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ABSTRACT

Surgical excision combined with chemotherapy with Cisplatin and its analogues is the
main treatment for ovarian cancer. Although it is effective as first-line regime, 75% of
the patients can experience recurrence and secondary effects, becoming vulnerable to
develop resistance to chemotherapy and death.

The unique biological properties of camphorimine complexes based on different metal
sources such as CuCl, CuCl,, Ag(NO3), Ag(OAc) and KAu(CN), anticipate their potential
use as alternative to Cisplatin based therapies. The biological activity of silver camphorim-
ine complexes against Cisplatin sensitive A2780 and Cisplatin resistant A2780cisR ovar-
ian cancer cells have been previously described and the results obtained revealed that
those complexes displayed higher activity than Cisplatin in the ovarian cancer cells and
low toxicity in non-tumoral HEK 293 (human embryonic kidney) cells.

Encouraged by such results, the biological effects of different metals on the properties
of camphorimine complexes were investigated in order to evaluate their potential ther-
apeutic value. The cytotoxic activity of these complexes, their cellular uptake, cellular
distribution and mechanism of action in OVCAR3 ovarian cancer cells were assessed.

Due to their high sensitivity in the detection of metals, ion beam techniques alone or
combined in nuclear microscopy, were used to quantitatively evaluate the cellular uptake
of the metal of interest and obtain images with micrometric resolution of the elemental
distributions in single cells. The results indicate that the low cellular uptake of copper
by OVCARS3 cells can explain the lower cytotoxicity of these complexes in relation to
silver and gold analogues. Results highlight the importance of characterizing the cellular
uptake and distribution in cells to have clues to the cellular targets and the mechanisms

of action.

Keywords: Ovarian cancer, camphor derivatives, camphorimine metal complexes, cellu-

lar uptake, anticancer activity
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ReEsumMmo

No tratamento do cancro do ovario, o plano terapéutico normalmente usado em contexto
clinico inclui cirurgia combinada com ciclos de quimioterapia com Cisplatina ou compos-
tos analogos. Este tratamento é inicialmente eficaz, mas 75% dos pacientes experiencia
reincidéncia e efeitos secundarios que os tornam mais vulneraveis ao desenvolvimento
de resisténcia ao efeito da Cisplatina e eventualmente, a morte.

As propriedades bioldgicas de complexos metalicos de Cu(I), Cu(II), Ag(I) e Au(I)
com ligandos de canforiminas revelaram o potencial de alguns desses complexos para
serem usados para fins terapéuticos em alternativa a Cisplatina. De facto, em estudos
anteriores, a atividade bioldgica de complexos de prata com ligandos de canforiminas
demonstrou ser promissora. Estes compostos revelaram maior atividade citotoxica do
que a Cisplatina em relagao a células cancerigenas do ovario e baixa toxicidade para
células nao tumorais HEK 293. Estes resultados encorajaram os estudos desta dissertagao.
Os efeitos bioldgicos dos diferentes complexos metalicos com ligandos de canforiminas,
foram estudados para avaliar o seu potencial terapéutico, nomeadamente, a atividade
citotoxica destes complexos, a captacao e distribuicao celular e ainda, o mecanismo de
acao nas células OVCAR3 do cancro do ovario.

Por apresentarem elevada sensibilidade na detecgao de metais, técnicas de feixe de
ioes, isoladamente ou combinadas em microscopia nuclear foram utilizadas para avaliar
quantitativamente a absorc¢ao celular do metal de interesse e obter imagens com resolucao
micrométrica das distribuicOes elementares em células isoladas.

Os resultados indicam que a baixa captacao (uptake) celular de cobre pelas células
OVCARS3 pode explicar a menor citotoxicidade destes complexos em relacao aos analogos
de prata e ouro com os mesmos ligandos. Os resultados realgam a importancia de caracte-
rizar o uptake e a distribuicao celular nas células para se obter indicagoes sobre os alvos

celulares e os mecanismos de acao.

Palavras-chave: Cancro do ovario, derivados da canfora, complexos metalicos de canfori-

minas, captacao celular, atividade antitumoral
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INTRODUCTION

1.1 Motivation

Ovarian cancer is the second most common gynecologic malignancy and the leading cause

of death among women [1].

Chemotherapeutic plans involving platinum-based drugs (Cisplatin and its analo-
gous) are often prescribed and reveal high efficiency in the treatment of multiple types of
cancer, including ovarian cancer. Despite that, the use of this class of drugs also causes
the occurrence of significant secondary effects and increasing resistance in the treated
patients. The need to solve this problem prompted the development of new metal-based
compounds as alternatives to Cisplatin displaying anticancer properties while enhancing
selectivity to cancer cells, reducing general toxicity for healthy tissues and also the side

effects.

Complexes with transition metals have been receiving special attention for their
unique properties and considerable potential as anticancer drugs. Several studies have
been done exploring the biological effects of these compounds; some of them even reached
clinical trials but were never approved for clinical practice. Complexes of copper, zinc,
silver and gold are some of the most studied metal complexes and prior investigations
demonstrated important biological behavior of silver camphorimine complexes, that have
been considered as potential agents to treat ovarian cancer [2].

The relentless search for alternative drugs for ovarian cancer treatment is essential
for a future where a more successful healthcare is provided to patients that suffer from

this malignancy.

1.2 Objectives

The main goal of this dissertation was the evaluation of the therapeutic potential (in vitro)
of copper (I and II), silver (I) and gold (I) complexes with camphorimine ligands (figure

1.1), monocamphor and bicamphor derivatives, for ovarian cancer.



CHAPTER 1. INTRODUCTION

Studies were undertaken to evaluate the biological behavior and the mechanism of

action of the compounds presented in table 1.1 towards normal and ovarian cancer cells.

~

-

Figure 1.1: Camphorimine ligands: type A (monocamphor) (left), Y=CcHs('A);
C¢H,NH,(?A); type B (bicamphor) (right), Z= 4-C4Hy('B), 3-C¢Hy(?B).

Another key parameter to be evaluated when appraising therapeutic potential of metal
complexes is the cellular uptake and distribution. For that purpose, the use of lon Beam
Analysis (IBA) techniques, in particular nuclear microscopy, with high spatial resolution
and sensitivity has proven to be a powerful tool in providing information of metal trace
concentrations inside the cells. Indeed, the use of IBA methods needs to be emphasized
inasmuch as attributes an innovative character to this investigation - the combined use
of IBA methods provided density and elemental distribution maps essential to visualize
metal accumulation inside ovarian cancer cells.

The results provided by the techniques mentioned above helped to identify the mech-
anisms of action of the complexes listed in table 1.1.

Table 1.1: The camphorimine metal complexes studied in this work.

ID Complex

1 [(CuCl),(A)]

2 [CuCl,('B)]-2H,0

3 [(CuCl)5(*B)]

4 [CUC12(1A)2]

5 [Ag(NO3)('A),]

6 [Ag('A),(p-O)]

7  [Ag(OH)(*A)]CH;COOH
8  K[Au(CN),(*A);]-1/2H,0
9 K[Au(CN),(?A)]-H,0

1.3 Structure of the Dissertation
This dissertation is composed by seven chapters and three appendixes.

2



1.3. STRUCTURE OF THE DISSERTATION

In the present and first chapter, the motivation for the development of the studies and
the established goals are described. On the second chapter, the fundamental theoretical
concepts needed for the comprehension of the nuclear microscopy analytical techniques
and associated physical phenomena are presented to the reader.

Following for chapter number three, one will find a meticulous description of the cur-
rent state of the art on ovarian cancer, existing therapies, studies involving the assessment
of the properties of metal-based complexes for cancer therapy and also, the application
of precise imaging techniques for evaluating drug uptake in whole single cells.

All the methods and materials employed in the context of this dissertation and the
results obtained from their application are fully described in chapters four and five, re-
spectively. Both of these two chapters are divided in two major sections: Biological Assays
and Cellular Uptake. The "Biological Assays"section is composed by all the information
regarding cellular biology methods (cytotoxicity assay, stability studies, Deoxyribonucleic
Acid (DNA)-interaction evaluation, Reactive Oxygen Species (ROS) and Malondialdehyde
(MDA) production assessment). On the other hand, the "Cellular Uptake"unit is consti-
tuted by all the details associated to the nuclear microscopy setup, the imaging of the
treated cells and the Macro-Particle Induced X-ray Emission (PIXE) process.

In chapter six, the results are extensively examined and the derived assumptions are
explained. In the final chapter, the final conclusions are presented as well as the main

obstacles and future perspectives for the developed theme.






2

THEORETICAL CONCEPTS

2.1 Nuclear Microscopy Analytical Techniques for Quantitative

Elemental Analysis in Cells

The evaluation of the dynamics of trace elements in biological systems is essential to
understand vital processes in which these elements are involved. They participate as
cofactors of enzymes and also have stabilization and structure functions. Some of the
endogenous elements are essential in vestigial amounts and disequilibrium in their cel-
lular concentrations can cause serious damage [3]. When the intention is to study the
interaction of metallodrugs with cells, very simple cell cultures, probe tissues or model
organisms are used. In an attempt to unravel the interaction of these metallo-complexes
with cells, one of the relevant questions refers to the efficacy of cellular uptake. To achieve
this goal, the metal of interest should be detected and quantified with high sensitivity.
In addition, the visualization of the distribution of the elements of interest in a single
cell with high-resolution and in conditions close to in vivo would help devising cellular

targets of that specific drug.

