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ABSTRACT

Cancer is the second most prevalent cause of death worldwide. Chemotherapy and ra-
diotherapy are some of the most commonly used treatments. They, however, present serious
side effects for the patient. As technology evolves, new possibilities for cancer treatment arise.
In this sense, cancer theranostics provides the possibility of having diagnosis and treatment
in a single system, improving patient care, and providing personalized cancer treatment
methods. One of the most promising approaches to theranostics is using superparamagnetic
iron oxide nanoparticles (SPIONs) as they can be used as contrast agents in magnetic reso-
nance imaging and in magnetic hyperthermia due to the increase of their bulk temperature
and of their surroundings when an external alternating magnetic field is applied. More re-
cently, it was discovered that SPIONs mimic peroxidase and catalase enzymatic activities. The
tirst one contributes to direct tumour elimination by generating toxic radicals while the latter
converts hydrogen peroxide into water and oxygen, helping overcome the hypoxia present in
tumour tissues.

In this work, SPIONs were coated with dimercaptosuccinic acid and 3-amino-propyltri-
ethoxysilane and characterized. The peroxidase and catalase enzyme-like activity of coated
SPIONSs was also evaluated as well as the influence that various pH and different hydrogen
peroxide concentrations have on the enzymatic-like activity. After this characterization, cyto-
toxic assays were performed using the SaOs-2 cell line with SPIONs and hydrogen peroxide
to determine which are the cytotoxic concentrations for both. The main goal was to assess the
in-vitro catalase-like behaviour of SPIONs in normoxia and hypoxia environments. Lastly, the
SPIONs were submitted to an alternating magnetic field and hyperthermic temperatures were
reached.

Here, we showed that SPIONs possess intrinsic catalase and peroxidase like activities,
however the same was not achieved in in-vitro studies. In this sense, more studies are required
to accurately assess catalase-like activity in vitro, as well as more in-depth magnetic hyper-

thermia assays including in-vitro to better understand SPIONs as theranostics system.

Keywords: Cancer, Catalase, IONzymes, Magnetic hyperthermia, Peroxidase, Superparamag-

netic nanoparticles, Theranostics.
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RESUMO

O cancro é a segunda maior causa de morte em todo o mundo. A quimioterapia e a
radioterapia sdo alguns dos tratamentos mais utilizados. Porém, apresentam graves efeitos
secundarios para o paciente. A medida que a tecnologia evolui, surgem novas possibilidades
para o tratamento do cancro. Nesse sentido, o teranéstico oferece a possibilidade de diagnés-
tico e tratamento num tnico sistema, melhorando o atendimento ao paciente e oferecendo
métodos personalizados de tratamento do cancro. Uma das abordagens mais promissoras
para o terandstico é o uso de nanoparticulas superparamagnéticas de 6xido de ferro (SPIONSs),
por poderem ser usadas como agentes de contraste em ressonancia magnética e em hiperter-
mia magnética devido ao aumento de sua temperatura e do ambiente em redor aquando da
aplicagdo de um campo magnético externo alternado. Mais recentemente, descobriu-se que as
SPIONs conseguem mimetizar as atividades enzimaéticas da peroxidase e da catalase. O pri-
meiro contribui para a eliminagdo direta do tumor através da geracgdo de radicais toxicos en-
quanto o segundo converte o peroxido de hidrogénio em dgua e oxigénio, ajudando a dimi-
nuir a hipoxia presente nos tecidos tumorais.

As SPIONs foram revestidas com acido dimercaptossuccinico e 3-amino-propiltrietoxi-
ssilano e posteriormente caracterizadas. A atividade enzimatica de peroxidase e catalase das
SPIONSs revestidas também foi avaliada, bem como a influéncia que vérios pH e diferentes
quantidades de peroxido de hidrogénio tém na atividade enzimética. Ap6s esta caracteriza-
¢do, foram realizados ensaios citotéxicos na linhagem de células SaOs-2 com SPIONs e peré-
xido de hidrogénio, aqui foi determinado quais eram as concentragdes citotoxicas para ambos.
O objetivo principal foi avaliar o comportamento de catalase dos SPIONs in vitro em ambien-
tes de normoxia e hipdxia. Por fim, os SPIONs foram submetidos a um campo magnético al-
ternado e foram atingidas temperaturas hipertérmicas.

Aqui, mostramos que as SPIONs possuem atividades intrinsecas de catalase e peroxi-
dase, porém o mesmo ndo foi alcangado em estudos in vitro. Nesse sentido, sdo necessarios
mais estudos para avaliar com precisado a atividade de catalase in vitro, bem como ensaios de
hipertermia magnética mais aprofundados, incluindo in vitro, para entender melhor SPIONs
como sistema de teranéstico.

Palavras-chave: Cancro, Catalase, [ONzymes, Hipertermia magnética, Peroxidase, Na-
noparticulas superparamagnéticas, Teranostico.
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1.
MOTIVATION

Cancer is a worldwide disease and the number one cause of death, causing 10 mil-
lion fatalities across the world [1]. Facing these numbers, finding a cancer treatment op-
tion is of the at most importance and significant advances have been done over the years.

In this context, cancer theranostics has gained more importance as it combines di-
agnostic and treatment features in one single technology, aiming to decrease treatment
delays and improve patient care [2]. Moreover, the use of nanotechnology for biomedi-
cal applications has been a topic of research for the past years, namely magnetic nano-
particles (NPs) demonstrate a huge potential to significantly improve theranostics plat-
forms for cancer. Their unique properties, enable their use as imaging probes in the di-
agnostic feature, and as magnetic hyperthermia agents in the treatment feature [3].

Recently, superparamagnetic iron oxide nanoparticles (SPIONs) have been stud-
ied for their intrinsic enzyme-like properties either peroxidase-like or catalase-like, being
referred as IONzymes, IONzymes can contribute to direct tumour elimination through
its intrinsic peroxidase-like activity, which leads to the generation of toxic radicals. On
the other hand, catalase like activity results in the decomposition of H202 into oxygen
and water, resulting in an increase in the oxygen concentration in tumour environment,
can help reverse hypoxia induced resistance of tumours to treatment, namely chemo-
therapy [4], [5].

The work in here presented was divided into four stages:

1. Synthesis of superparamagnetic iron oxide nanoparticles (SPIONs), by chemical

co-precipitation and further characterization;

2. Cytotoxicity Studies of SPIONs and H20Ox;

3. Qualitative and quantitative study of SPIONs cellular internalization;

4. Enzymatic-like assays chemical and intracellularly;

5. Magnetic hyperthermia studies to assess feasibility of SPIONSs for cancer treat-

ments.






2.
INTRODUCTION

2.1. Cancer

According to the World Health Organization, cancer is the second leading cause
of death around the world. The most common cancers are breast, lung, colon, and pros-
tate cancers, responsible for more than 7 million new cases in 2020. In Portugal alone
there were 60467 new diagnoses and 30168 deaths in 2020 [1].

Most healthy cells follow a cycle which begins when a single cell divides into two
daughter cells. The progression of the cell cycle is regulated by signals from outside and
within cells. Interrupting or altering these signals can lead to changes within the cells,
including transformation into malignant cells [6]. Tumors are not just formed by malig-
nant cells masses, they are also composed by cells of the immune system, the tumor vas-
culature, and lymphatics, as well as fibroblasts, pericytes which form the tumor micro-
environment (TME) [7]. A common characteristic of solid TME is the uncontrolled cell
proliferation that exceeds the ability to satisfy the oxygen demand, leaving the TME with
a low oxygen supply also known as hypoxia [8]. Hypoxic tumors often present high lev-
els of reactive oxygen species (ROS), such as hydrogen peroxide (H2O»), superoxide an-
ion (03 ), and the hydroxyl radical (OH-); low pH and altered metabolism [9].

Cancer treatments have been developed over the decades, the most common treat-
ment options are chemotherapy and radiotherapy however, their side effects can be very
harsh and cause more suffering to the patient, hence the necessity of discovering new
and improved treatments. In recent years, nanotechnology emerged in the biomedicine
field, more in particular superparamagnetic nanoparticles as they hold interesting fea-

tures that can be used for medical purposes [10].

2.2. Superparamagnetic iron oxide nanoparticles

Magnetic nanoparticles are a class of nanoparticles that possess magnetic sensitiv-
ity and therefore can be oriented and controlled under an externally applied magnetic
field. In this class of nanoparticles, SPIONs are the ones that have shown more potential
in biomedical applications [3] such as magnetic resonance imaging (MRI), magnetic hy-
perthermia, drug carrier in target tumor treatments [3]. SPIONs consist of a magnetic
core, usually magnetite (Fe;Os) or maghemite (y-Fe2Os) and a biocompatible coating [11].
These nanoparticles tend to change their oxidation state, agglomerate, and lose their
magnetic properties over time and so, coating them is essential to give chemical stability
and long-term stability [12]. For magnetite, magnetization occurs due to the presence of
iron cations in two states of valence, Fe2* and Fe3+ and their electronic movement [13].

