allow it to be
surgically resettable, or as monotherapy, that would completely ablate anaplastic thyroid

carcinoma.
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6. Conclusions and Future Perspectives

The work presented herein explored the feasibility of a new formulation of functionalized
AuNPs, for photothermal therapy (PTT) of anaplastic thyroid carcinoma, one of the most lethal
malignancies with no current viable treatment course. Several combinations of ligands and
AuNP cores were tested. Although all functionalized formulations were deemed safe for a
healthy epithelial cell line and selective for anaplastic thyroid carcinoma, the HTf-
functionalized HAOA-coated (5:10) AuNPs was the one formulation that presented the best
set of characteristics suitable to specifically target anaplastic thyroid carcinoma cells for PTT.
Our preliminary in vivo studies also rendered this formulation as safe, with no abnormalities of
the analysed organs were detected. However, some of the results of the biodistribution assay
are still pending (i.e., quantification of gold in organs and blood by ICP-MS), as only the tissue
indexes (with no abnormalities) were determined; this obviously constitutes a caveat in our
work and a future objective to pursuit.

Taking all the results reported into consideration, the innovative formulation developed by
our group - the holo-Transferrin functionalized HAOA-coated AuNPs - was demonstrated to
have all the desired physical characteristics and had very promising preliminary results
regarding selectivity and efficacy in vitro, and in vivo and in vitro safety, for PTT to be used in
anaplastic thyroid carcinoma.

In the future, there are still assays and assessments that should be conducted concerning
the development of anaplastic thyroid carcinoma-specific AuNPs for PTT.

For instance, it would be interesting to determine how long it takes for the anaplastic
thyroid carcinoma cell lines to uptake the AuNPs (core, coated and functionalized) and to
assess the impact of the different formulation processes on this time period. Furthermore,
regarding in vitro experiments, it is of great interest to determine the cell-death mechanism
(i.e., apoptosis or necrosis) behind the AuNP-induced loss of cellular viability. Furthermore,
we also plan to test if the cells at a specific stage of the cell cycle are more susceptible to the
AuNPs’ action.

Concerning the future in vivo experiments, our group has established collaborations with
veterinary hospitals, in order to test the efficacy of the HTf-functionalized HAOA-coated
AuNPs for PTT in animals at advanced stages of anaplastic thyroid carcinoma, when all viable
treatment options have failed, following a rational assessment of risk versus benefits by a
multidisciplinary team and always ensuring the strict respect for both ethical requirements and

Portuguese law.
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Although this project still has plenty steps towards its completion, from these preliminary
results it is clear that this is a very promising and interesting research line that must be

continued.
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