Although, all the above mentioned requirements are difficult to unite in a single
technique, ion probes based on the use of energetic particles enable to assemble a set of
analytical techniques that can deliver images of single cells with relatively high resolution
(micrometer range) and to perform quantitative analysis even in very small sample masses
without significant loss of sensitivity. In such an ion probe we use accelerated ions such
as protons, accelerated to energies between 1.5 and 2.5 MeV and focused to micrometre
dimensions. The current and divergence of the beam are defined by slits at appropriate
distance from the electrostatic lenses that focus the beam on the target plane. In most
set-ups the target plane is located inside a vacuum chamber, where several detectors can
be positioned in a defined geometry around the sample to detect physical phenomena
induced by the interaction of energetic particles with atoms (figure 2.1). The focused
beam is scanned over a sample region of interest, enabling to generate two-dimensional

maps of the sample by extracting spectral information for each position of the beam.

5



CHAPTER 2. THEORETICAL CONCEPTS

Incident MeV lons Back Scattered
/ lons (RBS)
X-Rays &
(PIXE)

Transmitted lons
(STIM)

Figure 2.1: Products of the interaction of MeV ions with the biological sample and the
associated imaging techniques used in the studies of the present dissertation. PIXE:
particle induced X/gamma-ray emission. RBS: Rutherford backscattering spectrometry
(also referred as elastic backscattered spectrometry). STIM: scanning transmission ion
microscopy. Adapted from: [4]

There are three ion beam analytical techniques that can be used simultaneously giv-
ing spatial information, morphological and structural features and elemental quantifi-
cation. The most useful techniques implemented in nuclear microscopy are, scanning
transmission ion microscopy (Scanning Transmission Micoscopy (STIM)) in off-axis mode,
Particle-Induced X-ray Emission (PIXE) and Elastic Backscattering Spectrometry (Elastic
Backscattering Spectrometry (EBS)). The simultaneous use of these technique for the
same sample offers cellular direct imaging of density and elemental distributions without
using chemical and dyes, which may cause elemental leakage and/or their redistribution
in cells [3, 5, 6].

2.1.1 Particle Induced X-ray Emission (PIXE)

The PIXE technique was initially developed by S. A. E. Johansson in 1970 [7]. PIXE
is a fast sensitive multielemental analysis technique based on the induced emission of
atomic characteristic X-rays. When a MeV ion interacts with an atom causes its ionization,
creating a vacancy in an inner shell that will be occupied by an electron of an outer shell
[3, 5]. For each transition, a photon is emitted (figure 2.2). The set of X-rays emitted
by each atom (energies correspond to the difference between the binding energy of each
subshell involved in the electronic transition) is characteristic of that atom, and therefore
constitutes a signature of each element [8]. A spectra of multiple elements present in the
sample can then be generated (figure 2.3) .

X-ray radiation is included in the electromagnetic spectrum with wavelengths be-
tween 10 and 0.01 nm (which cover an energy range of 0.12 keV to 120 keV). In atomic
spectrometry, the electronic shells are usually denominated by transitions between the
K, L and M atomic shells. For instance, when the vacancy is created in the K shell and
filled by an electron from the L or M shells, the emitted X-rays are grouped in K, and
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2.1. NUCLEAR MICROSCOPY ANALYTICAL TECHNIQUES FOR
QUANTITATIVE ELEMENTAL ANALYSIS IN CELLS
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Figure 2.2: Process of induced emission of characteristic x-rays from an atom after inter-
action with an MeV accelerated ion beam. Obtained from: [9]

Kp lines, respectively. The same happens for the L and M emission lines. Due to energy
degeneration and the energy sub-levels associated to each shell, additional notation was
introduced - a number is used to specify which energy level is being considered (the K,
emission line includes K,; and K,,, where the K,; emission is normally slightly higher

in energy) [8].

Figure 2.3: PIXE spectrum of an ovarian cancer cell (OVCAR3) using 2 MeV proton beam.

The PIXE technique is particularly appropriate for minor and trace elements detection
in biological samples which correspond to atomic numbers, Z, ranging from sodium to
lead (11 < Z < 82). PIXE shows a relatively high sensitivity for transition metals which
are usually present as trace elements in biological samples. The detection limits depend
on the element to be detected, the nature of the sample in analysis and the experimental
and analytical conditions. However, the ability of this technique to detect trace elemental
concentrations above 1ug/g of dry mass in tiny sample masses (I.e., corresponding to a
volume under the microbeam of 1 to 10 um?) is what makes PIXE a very useful technique
in nuclear microscopy [3, 5].

The PIXE technique enables full quantitative elemental analysis as a proportional

relation can be established between the number of emitted X-rays and the number of
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atoms in the sample. There is a linear relationship between elemental X-ray yields, i.e.
the counts on the PIXE spectrum (Y,(Z)) and the concentrations (C,) given by a sensitivity
factor (K(E,)), for each atomic number (Z) with characteristic X-ray emitted energies (E,),

as expressed by equation 2.1.

Y

(Z) = K(E;)N,C,Ax (2.1)

The elemental quantification by PIXE is based on an instrumental calibration, requir-
ing knowledge of the experimental setup (e.g., position of the sample relative to incident
beam, angle of X-ray detection, transmission parameters, among others). In this context
the quantification method is absolute, requiring only beam charge adjustments (Np) when
analysing an unknown sample. In a microbeam setup and for tiny mass corresponding
to the cell volume under the beam dimension, both the charge correction (N,) and the
matrix composition to estimate the sample thickness (Ax) are needed to normalize the
X-ray yields of the PIXE spectra. This can be obtained for any mass core by analysing
the EBS spectra [10]. The energy straggling, i.e., the spreading of energy distribution
of the particles when they are slowed down by the interactions with the sample, can be
neglected in this theoretical deduction without having significant impact on the results
[8].

The advantages of PIXE stem on the microanalytical and multielemental capabilities
without significant losses of sensitivity. For instance, Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) and Atomic Absorbtion Spectroscopy (AAS) are the gold standard
in elemental analysis showing the best sensitivity (down to ppt level) although only bulk
analysis are possible. In fact, PIXE presents very competitive sensitivity that makes
it one of the most advantageous analytical tool to map trace elements in single cells
and biological tissues [3, 5]. Additionally, PIXE is a fast process due to the high cross-
section values associated to the process of ionization and emission of X-ray radiation.
Other imaging modalities, such as scanning or transmission electron microscopy may be
associated to X-ray detection at the microscale, although only concentrations in the %
level are possible, which is not useful to single cell analysis. The recently developed X-ray
fluorescence (Synchrotron Radiation X-Ray Fluorescence (SR-XRF)) nanoprobes making
use of high-brilliance Synchrotron radiation offer excellent sensitivity for trace metal
detection at lower spatial resolutions (below a few hundred nanometres), which surpass
sub-micrometre spatial resolution obtained in nuclear microscopy PIXE routine setups.

However, the elemental analysis is only qualitative [11, 12].

2.1.2 Elastic Backscattering Spectrometry (EBS)

One of the main problems with using PIXE as quantitative micro-analytical method is that
the matrix composition and secondary electron emission might vary locally, originating
uncertainties in the analysis. This is solved by the parallel use of EBS analysis that allows
an internal standardization for obtaining absolute measurement - the EBS spectrum shape
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is used to obtain the matrix composition while the total area bellow that same spectrum
is indicative of the total beam charge. [6]

Elastic Backscattering Spectrometry (EBS) is based on measuring the energies of ions
elastically scattered at angles greater than 90°. In a collision, a certain amount of energy is
transferred to the recoiling particle, and the backscattered ion emerges with an energy, E1,
that depends on the angle of scatter and the mass of the scattering nucleus, in agreement

with the following relation:

. 1 2
E; [(M3-M7sin®0)2 + M, cos0
K(6,M{,M,) = — = 2.2
(0, My, Mp) Eo M, + M, (2.2)

where EOQ is the incident energy, and M1 and M2 are, respectively, the mass of the ion
and the mass of the scattering nucleus. The K factor, is known as the kinematic factor.
From this equation, we conclude that in collisions with heavy nuclei the energy of the
backscattered particle is higher. Plotting the number of counts versus energy, a spectrum
is obtained and the composition of the sample is revealed by comparing with known
scattering cross-sections [3, 5].

This method is sensitive to any element that is heavier than the incident ions but
in biological samples, is specially well suited for bulk elements (like carbon, nitrogen,
and oxygen that represent 90% of the cell mass) in detriment of trace elements. The
concentration of trace elements is so reduced that, is not sufficient to produce significant
and readable signal in the EBS spectrum. Besides depth distribution information, EBS
also complements PIXE data, in terms of detection of light elements (PIXE doesn’t assess
the concentration of the already mentioned elements that EBS does), and EBS is used to

measure the integrated charge of the incident beam during the irradiation process (3, 5].