The superparamagnetic property of these nanoparticles arises when their size is <15 nm



(critical size) and they hold a core that consists in a single magnetic domain, in which all
the atomic magnetic moments are magnetized in the same direction and behave as a
single magnetic dipole, thus having a large magnetic moment. Therefore, when exposed
to an external magnetic field they become intensely magnetized and rapidly lose their
magnetization when the field is no longer present [14]. In addition, SPIONSs are biocom-
patible, biodegradable and have low cytotoxicity, which are crucial characteristics for in
vivo applications. These nanoparticles assume a high surface area-to-volume ratio and
high aspect ratio values, a relevant feature for cellular internalization and surface func-
tionalization [3].

In addition to high magnetization (between 30 and 50 emu/g) [15], SPIONSs also
have the ability to heat when an alternating magnetic field (AMF) is applied. Heating
occurs during the demagnetization process due to energy loss [14]. This property is ex-
plored in hyperthermia treatments for cancer. Hyperthermic treatments aim to kill tu-
mor cells whilst keeping healthy cells unharmed. The hyperthermia treatment intends
to increase the temperature of a certain area or whole body to 42°-45° by the application
of electromagnetic field techniques, ultrasound, or microwaves. This is possible because
cancer cells have a high glycolytic activity and consequently lower pH than normal cells,
which confers the cancer cells a superior sensitivity to heat [16]. Hyperthermia using
SPION s is possible, as mentioned above, when an external alternating magnetic field is
utilized. This field will trigger mechanisms such as: hysteresis losses, Neél relaxation,
Brownian relaxation, and frictional losses which will increase the temperature, allowing
it to kill the cancer cells [17].

Besides the strong bet on SPIONSs for cancer theranostics, researchers have also
been investigating the option of using biological enzymes for cancer treatments or as
cancer treatment boosters [18], [19].

2.3. Catalase and Peroxidase

In aerobic forms of life, the production of energy generates H>O; and other ROS
which can be toxic to the system. H>O,, in particular, has been found to be part of the
cell's signaling cascade when in low concentrations, but can be very toxic when in high
concentrations [20]. As a form of stabilizing and dissociating these ROS, eucaryotic cells
developed antioxidant enzymes. Catalase (CAT) is an enzyme that can be found in the
peroxisomes of animal cells and decomposes H.O in water and oxygen (equation 2.1).
Peroxidase is another enzyme that, like catalase, plays a critical role in preventing cellu-
lar oxidative damage in aerobically respiring organisms, therefore reducing the toxicity
in the area. This enzyme uses H>O; as a substrate and creates free radicals to react with
hydrogen donors (equation 2.2) [21]. In equation 2.2 peroxidase, A represents a generic
chemical element.

Catalase 2H;0, —» 2H,0 + 0, (2.1)

Peroxidase H,0, + 2AH - 2H,0 + 2A (2.2)



Reactive oxygen species are very important for cell function: low concentration of
ROS promotes cell proliferation and survival, while intermediate concentration induces
cell differentiation. But at high concentrations, ROS can produce oxidative damage, es-
pecially in the DNA, causing mutations which eventually lead to cancer. Cancer sites are
characterized by persistent metabolic reactions leading to high ROS concentrations that
antioxidant enzymes are unable to regulate due to their under expression, thus promot-
ing cancer cells proliferation. In a general sense, ROS can be responsible for cancer de-
velopment and play a crucial role in its proliferation. This demonstrates the importance
of developing new treatment options to reduce ROS concentrations [22].

Christophe Glorieux et. al. studied the effects of overexpressed catalase in breast
tumor cells. They found that the overexpression of catalase does increase catalase activ-
ity and that the overexpressed catalase reduced cell proliferation and mitigation, indi-
cating that ROS levels had been diminished as they are crucial for tumor growth. In ad-
dition, the influence of over expressed catalase in regular cancer treatment options such
as chemo and radiotherapy were also evaluated. It was concluded that these cells
demonstrate higher sensitivity towards some chemotherapeutic agents however did not
show any changes when exposed to ionizing radiation [18].

In another study, Chao Shi et al. utilized a liposomal encapsulated catalase together
with lyso-targeted NIR photosensitizer (MBDP) and doxorubicin (Dox) to increase tu-
mor O levels, their studies were done on mice implanted with tumor cells. They
showed, by fluorescent markers, that the marked hypoxia regions decreased three days
after being injected with the liposomal encapsulated catalase thus proving that H.O, was
being catalyzed to produce Oz and consequently alleviating tumor hypoxia. After hy-
poxia reduction, they combined chemo and photodynamic therapy which enhanced the
tumor therapeutic effect by promoting chemo-PDT and antitumor immunities [23].

Regarding peroxidase enzymes in cancer therapies, Jingru Liu et al. investigated
how glutathione peroxidase could reduce growth of pancreatic cancer cells. They per-
formed in vitro and in vivo studies in mice and reached the conclusion that in both cases,
the use of overexpressed glutathione peroxidase did indeed reduce cell growth in over
50%, due to the reduction of the malignant phenotype, consequence of deregulated gene
expression common in cancer cells [19].

These are some examples that show and prove that the use of enzymes can be a
cancer therapeutic option. As mentioned before, enzyme have great purpose however,
their high cost of synthesis, isolation, and purification as well as their lack of stability in
various environments (temperature and pH variations) lead the scientific community to
study other options [24]. One of those options were inorganic nanoparticles that could
mimic the enzymatic activity, namely, SPIONs have been studied for their intrinsic pe-
roxidase-like and catalase-like activities under physiological conditions, denominated
“IONzymes” [25] .



2.4. “IONymes”

When comparing IONzymes with natural enzymes, IONzymes present some ad-
vantages such as more stability, low cost, and mass-production, allowing for more pos-

sibilities in future applications [25].

2.4.1. Peroxidase-like activity

Gao et al. were the first group of researchers that studied FesOs NPs and their in-
trinsic peroxidase activity. In this article Gao et al. compared the activity of horseradish
peroxidase (HRP) and Fe;O4 NPs through enzymatic assays (oxidation of substrates; pH,
temperature, size and H>O» concentration dependence; reaction mechanisms) and in the
end was able to say that Fe3O4 NPs beyond doubt have intrinsic peroxidase-like activity
and are identical to the HRP enzyme [4].

Years later, Wang et al. started by identifying the ROS and worked backwards to
understand the reactions that originated those ROS. As a result, *OH, and Oy*/HO»*
radicals were the main ROS that resulted from the reaction and O,*/HO>* are the major
reactive radicals. The general catalytic mechanism for the activation of HO, by Fe;Os is
the following [26] :

Felll(P)*+ H,O, —Fell)(P)(H202)*—FelV(P)( P- -)(O)*+ H.0O (2.3)
FelV(P- -)(O)* + AH,—FelV(P)(O) + HA- + H* (2.4)
FelV(P)(O) + AHx—Fel(P+)(O) + HA- + OH- or (2.5)
2H—A + AH> or (2.6)
2H—HA - AH (2.7)

Peroxidase reaction under physiological conditions is considered to be oxidized in
a single-electron step (Equations 2.4 and 2.5), the final result is through disproportiona-
tion (Equation 2.6) or coupling (Equation 2.7) of the single electron oxidation intermedi-
ate [27].

Overall, the discovery of peroxidase-like activity in SPIONs showed that these NPs
are bioactive and have advantages when compared to natural enzymes. Some of the ad-
vantages are the fact that SPIONs are inorganic, tolerating a harsher environment: they
tolerate a wider range of pH (3 - 5.5) and temperatures (35 - 50 °C) and still have a good
enzymatic activity; “nanozymes” are more cost effective as they are easier to produce
and allow for surface modification [4], [28]. Synthesis of SPIONSs is a very important step
as the type of reaction and its conditions determine the size and shape of the NPs. Size
is a critical characteristic of the nanozyme because it determines the amount of activity
that they possess (smaller particles exhibit more activity) [29], [30].

2.4.2. Catalase-like activity

Chen et al. investigated peroxidase-like activity of FesO4 NP at different pH: 4.8 and
7.4 using a 3,3',5,5 -tetramethylbenzidine (TMB) assay, where the TMB, in the presence
of H>O;, is catalyzed by the nanoparticle and the color changes to blue. At pH 4.8, the
color change was verified, but at 7.4 the solution remained transparent. Instead, after 30
min of incubation, some gas bubbles started to appear and after a few hours they had



grown bigger. The presence of the gas bubbles and the fact that the solution did not
change its color came to prove that at a neutral pH the nanoparticles do not possess
peroxidase activity but do have a catalase-like activity. Thus, reaching the conclusion
that FesOs NP have a dual enzymatic activity, peroxidase-like activity at acidic pH (3-
5.5) and a catalase-like activity at a neutral pH (7.4) [31].