2.1.3 Scanning Transmission Ion Microscopy (STIM)

The off-axis STIM relies on the detection and the analysis of the energy loss of forward
scattered transmitted ions deflected off the beam axis by nuclear collisions at a small angle
[13]. These energy loss values of the protons that did not suffer nuclear backscattering
collisions depend on the density variations of the specimen. That is, STIM is a technique
that measures the electron density variations in samples thin enough to transmit the
beam, such as a cell. Based on the obtained data, images with resolution bellow 0.5 ym
that reveal the cell boundaries and structure can be obtained [6].

The off-axis geometry associated to this process, considering scattering angles between
20° and 45°, results in a combination of the phenomenon of energy-loss dependent of
the sample density with the mass dependent kinematic factor for the scattering caused
by atoms like H, C and N [14]. The energy of the transmitted ions is measured, and
the contrast is due to a combination of small-angle scattering and energy loss in the
sample, which depend on the localized electron density in the sample. Therefore, a 2D

areal density map can then be constructed. The technique is useful to depict structural
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and morphological details of a cell that can be correlated with PIXE maps to associate

elemental distributions with cellular compartments [6, 15].
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3.1 Ovarian Cancer

According to World Health Organization (World Health Organization (WHO)), cancer
may arise from the interaction of environmental agents (physical, chemical or biological)
combined with the individual’s genetic factors. This interaction disrupts normal mech-
anisms of the organism, resulting in uncontrollable growth of abnormal cells from old
cells. This aggregation of cells is called a tumour that can grow anywhere in the body
[16]. The classification of cancer can be done by the first location in the body (ovarian,
lung, brain, etc.) where it started to develop and by its histological type, i.e. the kind of
tissue where it originates. According to this last parameter, it is possible to distinguish
between carcinoma, sarcoma, myeloma, leukaemia, lymphoma and mixed types (e.g. car-
cinosarcoma). Carcinomas, malignant neoplasms in the epithelial tissue, account for 80

to 90% of all cancer cases [17].

The ovarian cancer is a very heterogeneous condition as it comprises pelvic cancers
with distinct tissues of origin, biology, development, symptoms, diagnosis and prognosis
[18]. The official classification system defined by WHO divides ovarian neoplasms into
epithelial, germ cell and sex cord-stromal neoplasms by their histological differences
[17]. The epithelial ovarian cancer (Epithelial Ovarian Cancer (EOC)) is the ninth most
common cancerous diagnosis presented in women worldwide and is associated to 95%
of malignant tumors in the ovaries and to 46% survival 5 years after being diagnosed
[1, 19, 20]. The acute presentation of EOC symptoms include, as stated by A. Desai et
al. [1], "pleural effusion, small bowel obstruction and venous thromboembolism"and the
subacute manifestation of this condition comes under the form of "nonspecific symptoms
such as abdominal fullness, bloating, an adnexal mass, vague pelvic or abdominal pain

and gastrointestinal symptoms". [20, 21].

The lack of specific symptoms, adequate screening methods that allow early detection
and the disease’s heterogeneity constitute the main obstacles to more effective health care
services [19, 21]. Other factors may have impact on prognosis and need to be considered
by the physician when prescribing a therapy plan. The individual’s age and ??, the quality
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and efficiency of the surgery and chemotherapy plan influence the survival rate [21].

3.2 Cancer Treatment

The most adequate therapeutic procedure depends on the type and stage of the cancer.
The patient can be submitted to traditional therapies (e.g., surgery, chemotherapy, ra-
diation therapy) or newer forms of treatment (e.g., immunotherapy, targeted therapy,
hormone therapy, gene therapy, photodynamic therapy, proton therapy) [16].

Chemotherapy is one of the most used modalities to treat cancer. The main role is
thus to kill the cancer cells while sparing the normal cells and tissues (at least with the
most critical tissues, such as the bone marrow and the gastrointestinal tract). This has
proven to be a challenge because cancer cells arise from normal tissue and most anticancer
drugs have greater effect against high-growth-fraction tumours such as leukaemia and
lymphoma, and the bone marrow and Gastrointestinal (GI) tract that have also a high cell-
proliferation rate. Furthermore, the colon, rectum, lung, and breast tumours are the most
common ones and present a low proportion of dividing cells, not being so susceptible to
the drug effect alone [22]. Considering this and other limitations associated, some drugs
are administered to the patient in combination with other drugs and/or other treatment
modalities [16].

3.2.1 Ovarian Cancer Treatment

Normally, in cases of ovarian cancer, a surgical excision is performed followed by cycles
of chemotherapy with Cisplatin (or its derivatives), in combination with other drugs to
overcome the side effects and the developed resistance [16]. All the accessible malignant
tissue is removed in the primary debulking surgical intervention and the remaining non-
visible/not-reachable cancerous tissue is treated with the chemotherapeutic drugs.

The platinum (II) complex Cisplatin is the most used chemotherapeutic drug to treat
various types of cancer, including ovarian cancer. Cisplatin is a diamminedichloroplat-
inum compound in which the two ammine ligands and the two chloro ligands are oriented
in a cis planar configuration around the central platinum ion, as can be seen in figure 3.1
(16, 23, 24].

Cl,  «NH3

Pt
Cl”  YNH,

Figure 3.1: Cisplatin chemical structure. Obtained from: [25]
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Cisplatin is administered to the patient by an intravenous via in a saline sterile so-
lution that maintains Cisplatin stable in the bloodstream because of the existing high
concentration of chloride. In contact with some proteins of the blood plasma (like albu-
min, transferin, etc.), Cisplatin bonds and 65% to 95% of the compound is inactivated 24
hours after being in circulation in the body. The remaining Cisplatin enters the cells by
passive diffusion and through the copper transporters CTR1. These transporters suffer
degradation with Cisplatin, decreasing cellular sensitivity to the drug [16].

There are multiple mechanisms of action associated to Cisplatin but the most common
and well-described is the interaction with the DNA molecule [16]. Once cisplatin enters
the cells, it immediately suffers the loss of one or both chlorine ligands due to the lower
chloride concentration in the cells. This creates the opportunity to form a bond between
the water present in the cellular milieu and the complex by a process called aquation.
The aquated platinum product, the active species, reacts and crosslinks with DNA in the
available sites (figure 3.2), resulting in the creation of DNA adducts. [16, 23].
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Figure 3.2: Cisplatin binding sites to DNA and respective order of preference. Obatined
from:[16].

The formation of these DNA adducts causes the inhibition of the replication and tran-
scription processes, cell cycle arrest and DNA repair. Once the adequate repairing is
not successful, abnormal mitosis starts and activates the apoptosis pathways. There are
multiple processes involved in apoptosis but they all coincide in a final and irreversible

phase where cellular constituents are digested by the responsible enzymes [23]. Other
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mechanism of action associated to Cisplatin action is the formation of reactive oxygen
species (ROS) like hydroxyl radicals and superoxide that cause lipid peroxidation, re-
duction of sulfydryl groups and the alteration of other normal mechanisms, leading to
DNA damage and apoptosis. ROS can also cause mitochondrial respiratory disfunction
that facilitates the rupture of this organelle and the consequent release of substances that
activate a group of caspases, cysteine proteases that play essential roles in programmed
cell death [16].

For human treatment, Cisplatin administrated dose needs to be limited due to its
toxicity to the renal, cochlear, vestibular and peripheral nervous systems [26]. The de-
scribed combined therapy of surgery and chemotherapy is effective as first-line regime
but 75% of ovarian cancer patients can experience recurrence, becoming more vulnerable
to develop resistance to chemotherapy and eventually death [16]. Indeed, the acquired
cell resistance to Cisplatin can arise after various exposures to this drug and is one of the
major problems encountered during treatment plans. A decrease in drug accumulation in
the cytoplasm or nuclei of the cells by degradation of cellular receptors, over-expression
of detoxification compounds and increase in DNA repair are some of the possible mecha-
nisms that are associated to resistant cells and disrupt their trace elements homeostasis
[27].

Trying to overcome these limitations and in the search for Cisplatin analogues that
would be more effective and less harmful for the patient, two platinum complexes Carbo-

platin and Oxaliplatin were developed and approved for clinical use [28].

Carboplatin has cyclobutanedicarboxylate as leaving group instead of chloride and
demonstrates a lower toxic behavior and lesser side effects, allowing to apply higher
doses to the patient and have better efficiency. In spite of these advantages, Carboplatin
is active towards the same type of cancers as Cisplatin and inactive in cells that developed

Cisplatin resistance, not being able to be used as alternative treatment [28].

On the other hand, Oxaliplatin is used in cases with higher resistance to Cisplatin as
the case of colon cancer. This compound presents dicarboxylate as leaving group and 1,2-
diamminocyclohexane in place of the two monodentate ammine ligands, that improve
lipophilicity and the uptake through cell membrane. It presents a slightly different mech-
anism of action from Cisplatin, forming both inter- and intra-strand cross links in DNA,

which prevent its replication and transcription, causing cell death [28].

To sum up, all the present platinum complexes have side effects that may require
patients to be prescribed with dose reductions in their platinum drugs and extensive
monitoring of their blood biochemistry, kidney and liver function [28].
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3.3 Other Metal-Based Compounds

Several metals are essential biological elements involved in a variety of biological pro-
cesses, from structural functions to enzymes co-factors. Metals like copper, cobalt, man-
ganese, iron and zinc are present in trace concentrations and the balance between intra-
cellular and extracellular concentrations needs to be maintained for the normal function
of the body [29].

Because of their active participation in reduction and oxidation reactions, variable co-
ordination modes (different oxidation states, coordination numbers and geometries) and
reaction towards organic subtracts, metal-based complexes have an unlimited potential
as cancer therapeutics [29, 30].

Complexes are chemical compounds based on the bond between a metal and a ligand
that originate chemical entities with unique properties and different from the precursory
species. The ligand and metal characteristics are of maximal importance when it comes
to biological applications [31].

The discover of Cisplatin in the 60’s constituted a milestone in the history of chemother-
apy for introducing metal-based compounds in cancer treatment [29]. Other transition
metal complexes have been receiving special attention. Transition metals are included in
the "d"block of the periodic table, between the third and twelfth groups. The high elec-
tron affinity, number of electrons in the d shell and tendency to undergo redox reactions
of these type of metals are some of the features that have impact in the biological action
of their complexes.

The search for nonplatinum anticancer drugs that could result in lesser toxicity, more
selectivity and a broader spectrum of activity, yielded a plethora of interesting com-
pounds. A better understanding of their chemistry and mode of action may facilitate
the development of anticancer drugs based on these compounds [32]. Metal complexes
with ions like Cu, Co, Zn and Fe have been explored by the assumption that the use of
endogenous metals would decrease cytotoxicity revealed by platinum complexes [29, 33,
34]. The requirement to develop a broad arsenal of drugs with high selectivity and fewer
side effects, targeting one or more cellular components also lead to the development of
a wide range of complexes such us those with the nobel metals Ag and Au, highlighting
their important role in the inhibition of important vital enzymes involved in cancer cells

growth and proliferation [35].

3.3.1 Copper Complexes

Copper complexes have attracted special attention for their redox activity and for pre-
senting a less expensive alternative to the platinum drugs. Besides antitumor potential,
copper complexes also have promising antimicrobial, antituberculosis, antimalarial, anti-
fungal, and anti-inflammatory activity [34].

Copper is a transition and redox active metal, being able to shift between its reduced
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(Cu™, Cu(I)) and oxidized form (Cu?*, Cu(II)). It acts as catalytic factor and structural
constituent of many enzymes [36]. The homeostasis of this metal is fundamental for the
good functioning of the organisms and is maintained by copper transporters (like CTR1
and ATP7A/B responsible for copper uptake, cellular distribution and efflux) and small
molecules like glutathione and metallothioneins that act as detoxification agents [36]. It
is also known that copper participates actively in healthy and carcinogenic ?? through
diverse mechanisms. Cu ions stimulate the proliferation and migration of endothelial
cells, control pro-angiogenic mediators synthesis and excretion and boost angiogenin’s
activity by establishing a direct bond to this molecule. This contributions allow the
formation of new blood vessels by tumor cells, which enables tumor growth, invasion,
and metastasis [36, 37].

This influence and accumulation of copper in tumor cells triggered intense investiga-
tions of copper complexes as anticancer therapeutics. They can be classified in copper
chelators that capture copper ions within the cells and interfere with the mentioned can-
cer progression processes and copper ionophores, that are more effective in killing cancer
cells by taking copper into the cells to ativate toxic pathways that lead to cell death [36].

The properties demonstrated by copper-coordinated compounds depends largely on
the copper oxidation state, the complex structure, type of ligand and the donor atoms
that participate on the bond [33, 37]. From the three stable oxidation states for copper,
Cu(I), Cu(II) and Cu(III), the copper coordination chemistry is dominated by Cu(II) and
some (but few) Cu(I) compounds.

An important aspect of the behavior of copper in coordination and physiological en-
vironment is the already mentioned Cu(I)/Cu(II) redox potential. The easiness in the
Cu(I)/Cu(Il) conversion by redox reactions has significant impact in the oxidation of
organic substrates. As an example, the reactions between copper ions and reduced dioxy-
gen derivatives (e.g., superoxide O~?) are indispensable in Cu/Zn Superoxide Dismutase
(SOD), an important enzyme that acts against oxidative stress caused by ROS, and may
be part of the process of biological oxidative damage caused by copper [38].

Inside cells, Cu(Il) is usually reduced to Cu(I) especially in cancer cells where the
anoxic medium promotes this conversion. The redox potential associated to copper
complexes widely vary according to the complex structure and interactions with the
surrounding environment, e.g., in the oxidation of Cu(I) complexes when reacting to
dioxygen register a range of potentials coming from -1.5 V to +1.3 V. [37]. When it
comes to the mechanism of action, some copper complexes are associated to a SOD simi-
lar activity [37]. While others are responsible for increasing intracellular ROS levels that
cause interference with the structure of proteins and with some enzyme pathways [37].
In fact, the majority of Cu(II) compounds bond with cellular glutathione and form a Cu(I)
compound with the ability to induce the generation of superoxide anions that can induce
ROS formation [34]. Other possible target for Cu complexes are DNA topoisomerases
and proteasomes [37]. The first mentioned molecules are enzymes responsible for solving

problems associated to chromatin processes (replication, transcription, recombination,
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reorganization) and regulate gene activity by changing the state of DNA’s supercoil. The
second is a protein complex accountable for the degradation of intracellular proteins, and
has been recorded Cu complexes activity to inhibit and disrupt proteosomes associated
to essential proteins for the functioning of the cell cycle [37]. There has also been record
of inhibition of telomerase activity, as well as DNA degradation and intercalation and

induction of paraptosis [34].

3.3.2 Gold Complexes

Another class of metal-based complexes that have been studied are the gold complexes.
These compounds have been associated to antimicrobial, anti-inflammatory, immuno-
suppressive and anticancer properties that can be promising for a more effective cancer
treatment by minimizing secondary effects, chronic infections and increasing cellular up-
take and selectivity towards cancer cells [39, 40]. In fact, some Au (I) and Au (III), when
compared to Cisplatin, have presented better selectivity and efficiency towards cancer
cells [41].

One of the most studied gold complexes is Auranofin, the reference compound for
the development of new therapeutic gold-based compounds. Auranofin is a coordinated
gold (I) complex that is commonly integrated in the treatment plans for rheumatoid
arthritis and also revealed antimicrobial and antitumor activity. It was approved by
the Food and Drug Administration (FDA) for several clinical trials to test its efficiency
against multiple types of cancer such as leukemia and ovarian cancer. In spite of that, the
fundamental mechanisms that originate the antitumor activity in ovarian cancer cells are

not yet completely comprehended [40].

The mechanisms of action underlying the cytotoxicity of gold complexes is different
from platinum-based compounds and usually involve the inhibition of enzymes, espe-
cially those with thiol groups in their structure. Considering this, the enzymes Thiore-
doxin Reductases (TrxR), glutathione reductases and cysteine proteases that contain thiol
groups and are over-expressed in cancer cells are the most probable target for gold com-
plexes in cancer treatment. The inhibitory action towards these enzymes can compromise
the redox state of the cell and increase the production of ROS, leading to oxidative stress
and apoptosis [40].

The stability of gold complexes in physiological environment, highly influenced by
the nature of the associated ligand, remains a considerable challenge. For that matter,
ligands with carbon, nitrogen, oxygen and specially, sulfur have been tested for their
stabilizing effect, in particular, by preventing undesired intracellular redox reactions [42].
In fact, S. A. Sousa et al. [40] tested Au (III) complexes with sulfur donor atoms against
ovarian cancer cells and all four complexes revealed promising results. It was measured
high cytotoxic activity, ROS production and caspase 3/7 (enzyme involved in apoptosis)

activation and no interaction with the DNA molecule.
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3.3.3 Silver Complexes

For centuries, silver has been used for various medical applications, in the form of inor-
ganic salts and complexes, mainly because of its antibacterial activity. The majority of
reagents used, e.g. silver nitrate and silver sulfonamides, all have disadvantages (like high
solubility in human serum that leads to dissociation and inactivation of the compound)
that restrict their clinical usefulness. Considering this, its crucial that the active silver
ions are firmly coordinated to adequate ligands that accentuate their most interesting
properties [43].

Ag(I) complexes aroused great interest for displaying relevant antitumor properties.
Some compounds revealed intenser anticancer activity and less cellular resistance de-
velopment from that caused by Cisplatin and derivatives [35, 44]. A large variety of
ligands has been associated to the structure of Ag(I) complexes but the ones that have
been demonstrating the best results usually contain N-heterocycles (phenanthrolines,
pyridines, and polypyridines, etc.), N-heterocyclic carbenes (NHC), and phosphines [45].