The shift in the activity most likely has to do with the pH. When the environmental
pH changes to neutral or basic, the Fe3* content in the iron-based nanozymes becomes
the dominant catalytic species, favoring the catalase-like decomposition of H>O,.Thus
the reaction of catalase-like activity is [32]:

Felll (P)*+H>O,— Felll(P)( H.Oz)*—FeV(P)( P+ -)(O)*+ H.O (2.3)
FelV(P- -)(O)*+ HyOr—Fell(P)*+ H2O + O (2.9)
In the catalase reaction, it has been determined that the molecular oxygen formed is
caused by hydrogen peroxide, which means that no O-O bond rupture occurs in Equa-
tion 2.9. Therefore, this is the two-electron reduction of compound I (FelV(P —)(O)+),
namely produced by the reaction of ferric iron in enzymes with hydrogen peroxide. With

hydrogen peroxide, the oxo ligand of the former is released in the form of water [27].

2.4.3. In vitro enzymatic-like activity

After assessing the enzymatic-like activity of SPIONS, it is important to under-
stand if they have the same results in vitro to understand their applicability in biomedi-
cine. As previously stated, treatments efficacy is impeded by the tumor’s intrinsic re-
sistance to chemotherapeutic agents. A major physiological contributor to drug re-
sistance is the low oxygen availability in tumor sites. Hypoxia-inducible factors (HIFs)
are key regulators of oxygen levels within tissue, and its expression is induced under
hypoxic conditions which makes HIFs ideal targets for reducing drug resistance. In 2019,
Tin-Yo Yen et al. studied if catalase-functionalized iron oxide nanoparticles (CAT-ION)
could reverse hypoxia-induced chemotherapeutic resistance. This group utilized cata-
lase-functionalized iron oxide nanoparticles as they found that the combination of both
boosted the desired catalase activity. Tin-Yo Yen et al. found that CAT-ION reduced the
expression of HIFs in breast cancer cells in vitro, confirming functional catalase activity.
Furthermore, breast cancer cells demonstrated considerable decrease in drug resistance
[5].

In a different approach, Shanshan Gao et al. used Au NPs and Fe;O4 NPs integrated
into dendritic mesoporous silica NPs (DMSN-Au-Fe;O4 NPs) for tumor therapy. Even
though the concentration of H>O: is much higher than the desirable it is not sufficient to
produce enough hydroxyl radicals for inducing satisfactory nanocatalytic-therapeutic.
So, this research group combine the glucose oxidase-like activity of Au to elevate the
intratumoral H>O» concentration and peroxidase-like activity of FesO, that turns the
H>O» into hydroxyl radicals and thus inducing cancer cells death, forming a dual inor-
ganic nanozyme-triggered TME-responsive cascade catalytic reaction for efficient nano-
catalytic tumor therapy [33].



Given all the developments achieved to this day in the nanozyme field, this project
aims to take advantage of both enzymatic like activities (catalase and peroxidase) of SPI-
ONss to simultaneously reduce hypoxia in TME to increase chemotherapy treatments ef-

ficacy and produce hydroxyl radicals, inducing cancer cells death.



3.
MATERIALS AND METHODS

3.1. Superparamagnetic iron oxide nanoparticles

3.1.1. Synthesis

SPIONSs were synthesized via chemical co-precipitation. The reagents FeCls.6HO:
10 mmol and FeCl».4H>O: 5 mmol (Alfa Aesar) were dissolved in Millipore water, 20 mL
and 5 mL respectively, and in the end another 50 mL of water was added to the solution
in other to obtain a 1:2 Fe2*: Fe3* molar ratio. Inside a hood, the mixture was put under a
mechanical stirring, with O> deaeration and with bubbling N». It is important to have an
environment free of oxygen during the synthesis otherwise maghemite is formed. 10 mL
of ammonia 25% (Sigma-Aldrich) were added to the mixture for NPs growth and the
mixture was left under mechanical stirring (600 rpm) for 5 min. After that time, 60 mL
of water were added to stop the reaction. The NPs were separated from the supernatant
and washed 5 times with distilled water, with the aid of a magnet [34]. SPIONs obtained
by this method have low stability in aqueous solution. So, SPIONs were coated with two
different stabilizers: 10% (v/v) of (3-aminopropyl) triethoxysilane (APTES) and 13 mM
of dimercaptosuccinic acid (DMSA). The stabilization protocols of the SPIONs and their

as well as their quantifications protocol are specified in Appendix A and B respectively.

3.1.2. Characterization

FTIR spectra of the nanoparticles was obtained using a Nicolet 6700 FT-IR spec-
trometer from Thermo Scientific with a range of 4000 cm-1- 500 cm-1.

The XRD patterns were recorded using the Rigaku MiniFlex+ Desktop X-ray dif-
fractometer (MiniFlex+, Rigaku, Tokyo, Japan) using Cu-Ka radiation generated at 45
kV and 40 mA, in the range of 10°<20<90° with a step of 0.033".

Zeta potential and DLS measures were performed using a SZ-100 nanopartica se-
ries (Horiba, Lda) with a laser of 532 nm and controlling temperatures with a Peltier
system (25 °C).

Using magnetic hyperthermia device (NanoScale Biomagnetics, DM100 Series) the
generated temperature of the SPIONs was measured by applying an alternating mag-
netic field of 300 Gauss with a frequency of 418.5 kHz. The measurements lasted 10
minutes. The studies were done for SPIONS in Millipore water and in McCoy culture
cell medium with concentrations of 0.05 mg/mL; 0.1 mg/mL; 0.5 mg/mL; 1 mg/mL.



3.2. Chemical Catalase and Peroxidase assay

The peroxidase-like activity assays were carried out in 3 mL plastic cuvettes, where
to 2 mL phosphate buffer (100 mM, pH 5.5) were added a specific volume of a 5 mg/mL
monodisperse solution of NPs, using a given amount of 10 mg/mL solution of TMB
(Sigma-Aldrich) as the substrate, and in the presence of 25 pL H>O» (Sigma-Aldrich)
8.8 M. The absorbance was measured at 652 nm using a UV-VIS spectrophotometer
(GENESYS 50 UV-Vis Spectrophotometer Thermo Fisher Scientific) [4].

The catalase-like activity was measured using, to 1 mL of Phosphate Buffer Saline
(PBS) (pH 7.4), 40 uL of a monodisperse solution of NPs were added. Then 2 pL of hy-
drogen peroxide was added to the reaction, and the absorbance was measured at 240 nm

for thirty minutes, in ten-minute intervals [31].

3.3. Cell Culture

The cell line used in all studies was SaOs-2 (primary osteogenic sarcoma). Cells
were grown in McCoy 5A medium (Sigma-Aldrich), supplemented with 10% fetal bo-
vine serum (FBS) (Sigma-Aldrich) and 1% penicillin (100 U/mL) and streptomycin (100
ng/mL) (Invitrogen). Depending on the final study different densities were seeded on
the plates. Once the seeding was complete the plate was put 24 h inside an 5% CO.incu-
bator (Sanyo MCO19AIC(UV)) at 37 °C. The different densities of cells that were seeded
are described in Appendix C. The next day, the medium was removed from the wells
and replaced with fresh culture medium containing a known concentration of the sub-
strate in analysis, if using SPIONs, the medium used contained a fungicide
(FUNGIZONE®), Amphotericin B (Gibco) solution (to prevent fungal contamination),
gentamicin (Gibco) (to prevent the contamination of cell culture by bacteria). The plates
were again left in the incubator.

3.4. Cytotoxicity

To assess cell viability in the presence of SPIONs_DMSA and SPIONs_APTES two
cell viability tests were done: resazurin and Live/Dead assay. The followed protocols

are described in Appendix D.