The mechanism of action of silver-based drugs has not been fully understood but
there are records that indicate to involve the release of Ag ions that can enter the cell
membrane and disrupt its function, by interfering with the topoisomerases activity [35,
43].

Aydin et al.[46] tested dicyanidoargentate(I) complexes that induced the apoptotic
pathway in HT29 colon cancer cells, through the inhibition of Topo I DNA relaxation
activity, interfering with DNA replication [35]. More recently, Rendosova M. et al. [47]
assessed the biological behavior of a silver pyridine-2-sulfonate complex that besides
its high antibacterial effect, was able to suppress L1210 leukemic cells growth, causing
a necrotic and apoptotic effect by inhibiting Topo I at a concentration of 30 M and
interacting with DNA by partial intercalation [35].

Other possible biological targets have been identified and further investigation is
necessary to extend the knowledge on the interactions between Ag(I)-complexes and
both tumor cells and microorganisms [43]. The general cytostatic behaviour of silver
complexes of inhibiting tumour growth without direct cytotoxicity is considerably well
documented but the majority of the studies were performed in vitro conditions and only
a few carried over to in vivo evaluation [43]. Some well-designed Ag(I) complexes become
devoid of some or all of its activity initially demonstrated in vitro when transferred to in
vivo conditions, due to the formation of insoluble AgCl or binding of the complex to cell
enzymes. The most significant information on the effects of silver complexes on tumor
growth were registered for ovarian cancer and lung carcinoma models, with relevant

decreased growth [45].

3.3.4 Camphor-based Metal Complexes

The search for Cisplatin alternatives is based on a strategy that includes modifying the

structure of existing platinum compounds, testing complexes with different transition
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metals and including ligands that are natural and synthetic organic products [48]. The
association of a metal core to a drug in use or with known therapeutic effects is expected
to have a synergistic effect of the two components to improve the efficacy of the resulting
complex [45].

Camphor (C;oH;¢O, figure 3.3) is a natural compound that has been used for its
numerous pharmacological effects: antimicrobial, anesthetic, anti-inflammatory, antibac-
terial, and others [49, 50]. Due to its high lipophilic properties, camphor enters the cell
membranes and is specially well absorbed by mucous membranes and gastrointestinal
tract. Considering this, presents a high volume of distribution, i.e., has propensity to
leave the plasma and enter the extra-vascular compartments of the body. In spite of all
associated benefits and pharmacological applications, Camphor is highly toxic. Doses
superior to 30 mg/Kg cause toxic reactions in multiple tissues and organs therefore its

clinical usage of camphor is restrictive [51].

O

Figure 3.3: Camphor chemical structure. Obtained from: [9]

The camphor advantageous action on cancer treatment when combined with cytotoxic
agents has been reported in multiple studies with promising results [52].

Cardoso J.M.S. et al. [2], tested silver (I) camphorsulphonylimine complexes against
the human ovarian cancer cells A2780 (sensitive to Cisplatin), A2780 cisR (resistant
to Cisplatin) and non-tumoral embryonic kidney Human Embryonic Kidney (HEK)293
cells. The tested complexes demonstrated higher activity than Cisplatin against ovarian
cancer cells. On the other hand, the ligands isolated from the complex structure, demon-
strated no significant cytotoxicity. Following these results, the ability to bond to the DNA
molecule was assessed using Calf Thymus Deoxyribonucleic Acid (CT-DNA) and fluores-
cence techniques. The results revealed that all the complexes possibly bonded to DNA by
different mechanisms (two of them by intercalation and the third was unclear/unknown).
It was also possible to establish a cause-effect relationship between a higher binding abil-
ity and a higher cytotoxic effect. The excessively high cytotoxicity against healthy cells
(HEK293) is the principal obstacle for a potential therapeutic use of these compounds.

A more recent study [48] also tested silver complexes with camphor carboxylate and
camphor carboxamides ligands. The most relevant result was obtained for one of the silver
camphor carboxylate complexes that demonstrated higher cytotoxicity than Cisplatin
towards A2780 ovarian cancer cells and A2780 cisplatin resistant (A2780cisR) but showed
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low toxicity against the non-tumoral human embryonic kidney (HEK293) and hence, a
significant pharmacological selectivity towards ovarian cancer cells. The redox properties
of these compounds, that are susceptible to be reduced, are directly associated to their
anticancer properties by oxidation of biological substrates, interfering with the normal
redox energy generation processes.

Testing a different transition metal, Petrovi¢ A. et al. [53] synthesized rodium(III)
complexes with camphor-derived Bis(pyrazolylpyridine) ligands. This complexes were
analyzed by Ultraviolet-Visible (UV-Vis) and emission spectral studies that revealed that
theses compounds bonded easily with CT-DNA and bovine serum albumin. When per-
forming cytotoxicity tests, complex represented in figure 3.4 demonstrated efficiency

against human epithelial colorectal carcinoma cells.
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Figure 3.4: Rh(III) complex that revealed significant efficacy against human epithelial
colorectal carcinoma. Obtained from: [53]

Fernandes T.A. et al. [50], evaluated the cytotoxicity of three synthesized polynuclear
Cu(I) camphor complexes against human colon carcinoma HT29. All the complexes
demonstrated variable cytotoxic activity due to the influence of the different ligands
and co-ligands. One of the most active compounds reached cytotoxic values similar
to Cisplatin while, the camphor compounds used as ligands did not demonstrate any
significant activity towards the cells. Copper cellular uptake was assessed by ICP-MS for
HT?29 cells treated with the complexes that presented low, moderate and higher activity.
The obtained results were not representative of the activity of the complexes, Le., it was
not possible to establish any correlation between the Cu uptake by the cells and the
intensity of the associated cellular viability decrease. The interactions with potential
cellular targets (more or less sensitive) were the main reasons associated to these findings.
It was also proposed that the polynuclear complexes would just act as carriers to take the
active camphor compounds to the cells and would suffer the loss of CuCl once inside the
cell to form unsaturated intermediates with less copper and higher affinity to receptors
and biological interactions.

Later, Kokina et al. [54] also performed comparative studies of zinc(II), palladium(II),
and copper(I) chlorides with camphor thiosemicarbazone ligands agains the breast cancer
cell line MCF-7. This team discovered that the Cu(I) complexes where more cytotoxic
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than the mononuclear Zn(II) and binuclear Pd(II) complexes. The complexes presented
more activity than Cisplatin and the ligands isolated, once again, did not had any toxic

effect towards the cells.

3.4 Contribution of Imaging Techniques in Unraveling New
Metal-Based Drugs

The continuous evolution of the proton probe optics and reduction of the beam dimen-
sions led to a progressively improved image resolution. The morphological images and
elemental distribution maps that are obtained through STIM, and PIXE and EBS, respec-
tively, are very useful to study the distribution profiles of metals in whole single cells to
evaluate the cellular uptake of metal-based drugs [15]. Indeed, these techniques have
become indispensable for important discoveries in the biological and biomedical field, by
allowing the visualization of cellular and subcellular processes in whole cells (normally
with sizes between 10 and 100 ym) [40].

First investigations on single cell imaging using nuclear microscopy date back to 1995.
Moretto P. et al. [27] proved the potential of nuclear microscopy techniques to analyze
the individual response of cells to a pharmacological stress. They proceeded to the in
vitro incubation of two different ovarian cancer cell-lines, sensitive and resistant to Cis-
platin, with this drug in pharmacological concentrations. After the treatment, PIXE with
EBS and STIM mapping were performed. The subcellular elemental resolution attained
with this method allowed to visualize an homogeneous distribution of platinum within
whole cells of both cell lines, confirming the Cisplatin binding to numerous intracellular
sites, in the cytoplasm and in the nucleus. The authors also showed changes in the cel-
lular distribution of physiological elements following Cisplatin treatment, such as small
accumulations of iron (as seen in figure 3.5) localized in nuclear and perinuclear areas.

In 2017, Ribeiro et al. [55] studied the activity of Copper(Il) complexes with Schiff
bases ligands, derived from pyrazolyl against MCF7 breast and PC3 prostate cancer cell
lines. The cellular uptake of copper was assessed using nuclear microscopy in selected
complexes that showed relevant activity. The STIM density maps enabled to correlate the
PC3 cell morphology (ovoid chape and condensed central core) with the elemental distri-
bution maps of P, K, Ca and Cu (figure 3.6). While in control PC3 cells, the presence of Cu
was residual, the cells incubated with the compound at 20 yuM and 200 uM showed a dose
dependent uptake of Cu, which preferentially accumulated in nuclear and perinuclear
regions. Therefore, direct imaging of Cu in single cells demonstrated the ability of this
complex to cross the cell membrane and highlighted that the cellular uptake of Cu may
interfere in the homeostasis of physiological elements involved in membrane potential
maintenance.