3.5. Cellular uptake: Prussian Blue and Intra cellular quan-
tification
SPIONs dynamic of internalization was assessed by Prussian Blue staining and

intra cellular quantification. The procedures followed are briefly described in Appendix
E.
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3.6. Catalase in vitro assay
After cell culture, SPIONs APTES and DMSA were added to the cells at a concen-

tration of 0.03 mg/mL and were internalized. To measure catalase-like activity in vitro,
50 uM of H>O» was added to the wells and incubated for three different time periods (30
min; 1 h; 1 h 30 min) following resazurin procedure to measure cell viability.
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4.
RESULTS AND DISCUSSION

4.1. SPIONSs characterization

After the synthesis of SPIONs, morphological, chemical composition and size dis-
tribution characterization assays were carried out. FTIR analysis allows to identify the
chemical groups present in the sample through vibration modes characteristic of the
chemical bond as, for each material there is a different atom combination. In Figure 4.1
a typical absorbance band can be identified at 560 cm! corresponding to the stretching
vibration mode of the Fe-O bond, related to the NPs” iron oxide core. Another common
vibration mode belongs to the broad band between 3000 cm and 3500 cm-! related to
the O-H stretching vibration mode due to water vapor. Naked SPIONs present another
O-H bond at 1590 cm referent to this bond’s stretching vibration modes [34]. As for the
coated SPIONSs, the identified chemical bonds belong to the predominant functional
group of each stabilizer. DMSA was identified by the characteristic asymmetric and sym-
metric stretching vibration modes of C=0O groups at 1570 cm-and 1360 cm-!, respectively
thus confirming its presence on the SPIONs surface [35]. Regarding APTES coated SPI-
ONs, the band at 1630 cm-! corresponds to the N-H bending mode, while the absorbance
band around 1100 cmis due to the stretching vibration of Si-O, confirming the success-
ful coating of the naked NP [36].
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Figure 4.1: FTIR spectra of iron oxide nanoparticles. Naked NPs (a), DMSA coated NPs (b), APTES
coated NPs (c).

Through the diffractograms in Figure 4.2 obtained by XRD analysis, one can study
the crystalline structure of the NPs by identifying characteristic peaks. The peaks iden-
tified are associated with crystallographic planes according to the crystallographic
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sheets of maghemite and magnetite powders (JCPDS 00-019-0629 for magnetite and
JCPDS 00-039-1346 for maghemite). For the naked SPIONSs, six characteristic peaks were
found at 20 equal to 30.3, 35.6, 43.3, 53.6, 57.2 and 63.1, equivalent to (220), (311), (400),
(422), (511) and (440) diffraction planes, respectively [34]. Through Figure 4.2, it is also
possible to say that after surface modification with the two different coatings, the char-
acteristic peaks did not change, therefore the crystalline structure was not compromised.
Magnetite and maghemite have very similar identical crystalline structures and can be
hard to distinguish them. Despite that, comparing both crystallographic sheets it is pos-
sible to say that the synthesized SPIONs have a crystalline cubic structure mainly formed
by magnetite. This can be justified due to the anaerobic environment of the NPs synthe-
sis, which prevents magnetite oxidation to maghemite.

The average crystallite size, T, was calculated for all three types of NPs using Scher-

rer’s equation:
T =KA\PBcos(0) 4.1)

Where K is the grain shape factor (K = 0.94); A is the incident X-ray wavelength (A
=1.54 A); B denotes the full width at half-maximum (in radians) of the highest intensity,
and 0 is the corresponding diffraction angle [37]. The average crystallite size obtained
for naked Fe;O4 SPIONSs was 8.7 nm (20 = 35.56), 8.7 nm (20 =35.69) for APTES stabilized
SPIONs and 9.7 nm (20 = 35.79) for DMSA coated SPIONS.
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Figure 4.2: X-ray pattern of iron oxide nanoparticles. Naked NPs (a), DMSA coated NPs (b), APTES
coated NPs ( ).

TEM analysis was carried out to understand if the NPs coatings had any influence
on the particle size. On Figure 4.3 A it is shown the non-coated NPs with an average

particle size of 9.1 £ 0.1 nm and uniform distribution. This average particle size is con-
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sistent with superparamagnetic behavior and below the critical size for biomedical ap-
plications (< 15 nm) [14]. This small particle size is also relevant for the enzymatic-like
activity since, the minor the particle the greater the enzymatic-like activity [30]. Regard-
ing the coated SPIONSs, the DMSA ones exhibit a lower particle size compared to APTES
and naked NPs however this is not a significant difference and therefore one can affirm
that the presence of a stabilizer does not influence particle size. In general, the average
size from TEM images is coherent with the average crystallite size calculated with XRD,
which indicates that the crystallite size is approximately the same as the NPs size and

thus confirms the existence of a single domain core.
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Figure 4.3: TEM images and respective size distribution graph. Naked NPs (a), DMSA coated NPs

(b), APTES coated NPs ( c).
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Zeta potential was also assessed as indicator of the stability of the nanoparticles
due to the electrostatic interactions. The nanoparticles are usually stable if the zeta po-
tential is lower than -25 mV and higher than +25 mV. If not, the particles will have ten-
dency to aggregate due to van der Waals interparticle attraction [11]. As so, SPI-
ONs_APTES and SPIONs_DMSA were evaluated to understand the influence of the
coatings in the NPs” stability. Table 4.1 shows that SPIONs_APTES and SPIONs_DMSA

have a zeta potential of 34 and -78 mV respectively when dispersed in water, which is in
agreement with literature since, SPIONs_DMSA are negatively charge, due to the pres-
ence of an acid carboxylic terminal and SPIONs_APTES positively charge, because of the
amine terminal at the NPs surface [38]. The same assay was done using McCoy culture
media as the dispersion media instead of water and the NPs were incubated for 24h. The
findings exhibit an alteration of the particle’s charges and consequently in its stability,
SPIONs_APTES have now a negative zeta potential of -0.27 mV and SPIONs_DMSA have
a less negative zeta potential of -2.32 mV. This phenomenon is due to large amounts of
proteins being adsorbed to the NPs, when in contact with the physiological environment
which determines the average surface charge of the particle during incubation. A posi-
tively charged NP increases the quantity of proteins adsorbed to its surface due to elec-
trostatic interactions since, typically, most proteins are negatively charged, leading to an
alteration of zeta potential from positive to negative in cell culture medium. Regardless
the particle charge when dispersed in McCoy media, the adsorbance of proteins is what
dictates the SPIONs average surface charge [39]. This is confirmed since both SPI-
ONs_APTES and SPIONs_DMSA present a negative zeta potential when dispersed in
McCoy media.

Table 4.1: Zeta potential and hydrodynamic size of SPIONS_APTES and SPIONs_DMSA in water
and McCoy culture medium. Zeta potencial; Dh, hydrodynamic size; PDI, polydispersity index. The
SPIONs were incubated at 0.05 mg/ml in cell culture medium for 24 h.

Zeta potencial

Nanoparticle Dispersion media (mV) Dh (nm) PDI
* 418+5 0.33
SPIONs_APTES Water 3=l
McCoy -0.27 £2 28131 + 4574 5.56
Water -80+1 236+ 4 0.25
SPIONs_DMSA
McCoy -2.32+3 22260 + 1883 5.61

The hydrodynamic diameter of the NPs and how the absorbance of proteins affects
it was also studied by DLS analysis. The hydrodynamic sizes displayed in Table 4.1
show SPIONs_APTES have a mean hydrodynamic diameter of 418 nm and SPI-
ONs_DMSA 236 nm when dispersed in water. However, the average size significantly
increases when the NPs are dispersed in culture medium, 22260 and 28131 nm for SPI-
ONs_APTES and SPIONs_DMSA respectively, which confirms the absorbance of pro-
teins at the surface of the NPs. It is not possible to make comparisons of dimensions
obtained with DLS and other microscopic techniques (XDR and TEM), as DLS measures
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the hydrodynamic diameter NPs takes into consideration the molecules at the NPs sur-
faces, contrarily to the size results obtained by TEM, that only measure the single iron
core diameter of the NP.

4.2. Chemical enzymatic assays

One of the main objectives of this work is to study the enzymatic-like activity of
the produced NPs. As a first approach, it was important to understand if the APTES and
DMSA coated SPIONs had indeed the enzymatic-like activity. To do so, some basic vis-
ual tests were executed. In Figure 4.4 it is visible that for both types of SPIONs the TMB
was catalyzed by NPs, generating the blue color, thus confirming the peroxidase-like
activity of the synthesized NPs under acidic pH. The catalase-like activity of the NPs
was also confirmed for APTES and DMSA through the bubbles that arose in both cu-
vettes due to the catalase reaction that converts H>O2 in O, at pH 7.4 [31].

Figure 4.4: Presence of peroxidase and catalase-like activities at pH 4.5 and 7.4. APTES coated NPs
possess both enzymatic-like activities (a), DMSA coated NPs possess both enzymatic-like activities (b).