More recently, Dominelli B. et al. [56] tested dinuclear Au(I) complexes bearing
2-hydroxyethane-1,1-diyl-bridged bisimidazolylidene ligands. One of the complexes
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Figure 3.5: Phosphorus, iron, copper and zinc distribution maps in a Cisplatin-resistant
treated with Cisplatin. An iron accumulation is visible on the right bottom image, by an
intenser coloration of black inside the cellular area. Obtained from: [27]

Figure 3.6: Density and elemental maps of P, K, Ca and Cu distribution in individual
PC3 cells under control (A), 20 uM (B) and 200 uM (C) of the Copper(II) complex with
Schiff base ligand in study. The dotted lines in mass and Cu maps indicate the cytoplasm
and nuclear limits. The mass density and elemental distributions are represented by a
color gradient with a dynamic scale: high level — red, to low level — black/dark blue.
Obtained from: [55]
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showed promising characteristics, such as considerable toxicity against several cancer
cell lines (breast, ovarian and prostate) with better results than Cisplatin inclusively in
A2780cisR (Cisplatin resistant) and promising selectivity, as less toxicity was observed
toward a healthy cell line hamster lung fibroblasts (V79). By analyzing the EBS spectra
to extract the energy loss of protons thru the cell, it was possible to reconstruct a 3D cell
model (figure 3.7) with five layers in depth revealing that Au is mainly located in the
cell core, where organelles (e.g., mitochondria) and membrane systems are. Therefore,
combining nuclear microscopy data with complementary techniques it was possible to
propose as a possible mechanism of action for the complex the interaction with mito-
chondria membrane, by the inhibition of TrxR activity, a key mitochondrial antioxidant

enzyme, that leads to ROS accumulation and eventually mitochondria dysfunction.
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Figure 3.7: (A) Nuclear microscopy images of mass density (Mass) and Au distribution
obtained from the RBS spectrum of a PC3 cell incubated with the Au(I) complex in study.
(B) 3D representation of the distribution of Au in the cell depicted in (A). Obtained from:
[56]

In the same year, Jakob C. et al. [57] evaluated the biological behaviour of Au(I) bis-
NHC complexes, reaching promising results for two complexes: one containing ester and
the other, amide in its structure. Cisplatin comparable results were obtained for these
complexes that presented activity towards the Cisplatin resistant cell line. The PC3 cells
treated with both complexes at equal concentrations were analyzed to nuclear microscopy
techniques and the results showed that the compounds have different distribution profiles.
The presence of gold in the cells treated with the complex containing ester was almost non
existing, indicating that the drug was weakly connected to the cell surface, and for cells
treated with the second compound in study, the Au distribution was visibly disperse but
indicative of cellular uptake. In spite of that, morphological alterations and imbalance
of elements essential for biologic processes suggest that the cellular effects were more

significant for the compound containing ester.

Another method to study the intracellular distribution of trace elements and thera-

peutic metal complexes is synchrotron radiation X-ray fluorescence microscopy (SR-XRF),
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based on the analysis of the characteristic X-rays emitted from the sample that is irra-
diated with high-flux X-rays beam at a synchrontron facility. The emergence of third-
generation synchrotrons turned SR-XRF in one of the most versatile methods to imaging
hydrated biological specimens and whole cells with spatial resolutions < 300 nm and
high sensitivity for elemental detection. Due to high-flux beam delivered in SR facili-
ties, energy tuning is possible what is appropriate to optimize the determination of the
oxidation state and coordination environment of metal cations [12].

There are reports of the use of this technique for the in vitro and ex vivo study of
metal-based anticancer drugs containing platinum, ruthenium, iridium, osmium, and
others. As XRF is a multi-elemental technique, like PIXE, it is also possible to assess the
endogenous elements in cellular homeostasis. For instance, the importance of zinc was
revealed in the resistance of the cells to Cisplatin an in the biological response of cells
against gadolinium complexes with triphenylphosphonium ligands with high affinity to
mitochondria [58].

Wedding J. et al. [59], studied the stability and intracellular distribution of a rhe-
nium(I) complex with ligands containing iodine in 22Rv1 human prostate carcinoma cells
using SR-XRF imaging. The distributions of rhenium and iodine in the cells were corre-
lated suggesting that there is no dissociation of the ligand from the complex structure.
The preferential localization of the complex was associated to nuclear and perinuclear
regions of the cell that caused cellular homeostasis unbalance.

Recently, Bolitho et al. [60] combined high-resolution X-ray imaging methods to
study the efficiency of two photoactivatable Pt(IV) complexes in single PC3 cells. An
efficient cellular uptake was visualized with SR-XRF, associated with low toxicity. Upon
photoactivation, serious and concentration-dependent damage was caused to the treated
cells, like cell shrinkage and specific organelle damage.

The SR-XRF technique provides cellular imaging with higher resolution and elemen-
tal sensitivity than the results obtained with PIXE in nuclear microscopy routine exper-
iments, but the results are only qualitative. In addition, the synchrotron facilities have
massive dimensions when compared to particle accelerators used in nuclear microscopy.
There are few synchrotrons available in the world with nano-XRF possibilities, what

limits the access and sometimes the adequate continuity of experiments.
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MATERIALS AND METHODS

4.1 Biological Assays

4.1.1 Cytotoxic Activity (MTT Assay)

The cytotoxic activity was evaluated in the human epithelial ovarian cancer cells Cis-
platin sensitive A2780 (Sigma-Aldrich) and OVCAR3 (American Type Culture Collection
(ATCC)) and also, in healthy human dermal fibroblasts, Human Dermal Fibroblasts (HDF)
(Sigma-Aldrich) and hamster lung fibroblasts, V79 (ATCC). These cells were grown in
Roswell Park Memorial Institute (RPMI) 1640 medium (ovarian and V79 cells) supple-
mented with 10% FBS or fibroblast growth medium (HDF cells) and maintained at 37°C,
5% CO2 and humidified atmosphere in an incubator (Heraeus, Germany).

Cell viability was assessed by the MTT assay, after the cells being submitted to treat-
ment with the compounds [61, 62]. The yellow-colored tetrazolium salt MTT is reduced
to nonwater-soluble purple formazan crystals (figure 4.1) by succinate dehydrogenase
system of the active mitochondria and by the co-enzyme Nicotinamide Adenine Dinu-
cleotide + Hydrogen (NADH) (reduced form), only present in the viable cells.

Cells were seeded in 96-well plates at a density of 10# cells per well in 200 yL medium
and allowed to adhere overnight. After, the medium was discarded and 200 uL of fresh
medium containing each compound in the concentration range 10~ M to 10™* M was
added to the cells for 24h treatment. Complexes were first dissolved in Dimethyl Sulfox-
ide (DMSO) and then in medium to prepare the serial dilutions.

After 24h incubation, the solutions were aspirated and 200 pL of MTT solution (0.5
mg/ mL) were added to each well. After 3 h at 37 °C, the MTT solution was aspirated and
the formazan crystals formed were solubilized with DMSO. The absorbance at 570 nm
(maximum of the absorbance spectrum of formazan) was measured using a plate spec-
trophotometer (Power Wave Xs, Bio-Tek). The obtained intensity values are proportional
to the number of viable and metabolically active cells. At least four replicates for each
concentration were analysed and the results are presented in chapter 5 as the mean of the
obtained values (MEAN) and the associated Standard Deviation (SD).

The IC5, (half-minimal inhibitory concentration) values, indicative of the necessary
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Figure 4.1: Conversion by viable cells of MTT to formazan crystals and respective solubi-
lization to proceed to optical density measurement. Adapted from: [40].

concentration of the complex to exert half of its maximal inhibitory effect, were calcu-
lated from dose-response curves (appendix C) using the GraphPad Prism software (vs.
5.0). This value is representative of the cytotoxic activity of the tested compounds: the
lower ICsq value, the more cytotoxic the complex is. The metal precursors of the com-
plexes were also tested using the same method but only applied to the OVCARS3 cells.
The concentrations of the prepared solutions are analogous to the ones used with the

correspondent complex of the precursor in study.

4.1.2 Stability in Physiological Media (UV-Vis Spectroscopy)

All the biological studies for this dissertation are carried out in aqueous media at phys-
iological pH. These conditions are ideal for certain reactions (e.g. redox reactions) to
happen and alter the initial chemical structure and properties of the compounds. There-
fore, it is necessary to ensure that the complexes do not precipitate in the aqueous milieu

and that they are stable in the timescale of the studies.

The stability in cellular medium of the complexes (1 to 9) was evaluated for 48 hours
using UV-Vis spectroscopy that is based on the recording of the absorption by the sample
of radiations in the ultraviolet (10 to 400 nm) and visible regions (400 to 800 nm) of the
electromagnetic spectrum [40]. The absorbed radiations have characteristic intensities
and wavelengths/frequencies that may suffer alterations over time or for different mixture

compositions and in that case, it is indicative of instability of the complex in study [63].