4.2.1. pH assays

Considering the biomedical application of this work, it is essential to consider the
cellular environment and how it affects the enzymatic-like activity. Regarding peroxi-
dase-like activity, NPs require a pH between 3.5 and 6 to have a significant activity and
in the cellular environment this type of pH levels is only found in lysosomes (pH 5.5)
[40]. However, in the laboratory, it is only possible to manipulate cells with a pH around
7.4, any acidic pH would kill them. Nevertheless, peroxidase-like activity assays where
SPIONSs catalyze the reaction of the substrate TMB, since this activity mechanism must
first form an intermediate complex with an appropriate substrate before catalysis can
occur, in the presence of H.O, producing a blue color with a maximum absorbance at
652 nm. The reaction was carried out with 10 pL of SPIONs (5 mg/ml), 25 pL of H>O»
(8.8 M), 100 uL of TMB (10 mg/mL) and 2 mL of phosphate buffer pH 5.5, during 3 min.
In Figure 4.5, for pH 5.5 buffer solution, the NPs demonstrated intensive peroxidase-like
activity, with an absorbance variation of 0.929 for DMSA SPIONs and 0.290 for SPI-
ONs_APTES, proving this kind of enzymatic-like activity could occur in cells lysosomes.
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The activity is more intense using DMSA_SPIONS as TMB yields a stronger affinity to-
wards a negatively charged nanoparticle surface because of its two amine groups. For
pH 7.4 we understand that the peroxidase-like activity demonstrated by APTES and
DMSA stabilized SPIONSs is not consistent, and it does not show a progressive increase-
ment of the absorbance throughout the time period, that would be expected from a
growth in the catalysis of TMB by the SPIONs. The same was verified for a pH of 7, thus
it would not be a good substitute for cellular assays. Therefore, the peroxidase-like ac-
tivity is not viable for cellular assays [41].

A 1.2 B ~8 - SPIONs_APTES pH7
® SPIONs_APTES pH 7.4
. 0.10 + » SPIONS_DMSA pH 7
— X ¥~ SPIONs_DMSA pH 7.4
10
v —_ .
£ A
—_ H S
Eos| N 00T
% © E
pre ;
=06 o =
8 £ 000}
c ] v ¢
3 5 ' 2
§ 0.4 | 8
2 R < -005}
< e n
02} g
P e SPIONS_APTES pH 55| g
i et SPIONs_DMSA pH 5.5 -0.10 | )
0.0 |-
1 1 1 1 1 1 1 1 1 L 1 1 1
0.0 0.5 1.0 1.8 2.0 2.5 3.0 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 4.5: pH depedence of peroxidase-like activity of APTES and DMSA coated SPIONS.
Peroxidase-like activity pH 5.5 (a), Peroxidase-like activity pH 7 and 7.4 (b).

Likewise, catalase-like activity is pH dependent and has its peak at a pH 7.4. This
pH level is very favorable for cellular tests, and it is also a pH abundant in the cell envi-
ronment, mainly in the cytosol. The catalase-like activity evaluates the reduction of hy-
drogen peroxide, as it is transformed into oxygen and the absorbance is measured at 240
nm, corresponding to the maximum absorbance of hydrogen peroxide. The reaction was
carried out with 40 pL of SPIONs (0.5 mg/ml), 0.57 pL of HO, (8.8 M) (5 mM in the
reaction medium), 100 pL and 1 mL of phosphate buffer solution with a pH 7.4, for 30
min. Figure 4.6 displays the results from those tests, and one can verify that DMSA
coated SPIONs have a more considerable catalase-like activity with absorbance variation
of 0.171 compared to 0.070 of SPIONs_APTES. SPIONs_DMSA showed activity higher
than that of APTES since it presents a lower hydrodynamic diameter.

The same experiment was done using two different buffer solutions: PBS and
McCoy culture medium to better mimetic the physiological natural environment. With
this test (Figure 4.6 b) it was understood that the McCoy culture medium greatly affected
the measurement and that the results were not feasible. One probable explanation for
this is that cell culture mediums have more proteins and salts in its composition that
adsorb to the NPs surface, which increased the SPIONs hydrodynamic diameter and
thus decreasing the activity [39], [30].
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Figure 4.6: Catalase-like activity of APTES and DMSA coated SPIONSs. Catalase-like activity PBS
pH 7.4 (a); DMSA coated SPIONS catalase-like activity PBS pH 7.4 and McCoy culture medium pH 7.4 (b).

4.2.2 Hydrogen peroxide concentration dependence
Hydrogen peroxide is one of the main components of catalase-like activity, how-

ever it is a highly toxic one and the amounts formerly used would be severely cytotoxic
for cells. Therefore, some additional tests were performed to see if the amount of hydro-
gen peroxide used could be lowered while maintaining the catalase-like activity. The
quantities used were 2.58 pL of H,O, diluted to 194 mM and 0.26 pL corresponding to
500 uM and 50 pM of H>O:in the reaction medium, respectively the other variables were
the same as before.

The results shown in Figure 4.7 demonstrate that for 500 uM of H>Os the catalase-
like activity is barely exhibited for either of the SPIONs being used and that, for 50 pM
of HxOs catalase-like activity is not existing. Thus, it is possible to conclude that relevant
catalase-like activity is only possible with 5 mM H>O» in the reaction medium, which

could be destructive to cells.
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Figure 4.7: Hydrogen peroxide concentration dependence catalase-like activity of APTES and
DMSA coated SPIONSs for 500 uM and 50 uM of H>O,.

4.3. Cytotoxicity assays

In research work for a biomedical application, a very important stage is the cyto-
toxicity evaluation of the components. This study was performed using the SaOs-2 cell
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line, an osteosarcoma cell line. The resazurin cytotoxicity test relies on the metabolic ac-
tivity of living cells that reduce resazurin to resorufin, the reduction is visible due to a
color change from dark blue to purple. Therefore, the conversion of resazurin to resoru-
fin is proportional to the number of metabolically active cells (live cells). The results of
the resazurin cell viability assay are expressed as percentage of viable cells in relation to
the control: [% cell viability = NP treated cells/control cells x 100]. Control implies an
untreated cell (without SPIONs) under the same condition as the rest of the samples.
The cytotoxicity assessment was performed for SPIONs with both coatings and for
a wide range of NPs concentrations. With the results shown in Figure 4.8, it is possible
to say that for NPs concentrations below 0.25 mg/mL the DMSA coated SPIONs do not
cause a considerable cytotoxic effect, since a component is only considered to have a
significant cytotoxic effect if the cell viability is less than 80%. This being said, DMSA
stabilized SPOINs cause cytotoxicity in concentrations starting from 0.5 mg/mL, being
significantly more severe at 1 and 2 mg/ml. When analyzing the results referent to
APTES coated SPIONSs, one can see that it does not possess a behavior similar to the
DMSA s, that increases its cytotoxicity with the increase of NPs concentration. From this
assay, APTES coated NPs show cytotoxicity to the cells for all concentrations with a

slight percentage difference between most concentrations.
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Figure 4.8: SaOs-2 cell viability after 24 h incubation with DMSA and APTES coated SPIONSs. Data
is expressed as average * uncertainty for four replicas for each condition.

Considering the abnormal results obtained in the APTES cytotoxicity results from
the resazurin assay, a different test was performed to validate the previous one. The
resazurin assay relies in the reduction of resazurin to resofurin by live cells and the
Live/Dead assay allows to count the exact number of live and dead cells based on mi-
croscopic images, instead of relying on the metabolic activity of the living cells. From
Figure 4.9 one can affirm that the two assays are not consistent, and that Live/Dead
reveals that the SPIONs_APTES are not cytotoxic for any concentrations, even for the
higher ones. With both cytotoxicity assays, one can say that the concentration of 0.03
mg/mL of SPIONS, necessary for the catalase-like activity tests, is not cytotoxic for both
coating agents, and thus can be used for in vitro catalase-like assays.
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Following the assessment of SPIONs cytotoxicity, another crucial element to eval-
uate the enzymatic-like activity is the hydrogen peroxide and thus it is relevant to un-
derstand its toxicity levels to the cells. Since the catalase-like assay takes around 30 min
and it is not very viable to take measurements in ten minutes intervals when performing
cell-based tests, it was defined three times of incubation with a 30 min interval. As the
cells were only going to be exposed to H,O, during these time periods, the cytotoxicity
assays were made for the same time intervals. The concentration of H>O» that were stud-
ied correspond to the ones used during the chemical enzymatic tests and to 50 pM. Fig-
ure 4.10 a) confirms that these concentrations have a severe cytotoxic impact in the cells,
killing all cells in the wells. The conclusion from this study is that the H>O, amount re-
quired for the chemical catalase test is not fitting for cell assays. However, for 50 pM of
H>O», in Figure 4.10 b), the percentage of cell viability is much higher despite still being
cytotoxic [42]. SPIONs were also used for the latter assay, at a concentration that was
previously demonstrated to be not cytotoxic, so the cytotoxicity can only be due to the
HO».
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Figure 4.9: SaOs-2 cell viability after 24 h incubation with SPIONs_APTES. Data is expressed as
average * uncertainty for at least ten images for each condition. (a) Image from the epifluorescence
microscopy live and dead cells 0,03 mg/mL SPIONs_APTES (b).
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Figure 4.10: SaOs-2 cell viability after incubation with H>O,. Data is expressed as average *
uncertainty for at least four replicas for each condition. Cytotoxicity after 30, 60 and 90 min Incubation time
with H>O», 20 and 5 mM (a). Cytotoxicity after 30, 60 and 90 min incubation time with H>O, 50uM + 0.03
mg/mL SPIONS (b).
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4.4. Cellular uptake