The spectrophotometer Agilent Technologies Cary 60 and the Cary WinUV Software
(figure 4.2) allowed the record of an absorption spectrum for each complex dissolved to
obtain three different mixtures: DMSO (1%) as a reference, in DMSO (1%) and colorless
Dulbecco’s Modified Eagle Medium (DMEM) and finally in DMSO (1%), colorless DMEM
and Fetal Bovine Serum (FBS) (10%). In order to get comparable values between the
different compounds, each mixture presented the same concentration of the different

complexes.
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Figure 4.2: Experimental setup used to evaluate the complexes’ behaviour in solution.
The spectra were obtained using an Agilent Tecchnologies Cary 60 UV-Vis device and the
correspondent software, Cary WinUV Software.

The obtained spectra represent the intensity of the absorbed radiations versus their
wavelength, representing the essential data for a merely qualitative analysis of the stabil-

ity of the compounds in physiological media.

4.1.3 DNA interaction (Agarose Gel Eletrophoresis)

Another common mechanism of action of many anticancer drugs (like Cisplatin) is through
interaction with the DNA molecule, preventing the uncontrolled cellular division [64].
Therefore, the DNA binding activity of the metal complexes was assessed through their
ability to alter the electrophoretic mobilities of the Covalently Closed Circular (ccc) and
Open Circular (oc) forms of ¢$X174 supercoiled DNA, as previously described [40].

The different forms of DNA move with different migration speeds and a depletion
in the rate of migration through the agarose gel is observed when a compound unwinds
the DNA double helix — the reduction in the number of supercoils results in a density of
ccc DNA decrease. In that case, increasing the molar ratio of complex per nucleotide (ri),
decreases the rate of migration of ccc DNA until it comigrates with oc DNA and reaching
a coalescence point where all DNA’s supercoils are removed [64, 65]. That result can be
observed for Cisplatin as can be seen in figure 4.3.

To perform the assay, each tested mixture was prepared containing 200 ng of $X174
DNA (Promega) and different concentrations (0.5, 1, 5, 10 and 15 uM) of the complexes 1,
4,5,7,8 and 9. The concentrations were chosen in order for the results to be comparable
with the results previously described for Cisplatin. After incubation for 24 h at 37 °C, in
the dark, the samples were run in a 0.8% agarose gel in Tris-acetate-EDTA (TAE) buffer
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Figure 4.3: Agarose gel electrophoresis result for Cisplatin used as a reference for compar-
ison with the images acquired for the copper, silver and gold complexes. The described
effect of the increasing ri on the rate of migration is clear and the coalescence point can
be identified at 10 uM. Adapted from: [65].

for 3h at 90 V. The gel was then stained using a 3x GelRed® (Biotium) solution in H,O
and imaged in an AlphalmagerEP (Alpha Innotech). The obtained images for the samples
in study were always compared with the non-incubated plasmid and plasmid incubated

with DMSO both used as control samples.

4.1.4 Detection of ROS (H,DCF—DA Assay)

Cisplatin and other anticancer drugs induce the formation of ROS and sequentially acti-
vate cell death mechanisms, inducing apoptosis [61]. To evaluate the induction of intracel-
lular ROS levels, mainly peroxides, by the complexes, the dihydro-2"7’dichlorofluorescein
diacetate (H,DCF—DA) assay was used for its high sensibility to the reactive species in
study. This H,DCF—DA cell-permeable molecular probe is de-esterified within the cell
and turns to highly fluorescent 2’,7’-dichlorofluorescin (DCF) upon oxidation with ROS

(figure 4.4).
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Figure 4.4: The fundamental principle for ROS level measurement by the H,DCF—DA
assay: the 27,7 "-dichlorofluorescin diacetate (H,DCF—DA) probe is a non-fluorescent
molecule that enters the cell and suffers deacetylation by cellular esterases to a non-
fluorescent 2°7’-dichlorofluorescin (H,DCF). H,DCF then oxidatised by ROS to generate
a highly fluorescent 2’,7’-dichlorofluorescein (DCF). Obtained from:[66].

For the assays, OVCARS3 cells (2x10* cells /well) were seeded in 96-well plates and
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left to grow and adhere overnight. After, the medium was replaced with a solution of
10 uM H,DCF—DA in colorless DMEM (FluoroBrite™ DMEM, Gibco®) and cells were
incubated at 37°C for 30 min. Then the medium was aspirated and cells were incubated
with the compounds in fresh medium for 1 h at selected concentrations of 10, 20, 50 or
100 uM for each copper complex, 0.1, 1, 10, 20 uM for each gold complex and 1, 10, 20
or 50 uM for each silver complex. Hydrogen peroxide was also included in the analysis
as positive control. The incubation period was shorter than for the MTT assay due to the
chemically reactive character of ROS. The concentrations used in the assays were selected
taking into consideration the ICs, values of the complexes previously obtained.

DCEF fluorescence was measured at an excitation wavelength of 492 nm and 517 nm
of emission using Varioskan Lux multimode microplate reader (ThermoFisher Scientific).
Results of fluorescence were expressed as the mean (of three replicates) fold change in

fluorescence levels in relation to untreated OVCAR3 cells.

4.1.5 Generation of Superoxide Radicals (NBT assay)

The Nitro Blue Tetrazolium (NBT) assay was carried out based on a previously described
method [61]. This assay was used to determine the ability of cells to produce superoxide
anion O, (another ROS species), upon treatment with the compounds. NBT is a tetra-
zolium salt like MTT that crosses the cell membrane and suffers reduction by superoxide
radical anion, resulting in dark blue NBT formazan particles.

A pre-treatment was effectuated to OVCAR3 cells (seeded into a 96-well plate) were
treated with the complexes in medium for 1 h at 37°C at concentrations equivalent to the
ICsg values (50 and 100 uM for the copper complexes 1, 2, 3 and 4; 20 and 50 uM for
complexes 5 and 7; and finally, 10 and 20 M for the most active complexes 6, 8 and 9).
After that period of incubation, 20 yL of a NBT solution 10 mg/mL in water was added to
the cell 's medium and incubation was subsequently prolonged for more 1 hour at 37°C.
Then, the medium was discarded and the blue formazan particles were dissolved in 200
pL of 90% DMSO (90% DMSO: 10% NaOH 0.1 N with 0.1% SDS). The absorbance of
the resulting NBT formazan was measured at 560 nm with a plate spectrophotometer.
Each concentration was tested with at least six replicates and the results (mean + SD) are

expressed as % in relation to controls (untreated cells).

4.1.6 Lipid Peroxidation (TBARS Assay)

ROS are produced by multiple cellular processes but their levels can be increased in re-
sponse to different stimuli. Normal cells can maintain oxidative homeostasis owing to the
activity of various antioxidant systems that control ROS production through metabolic
and signaling pathways. Upon a prolong increase in ROS levels, the antioxidant defense
mechanisms can promote cell death [67]. ROS can react with the polyunsaturated fatty
acids of lipid membranes and induce lipid peroxidation. The end products of lipid peroxi-
dation are reactive aldehydes, such as malondialdehyde (MDA) that have been considered
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to be a second messenger of the oxidative stress. Increased ROS level can inhibit tumor
cell growth. Indeed, in tumors in advanced stages, a further increase of oxidative stress,
such as that occurs when using several anticancer drugs can overcome the antioxidant
defenses of cancer cells and induce apoptosis [67]. The MDA level is commonly used as a
biomarker for lipid peroxidation [68]. In this study, the content of MDA in lipid extracts
of OVCARS3 cells exposed to complexes 1, 5, 8 and 9 (complexes that demonstrated the
most significant dose-dependent ROS production) was measured using a colorimetric kit
(BioVision, CA, USA), a method that relies on the reaction of MDA with Thiobarbituric
Acid (TBA) and the detection of the respective reactive products [61].
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Figure 4.5: The principle for the lipid peroxidation detection assay. To the previously
treated samples/standards is added the TBA reagent that reacts with MDA during incu-
bation, producing a colored end product (MDA-TBA). Then, 200 uL of each mixture are
placed in a 96-well plate to measure the absorbance at 532 nm, with the intensity values
corresponding to the level of lipid peroxidation in the sample. Obtained from:[69].