4.4.1. Qualitative analysis with Prussian Blue staining

The SPIONSs interaction with the SaOs-2 cell line was assessed using cell mono-
layer. Cells were exposed to SPIONs_DMSA and SPIONs_APTES for 1 h, 3 h, 6 h and 24
h. The SPIONSs localization was identified with Prussian blue staining. Figure 4.11 shows
the Prussian blue staining images of SPIONSs localization after 1 h, 6 h and 24 h of expo-
sure for SPIONs_DMSA and SPIONs_APTES, as well as the control of untreated cells. A
qualitative analysis of the images indicates a rapid interaction of both types of SPIONs
with the cell membrane. The higher predominance of blue for long periods of exposure
is evidence of an increase of SPIONSs either strongly attached to the cell membrane or
already incorporated. Comparing both surfactants, after 6 h of exposure, the intracellular
uptake of SPIONs_APTES was higher than for SPIONs_DMSA here, the APTES_SPIONs
present themselves along the shape of the cells demonstrating their internalization. This
evidence is only observed for the DMSA_SPIONSs for a 16 h incubation time again,
which, goes according to the literature describing a higher rate of internalization for NPs
with a positive surface charge [38], [39], [43].

4.4.2. Quantitative analysis with 1,10-phenantroline colori-
metric method

With the previous assay, one could say that, by the images obtained it was not
certain that the NPs were internalized and that they were only adherent to the surface
of the cell. So, we proceeded to quantitively determine the Fe content of the cells. To
evaluate the SPIONs internalization in a quantitative way many techniques are in use,
including ultraviolet spectrophotometry (UV-Vis) [44]. Colorimetric methods com-
monly employed for the quantitation of complexed iron in biological samples rely on an
initial treatment, which releases the complexed iron for its subsequent quantitative de-
termination [45]. For this reason, 1,10-phenantroline colorimetric method was used to
determine the iron concentration in cultured cells [46],[47].

The qualitative iron uptake study can be confirmed by the quantitative analyses of
intracellular iron uptake shown in Figure 4.12. This analysis was done for five different
incubation times using both coated SPIONs with [NPs] of 0.03 mg/mL corresponding to
a [Fe] of 0.021 mg/mL. It can be observed that after 6 hours of nanoparticles incubation,
the concentration of absorbed iron is at its maximum for both NPs and that APTES
coated SPIONs show a higher internalization than DMSA_SPIONs confirming a higher
rate of internalization for NPs with a positive surface charge. The drastic decrease of [Fe]
for 16 and 24 h can be justified by the reduction of cells in the plate wells, which was also

previously observed.
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Figure 4.11: Prussian blue staining of SPIONSs intracellular localization in SaOs-2 cells incubated. APTES_SPIONs (A-D), DMSA_SPIONSs (E-H). Untreated cells (A, E)
comparing with cells incubated with 0.03 mg/mL of SPIONSs for 1 h (B, F) 6 h (C,G) and for 24 h (D,H). Bright field images with 20x objective magnification (A, B, C, G, H, I) with
scale bar: 40 pm.
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Figure 4.12: Intracellular iron content quantification by 1,10-phenantroline colorimetric method.
The iron uptake is expressed as weight of iron per 1x104 cells and measured after 1 h, 3h, 6h, 16 h and 24 h
of 0,03 mg/mL incubation of DMSA and APTES coated SPIONs. Data is expressed as average +
standard deviation for three replicas.

4.5. Intracellular catalase-like activity

The main goal of this work is to determine if the SPIONs enzymatic-like activity is
observed intracellularly and to compare this activity in a normoxia and hypoxia envi-
ronment that would simulate the tumor environment. There are several methods to eval-
uate the catalase-like activity, one of them being assessing the dissolved O that should
increase throughout a period of time, thus proving the existence of the activity [31]. An-
other approach was to replicate the enzymatic assay done before, this is, to measure the
absorbance at 240 nm and see if the H>O, was decreasing. To do so, once cell seeding
and DMSA_SPIONs (0.03 mg/mL) internalization was done, H>O» was added to the
wells in a 5 mM concentration. After 1 h 30 min, 1 h and 30 min the supernatant was
taken out and used to measure the residual H>O.. Ideally, the absorbance would dimin-
ish along the increasing time periods, indicating that cells were consuming the H,O, pre-
sent in the reaction medium and using it for the catalase-like reaction using SPIONs as
the intermediate. By the results displayed in Table 4.2, it is possible to say that there is
no apparent relation between the values that would indicate the catalase-like activity.
With these time periods, the expected results were to have a much more obvious reduc-
tion in the absorbance, compared to the absorbance variation of 0.171 in the chemical
assays, thus this approach was rejected.

Table 4.2: Catalytic activity of IONzymes in vitro: H>O; absorbance at 240 nm after 0, 30, 60 and 90

min.
Time (min) Absorbance (240 nm) Absorbance control (240
nm)
0 0.245 0.245
30 0.339 0.315
60 0.268 0.284
90 0.322 0.290
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Given these results, it was necessary to adopt another strategy. It was thought that
Live/Dead assays could be a good option because using this method we would have the
percentage of live and dead cells in a normoxia and hypoxia environment. In the hypoxia
environment, the O; levels were reduced to the minimum possible (2%) and by compar-
ing the results from both environments we would understand if there was a sufficient
catalase-like reaction, these because in a hypoxia environment, does not promote cell
growth, however with the catalase-like activity they would produce their own oxygen
thus potentiating cellular growth. For this assay cells were incubated with 0.03 mg/mL
of SPIONs_APTES and DMSA, and the amount of H.O, was severely reduced to 50 pM
as the amount previously used was cytotoxic and could also be influencing the results.

In Figure 4.13 we can observe that there is a clear difference among the control
images and the ones from 1 h incubation with H,O»regarding the background noise of
the live cell’s images. The 1 h incubation with HO, shows a green background, they are
very dark which makes it almost impossible to count the cells. The problem here identi-
fied is that que calcein does not acquire its typical fluorescence and thus the images are
poorest. A possible explanation for these is that some residual H>O: reacts with calcein
with makes this compound lose some of its fluorescent properties. This explanation
comes from the fact that the control images are fine and the only different element be-
tween these and the other ones is the addition of H>O.. In closing, this approach was also
discarded due to the poor image quality.

Once again, there was the need to find a new solution for this problem. Maintain-
ing the same principle from the Live/Dead studies, resazurin assay was the most obvi-
ous solution. Hence, we proceeded with the resazurin studies using the same SPIONs
concentration (0.03 mg/mL) and the 50 uM of H>O; for same time periods (30 min, 1 h
and 1 h 30 min), in a normoxia and hypoxia environment. The controls for this experi-
ment were untreated cells (without SPIONs and H20;) in both environments.

The results in Figure 4.14 show that in a hypoxia environment there is a reduction
of viable cells either for APTES or DMSA SPIONSs. This reduction of viable cells indicates
that the catalase-like enzymatic activity was not sufficient for cells to survive. The low
or inexistent catalase-like activity may be due to lack of H>O to start the reaction. This
is, previously, in the chemical assays, we determined that with 50 pM of H>O» there was
no catalase-like activity but, nevertheless cells by their own produce H>O and there for
it was thought that the combination of both amounts would be sufficient to produce
enough O: for them to, at least, have a cell viability close to the one in a normoxia envi-
ronment. Overall, the catalase-like activity is not exhibited intracellularly in the condi-

tions that we used.
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Figure 4.13: Live/Dead images of SaOs-2 cells incubated with 0.03 mg/mL SPIONs. APTES_SPIONSs (A-D), DMSA_SPIONSs (E-H). Untreated live cells (A, E) comparing
with untreated dead cells (B, F). Cells incubated with 50 pM H>O; for 1 h: live cells (C,G) comparing with dead cells (D, H). Epifluorescence microscopy images with 10x objective
magnification (A, B, C, G, H, I) with scale bar: 40 pm.
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Figure 4.14: SaOs-2 cell viability 0.03 mg/ml SPIONSs after 30 min, 1 h and 1 h 30 min with H>O, 50uM
incubation in normoxia and hypoxia. Data is expressed as average + uncertainty for at least five replicas for each
condition.

4.6. Magnetic Hyperthermia

Magnetic hyperthermia treatment aims for cell death by increasing temperature in tu-
mor cells. These cells are extremely sensitive to temperature and its death can be caused by
apoptosis with temperatures between 40 and 44 °C [16], thus for experimental studies the
focus is in increasing the NPs” temperature by 5 °C which corresponds to temperature differ-
ence from 37 to 42 °C in the human body.

The heating of iron oxide magnetic nanoparticles in the presence of an alternating mag-
netic field is attributed to two-loss mechanisms: Brownian rotation and Néel relaxation of the
particles” magnetization. When FesO4NPs are in suspension, Brownian and Néel relaxations
are present [48]. The Brownian relaxation involves the rotation of the particle itself against the
forces coming from the solution, while Neél's relaxation is due to the rotation of the particle's
magnetic moment to the equilibrium state, without implying the rotation of the particle itself
[49]. Initially, five concentrations of NPs, like the ones used in previous assays, were submit-
ted to an AMF for 10 minutes. Figure 4.15 shows the temperature variation of both types of
coated SPIONSs. The results reveal that SPIONs_APTES have the 5 °C temperature variation
with a 0.25 mg/mL concentration of NPs, whilst SPIONs_DMSA only reach that temperature
with a slightly higher concentration 0.5 mg/mL. APTES_SPIONSs also present a greater tem-
perature difference from concentration of 0.25 mg/mL.

Before performing in vitro magnetic hyperthermia assays, the influence of cell culture
medium in the heating capacity of SPIONs was evaluated. SPIONs were dispersed in cell cul-
ture medium and left in the incubator for 4 h to simulate the cell environment. Magnetic hy-
perthermia assays were performed with the same conditions as before.

In a general manner, Figure 4.16 demonstrates that for both coatings there is no signifi-
cant difference between the dispersion mediums and that the 5 °C temperature variation is
reached at the same concentrations for either water or culture medium so, one can affirm that
change of dispersion medium does not seriously influence the temperature variation of the

NPs. However, it is also possible that the NPs were not in the incubator for long enough and
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thus there was no time for total protein adsorption on the NPs surface, so the study does not
demonstrate the complete influence of proteins. A possible justification for the constant vari-
ation of temperature among dispersion mediums is that the coating can entrap the iron oxide
core, reducing the NPs mobility and consequently decreasing the contribution of the Brown-
ian relaxation mechanism in the SPIONSs heat dissipation.
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Figure 4.15: Temperature variation per SPIONs concentration for both DMSA and APTES. Temperature
variation generated by an AMF application with intensity of 300 G at a frequency of 418.5 kHz, for 5 min. Data is
expressed as average + standard deviation for at least three measurements.
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Figure 4.16: Temperature variation per SPIONs concentration. SPIONs_APTES dispersed in water and
McCoy culture medium (a); SPIONs_DMSA dispersed in water and McCoy culture medium (b). Temperature
variation generated by an AMF application with intensity of 300 G at a frequency of 418.5 kHz, for 5 min. Data is
expressed as averaget standard deviation for at least three measurements.

Given these results, a big problem is that the concentration of NPs needed to have the
required temperature variation is higher than the one used for the catalase results and could
be cytotoxic in the case of DMSA_SPIONSs. These two assays, catalase-like activity and mag-
netic hyperthermia are not compatible in the sense that to have the 5 °C temperature variation
is necessary to have a higher concentration of NPs however, for that same concentration of
NPs to exhibit a good catalase-like activity a very high quantity of H2Oz is also needed. The
amount of H,O>would be very cytotoxic, as previously stated, therefore the assay would not
be viable.
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Further magnetic hyperthermia assays in vitro were intended nevertheless, these were
not possible due to an equipment malfunction. The foreseeable results were that the temper-
ature variation would decrease due to the NPs entrapment in the cells, which would decrease
even more the Brownian relaxation mechanism therefore, heat generation could only be at-
tributed to Néel relaxation [50]. Then, a comparison of cell viability before and after magnetic
hyperthermia would be made to understand if indeed the cell viability would be reduced due

to cell apoptosis a result of the temperature augmentation.
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5.
CONCLUSION AND FUTURE PERSPECTIVES

The main goal of this research work was to use SPIONs” catalase and peroxidase-like
activity and combine it with magnetic hyperthermia for cancer treatment.

SPIONs were used due to their unique properties, such as their biocompatibility and
their ability to generate heat when subjected to a magnetic field as well as due to their newly
found peroxidase-like and catalase-like activity. They were produced using the chemical co-
precipitation method. Due to their low stability in aqueous suspension, SPIONs were coated
with APTES and DMSA. The synthesized APTES_SPIONs, DMSA_SPIONs and naked SPI-
ONs were characterized by FTIR, XRD, TEM and DLS analysis. By FTIR it was possible to
observe characteristic bands of functional groups of both coatings, proving that the surface
modification was successful. XRD analysis confirmed that the nanoparticles coated with
APTES and DMSA maintained the crystalline structure of the naked nanoparticles. TEM im-
ages demonstrated that naked and coated the nanoparticles had a similar average NP size.
Furthermore, the size obtained through TEM analysis is coherent with the average crystallite
size calculated with XRD (8 to 9 nm). Zeta potential assays were performed to understand the
influence of the stabilizing agents in the charge of the surface of the modified nanoparticles.
Zeta potential measures revealed that both coatings confer stability in an aqueous medium to
the nanoparticles. However, when dispersed in McCoy medium both types of SPIONs suffer
from protein adsorption on the surface of the NP and that is what dictates the SPIONs average
surface charge.

Following SPIONSs characterization it was important to assess their enzymatic-like ac-
tivities. For peroxidase-like activity, the assays were carried out using TMB as a substrate. The
pH dependence of this activity was evaluated for pH 5.5, 7 and 7.4 to better mimic the intra-
cellular environment of lysosomes and the cytosol. It was determined that DMSA and APTES
coated SPIONSs exhibit peroxidase-like activity using a buffer with pH 5.5, whereas the latter
presented a lower peroxidase-like activity due to its surface positive charge. Regarding the
neutral pH, none of the coated SPIONs presented a significant activity thus, it was concluded
that peroxidase-like activity could not be assessed in vitro, as the pH that it requires would
kill the cells. The catalase-like activity assays were assessed at 240 nm measuring the decom-
position of hydrogen peroxide. For this assay, the activity was measured using PBS and
McCoy medium culture at pH 7.4. Both coated SPIONs presented catalase-like activity, but
DMSA coated nanoparticles showed higher activity than APTES since it presents a lower hy-
drodynamic diameter. Concerning the comparison between dispersion media, the results
showed that the cell culture medium interfered with the activity due to having more proteins
and salts in its composition that could adhere to the NPs surface, which would increase the
SPIONs hydrodynamic diameter and thus decrease the activity. For the catalase-like activity
it was also studied the hydrogen peroxide dependence, as this is a highly toxic compound
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that could kill cells during in vitro tests, to this end two lower hydrogen peroxide concentra-
tions were tested: 500 uM and 50 uM. The results demonstrated that for 500 uM of H.Os the
catalase-like activity is barely exhibited for both SPIONs being used and that, for 50 uM of
H>O; catalase-like activity does not exist.

Before assessing the catalase-like activity in vitro, a cytotoxicity assay was performed to
confirm if SPIONs and H>O, caused severe cytotoxic effects after 24 h incubation in SaOs-2
cells. Regarding SPIONSs, the results showed that the concentration of 0.03 mg/mL of SPIONSs,
necessary for the catalase-like activity tests, is not cytotoxic for either coating and thus can be
used for in vitro catalase-like assays. However, HO» demonstrated severe cytotoxicity for the
higher concentrations (20 and 5 mM) and less toxicity with 50 uM. Further on, to confirm
SPION s internalization in SaOs-2 cells Prussian blue staining for qualitative analysis and 1,10-
phenantroline colorimetric tests were done. Prussian blue staining images revealed that SPI-
ONs present themselves along the shape of the cells demonstrating their internalization and
that SPIONs coated with APTES have a quicker interaction then DMSA_SPIONSs. 1,10-phen-
antroline colorimetric showed that there was iron content in the cells after only 1 h of incuba-
tion, proving that SPIONs do internalize.

The main objective of assessing catalase-like activity in vitro showed that in a hypoxia
environment there is a reduction of viable cells for both APTES or DMSA SPIONSs. This re-
duction of viable cells indicates that the catalase-like enzymatic activity was not sufficient for
cells to survive. The low or inexistent catalase-like activity may be due to lack of H.Os to start
the reaction. This is, previously, in the chemical assays, we determined that with 50 uM of
H>O: there was no catalase-like activity but, nevertheless cells by their own produce H>O, and
therefor it was thought that the combination of both amounts would be sufficient to produce
enough O for them to, at least, have a cell viability close to the one in a normoxia environ-
ment. Overall, the catalase-like activity is not exhibited intracellularly in the conditions that
we used.

Lastly, magnetic hyperthermia assays showed that SPIONs can achieve the tempera-
ture difference of 5 °C for SPIONs concentrations above 0.025 mg/mL with indicate that they
can reach 42 °C, the theoretical temperature of the tumor cells that enter the apoptotic phase.

An important step would be to evaluate the expression of HIF (hypoxia-inducible fac-
tor) in normoxia and hypoxia conditions to assess that the SPIONs can reduce hypoxia present
in the TME and then be used as a magnetic hyperthermia agent.

To assess the therapy’s effectiveness, future work should be done using agar phantoms
to mimic when SPIONSs are injected in the body or directly into the tissue, tumor cells take up
the SPIONSs and stay fixed. These tests should then be compared to in vitro magnetic hyper-
thermia to better assess the effects of no Brownian relaxation. Also, cell viability assay should
be performed following magnetic hyperthermia to detect levels of cell apoptosis.

As in this work only therapeutic features were considered, it would be valuable to also
study more in depth the diagnosis features of SPIONs for MRI purposes so that the
theranostics system would be fully assessed.
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A.
SPIONs stabilization with APTES and DMSA

The procedure followed for stabilizing SPIONS with 3-aminopropyltriethoxysilane
(APTES) is as follows: APTES (Merck) 10% (v/v) solution was made and then added to the
nanoparticles already produced along with of glycerol glycerol in a 1:2 ratio. Afterwards the
mixture was left to react inside the hood for 2h at 90° C under mechanical stirring with a
nitrogen atmosphere. Past the 2 h and after cooling the solution to room temperature, the NPs
were separated from the supernatant and washed 4 times with Millipore water alternated
with ethanol [51].

For stabilizing with dimercaptosuccinic acid (DMSA) the following steps were done:
Before coating the previously produced SPIONs with it is necessary to adjust the pH of the
solution to 3 with nitric acid 65% (Merck). 0.3 M DMSA (Sigma-Aldrich) was then added im-
mediately at a 4 ratio of [DMSA]/[Fe?*] [52]. DMSA was dissolved in 5 mL of Millipore water
and the pH was adjusted to 5.5 using 0.1 M NaOH (CARLO ERBA Reagents) under magnetic
stirring. The reaction was performed in an ultrasound bath for 3 h. After this time, to release
the DMSA that did not react with the SPIONs a dialysis was made using 4 RC Dialysis Mem-
brane Tubing 12 to 14 kDa MWCO (Spectrum™ Spectra/Por™). The dialysis is finished when
the water pH reaches 7.

B.
Iron content dtermination using 1,10-phenant-

rolin colorimetrmethod

The produced SPIONs were diluted in Millipore water in a 1:100 ratio in an Eppendorf
tube. Then, 40 pL of that dilution were transferred to another Eppendorf to which was added
20 uL of HC1 37% (v/v) (Sigma-Aldrich) and left for 1 hour for incubation, to dissolve all SPI-
ONs and obtain ferrous and ferric chloride. Afterwards, solutions of hydroxylamine hydro-
chloride (100 mg/mL), 1,10-phenanthroline monohydrate (3 mg/mL) and ammonium acetate
(500 mM) (all from Sigma-Aldrich) were prepared in 0.01 M HCI and then added to the Ep-
pendorf, 100 pL, 500 uL and 1800 pL respectively. The absorbance of the samples was meas-
ured on the spectrophotometer (T90+ UV/VIS Spectrometer PG Instruments Ltd) at 510 nm
using a HCI 0.01 M base line, resulting Abs (510 nm) = 3.5228 x ([Fe] mg/mL) + 0.0583, from
the calibration curve. To obtain the nanoparticles concentration, the formula [Fe] = 0.7 x [NPs]
was used [53].
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C.

Cell culture

Table C: Description of the Cellular assay: type of assay, cell density that was seeded, type of plate used,
volume of medium, and type of substrate, substrate concentration and its incubation time.

. Medium Substrate con- .
Cell density i Incubation
Assay Well plate volume Substrate centration .
(cells/cm?) time
(uL)
0.03, 0.06, 0.125,
Resazurin 30000 96 wells 100 SPIONs 0.500,1, 2 24 h
mg/mL
. 20 mM, 5 mM,
Resazurin 30000 96 wells 100 HxO, 24 h
50 uM
0.03, 0.06, 0.125,
. SPIONs_
Live/Dead 50000 12 wells 500 0.500, 1, 2 mg/ 24 h
APTES
mL
Prussian Blue 0.03 mg/mL
. L. 90000 24 wells 500 SPIONs 1,3,6,16,24 h
internalization
Intracellular 0.03 mg/mL
. 90000 24 wells 500 SPIONs 1,3,6,16,24 h
quantification
. 0.03 mg/mL SPIONSs: 24 h
Resazurin SPIONs +
30000 96 wells 1000 SPIONSs + 50 uM H>0»: 90, 60
Catalase H>O» .
HxO, and 30 min

Cytotoxicity protocols: Resazurin assay and

Live/Dead assay

Resazurine assay

Following cell culture with the addition of the substrate, the medium was discarded,
and the cells were washed 3-5 times with culture medium until the nanoparticles precipitate
disappeared. Then, 100 pL of a mixture containing equal parts of fresh culture medium and
resazurin (0.04 g/L) was added to each well. Negative control cells were treated similarly and
were incubated with the respective medium at the same dilution as the one used for incuba-
tion with nanoparticles. Positive control cells were treated with 10% Dimethyl Sulfoxide
(DMSO) (Merck) to provoke cellular death. The plates were incubated for three hours, and the
absorbance was measured at 570 nm (resorufin peak) and 600 nm (resazurin peak) in the mi-
croplate reader (Biotek ELX 800UV). Cell viability can be expressed as a percentage of the
control, given by [% cell viability = NP treated cells/control cells x 100] [37].
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Live/Dead assay

After cell culture and SPIONs internalization, cells were incubated with a solution con-
taining 0.2 pL/mL of calcein (green dye live cell indicator, Biotium) and 0.8 pL/mL ethidium
homodimer (red dye dead cell indicator, Biotium) with serum free Dulbecco’s Modified Ea-
gle’s Medium (DMEM) with 25 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), for 30 min. Then the cells were washed with cell culture medium with Fetal bovine
serum (FBS) in order to stop the fluorophore action. The percentage of live and dead cells was
obtained through image analysis, given by [% cells = cell count/untreated control cell count
x 100]. At least 10 images of each condition were taken by epifluorescence microscopy using
a Nikon Inverted microscope with 10x magnification.

E.

Cellular uptake studies

Prussian Blue internalization assay

After cell culture and SPIONs internalization, we proceeded to fixation in coverslips
and permeabilization, the cells were treated with 400 pL of Perl’s reagent (4% potassium hex-
acyanoferrate (II) trihydrate, Ks[Fe(CN)e] - 3H2O (w/v) (Merck) and 4% of HCl (v/v) for a
period of 40 minutes. After this time, the wells were rinsed 4 times with PBS and counter-
stained with 500 pL of nuclear fast red solution (Nuclear fast red 0.1% in 5% aluminum sul-
fate) (Sigma-Aldrich). Lastly, the wells were again washed 4x with PBS and the coverslips
were withdraw from the wells. Each coverslip was washed with PBS and water and mounted
in slides over 10 pL Mowiol Mounting medium (Sigma-Aldrich). All images were acquired
with Nikon Inverted Microscope with transmitted-light bright field using a 20x objective mag-
nification. At least 10 images of each condition were taken.

Intracellular quantification

After1h,3 h, 6 h, 16 h and 24 h period of incubation, with the SPIONs 0.03 mg/mL the
cells were detached from each well and placed in eppendorf tubes containing 500 pL of
McCoy medium and washed with PBS by centrifugation at 1200xg for 3 minutes (this proce-
dure was repeat 2 times). The supernatant was discarded, and cell pellet obtained was rapidly
lysed in 500 pL HCI 37% (v/v) (Panreac) and incubated for 1 hour. In addition to promoting
the cell lysis the hydrochloric acid acts to promote the conversion of all the SPIONs and obtain
ferrous and ferric chloride. Lastly, 40 pL of lysed solution were placed in a new eppendorf
tube and used to start the 1,10-phenantroline colorimetric method described in appendix B
following the same steps as discriminated in that section without any alteration. Absorbance
of all samples was measured at 510 nm using a UV-Vis spectrophotometer (T90+ UV /VIS
Spectrometer PG Instruments Ltd).
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