Briefly, OVCARS3 cells (5x10° cells/2 mL medium) were seeded in 6-well plates and
left to adhere for 24 h. Then, after treatment with the complexes at selected concen-
trations (100 uM for complexes 1 and 5; 20 uM for complex 8 and complex 9). The
incubation period was 24 h at 37°C. After that, the medium was removed, the cells were
washed with Phosphate-Buffered Saline (PBS), tripsinized and centrifuged. The cell pel-
let was treated following the kit recommended protocol. Then, the cells were lysed and
centrifuged to remove insoluble materials. To 200 uL of the supernatant was added to
600 uL of TBA to generate the red-pink MDA-TBA adduct (Thiobarbituric Acid Reactive
Substances (TBARS)) by incubating the mixture for 1 h at 95°C. After that, 200 uL were
taken and transferred to a 96-well plate for MDA quantification at 532 nm. To generate
a MDA standard curve (appendix B), MDA standards were processed in parallel with
the samples, using the same procedure. This curve and respective equation was used
as reference and allowed the association between the absorbance values of the studied
samples with their MDA content value. Results were expressed as mean + SD from the
four replicates for each concentration.
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4.2 Cellular Uptake

In order to understand the complexes’ effectiveness (or lack of it) in the cells, the metal
uptake was evaluated. This was done using the Ion Beam Analysis (IBA) techniques
performed in the 2.5 MeV Van De Graaff accelerator installed at the Instituto Superior
Técnico (IST)/Campus Tecnoldogico e Nuclear (CTN). The Van De Graaff accelerator is the
key element for the whole setup since it is responsible for accelerating a proton beam to
the desired energy, maintaining the beam current stability and its low energy spread (less
than 100 eV per MeV) [6]. The trajectory of the accelerated ions is conditioned by the
switching magnet that allows the selection of one of the three available beam lines where
the various sample stages are installed. Both PIXE line and the central line that leads to
the Nuclear Microprobe were used in this dissertation. The whole system of lines and
chambers are kept in vacuum (< 107 mbar). The technical details of the used devices

and applied procedures are described in the sections bellow .

4.2.1 CTN Nuclear Microprobe

The central beam line that leads to the microprobe is the one where the verified energy
dispersion of the beam is lower. All its components are represented in figure 4.6 and are
described in this section.

Stabilizing Slits
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Bending Magnet
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Figure 4.6: CTN/IST nuclear microprobe system, respective components and setup. Start-
ing with the Van De Graaff accelerator, the beam line terminates with the Oxford Mi-
crobeams® nuclear microprobe sample stage where the samples are placed to be irradi-
ated and analyzed. Adapted from: [70].

After the switching magnet, the accelerated protons firstly encounter the stabilizing
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slits that are responsible for controlling the stability and the direction of the beam, en-
suring that it is parallel to the beam line. The quartz viewers, present in more than one
place in the beam line, allows the user to ensure the ideal conditions of transmission and
focusing of the beam by obtaining visual contact with it and evaluating its behaviour.
When reaching the 90° bending magnet, the beam is submitted to a magnetic field that
selects the ions with a defined mass and energy. After the beam passes through another
stabilizing slits and quartz mirror, it reaches the object and collimator apertures. The
object aperture defines the beam area and the collimator aperture limits its divergence
before entering the probe-forming lens system. Between these two elements, a steering
magnet can also be found. Its function consists in enhancing the beam intensity and
correcting beam trajectory changes caused by alterations of the charged particles in use,
the beam energy or even by movements of the beam line structural components, without

needing new mechanical alignment [8].

The Oxford Microbeams® nuclear microprobe also includes the scanning coils system,
the quadrupole lenses focusing system and finally, the vacuum chamber that accommo-

dates detectors and the sample stage.

The scanning coils system enables to scan the beam over the sample surface in
256x256 steps (pixels) to generate two-dimensional (2D) images from the spectral data
collected [8].

Immediately before the vacuum chamber, a focusing system composed by a magnetic
quadrupole triplet demagnify the beam to form a micrometre dimensions probe, which

in routine analysis is of the order of 3x4 um?.

With an octagonal cylinder shape with ports on the flat faces, the final element of this
beam line is the vacuum chamber. The samples are fixed to a support that is connected to
the top base and are perpendicularly irradiated by the beam. To help place the samples
and during the beam focusing operation, a stereo zoom microscope can be found in one
of the lateral faces at a backward angle of 45°. All the microprobe components described
until now are set in a concrete table on top of a polystyrene surface to decrease the effect
of the vibrations coming from the ground and equipment that can influence the spatial

resolution of the beam.

The detector used for the detection of X-rays emitted by the sample after the interac-
tion with the accelerated protons (PIXE) is a silicon drift detector (SDD) with 30 mm?
active area, positioned at 45° relative to the sample in the plane of the beam direction.
The backscattered particles (EBS) are collected with a Si surface barrier detector with 200
mm? of approximately 20 keV resolution positioned at a backward angle of 40° with the
beam direction. For STIM, a Si PIN diode behind the sample in off-axis angle of ~20° is
used to detect the transmitted ions [8].
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4.2.1.1 Maps Construction

For the construction of the elemental distribution maps, the detectors signals are recorded
and each detected event is associated to a digital x and y position, determined by the
scanning movement of the beam, i.e. the maps are obtained from the spectral data in
each pixel. The consolidation of this information is done by commercially available code
and results in maps with elemental distributions represented by a dynamic gradient of
color. The 2D images of the sample enables the visualization of whole single selected
cells and respective elemental distribution but it is also possible to select isolated details

and specific zones of interest [6].

The 256x256 pixels PIXE and EBS maps that represent the scanned area are always
informative about a specific selected element distribution on that region while STIM is
indicative of the density of that area. As it was mentioned, the maps were built taking the
detected events for the selected element or energy region in the spectrum as a reference.
As an example, to obtain a map of Cu, the energy interval around copper characteristic
Ka X-rays lines (maximum intensity at 8.028 KeV) in the PIXE spectra is selected. If the
detected X-ray energy fits into the defined range, one count is added to the Cu map in the
(x,y) position corresponding to the beam localization in the defined scan size. Therefore,
the resulting images show the collected events originated by the interaction of the protons
with Cu atoms and consequently, the Cu distribution and amount in the cell contained in
the scanned area, visualized using a dynamic colour scale. The same process can be done
to every element in the PIXE spectra and for the collected spectra (I.e., EBS and STIM)

[8].

By extracting energy intervals from the STIM spectra enables discriminating regions
of different mass density. This is useful to identify structures at the subcellular scale,
such as the nuclear dense region from lower density cytoplasm. In figure 4.7, a STIM
spectra corresponding to a scan over a sample region with a cell is displayed. Three
layers were selected to illustrate how energy regions can be interpreted. The layer on
the left correspond to the energy interval where particles crossing the samples suffered
more energy loss thus representing denser regions of the sample. In the corresponding
map, it is possible to identify a denser region (higher intensity colour) consistent with
the nuclear region of the cell. The middle layer enabled to delineate the cellular contour
and an average energy loss that associates with the cell cytoplasm. The layer at the right
correspond to the most energetic protons, meaning those that passed through the sample
with a small energy loss. This layer mostly represent the interactions of the proton beam
with the silicon nitrate membrane, which has a thickness of 100 nm (it is possible to

identify the cell location through the low intensity colour in the center of the map).
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Figure 4.7: STIM spectrum and respective three maps of counts associated to the three
defined energy intervals. S02 images a layer of the sample with minimum energy loss,
S01 represents a medium energy layer where the cell contour is distinguished and S00 is
the layer corresponding to the regions of the sample where protons lost more energy.

4.2.2 Imaging Elemental Distribution in Cells

About 10® OVCARS3 cells were were seeded on silicon frames using a 6-well plate to be
analyzed by nuclear microscopy techniques. The handled silicon frames composed by
5x3 windows with an area of 0.56 mm? each and covered with a 100 nm silicon nitride
membrane, were sterilized under an Ultraviolet (UV) light before use. Control and cells
treated with the ICsy concentrations of the complexes 1 and 2 were incubated for 24h.
Once the incubation period was over, the medium was removed and its remains were
washed out with cold PBS. The frames with adherent cells were quench frozen and stored
at -80°C. Before analysis cells were transferred to a cryostat and allowed to dry at -25°C
overnight. This procedure preserves cells close to the in vivo condition. The frames were
previously inspected under an optical microscope to identify the best regions of interest
and cells to analyze. The elemental distributions and cell density images of whole cells
were obtained by nuclear microscopy techniques (PIXE, EBS and STIM, respectively) as
previously described. A proton beam with 2.0 MeV of energy focused to 2x3 um? was
scanned over the selected cells or regions of interest. The PIXE, EBS and STIM spectra
were collected simultaneously. The position and spectral data collected in each pixel
(256x256 pixels) was used to construct the maps that represent the scanned area. For
PIXE, the most intense characteristic X-rays (usually Ka lines) of the various elements
detected were used. For EBS, regions of the backscattered energies corresponding to the
matrix elements (C, N and O) and Cu were selected. Whereas for STIM, slices of the
energy loss spectrum were selected. A dynamic colour scale was used to identify gradient
amounts.

The data acquisition, including imaging processing, spectral analysis and quantitative

elemental analysis was performed using OMDAQ2007 software (Oxford Microbeams Ltd,
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UK) [71]. Elemental concentrations were expressed in pg/g dry weight.

The tested complexes present different states of oxidation for copper (+1 for complex
1 and +2 for complex 2) and different ligand types (monocamphor ?A for complex 1 and
bicamphor !B for complex 2). Therefore, these properties may influence the cellular

uptake of Cu by OVCAR3 cells and the cellular homeostasis of endogenous elements.

4.2.3 Macro-PIXE

For the analysis of bulk elemental concentrations in samples, macro-PIXE was performed
in a dedicated beam line of the IST/CTN Van De Graaff accelerator, using a beam with
approximately 0.4 cm? area. The samples are analyzed in vacuum. The analyzed samples
correspond to acid digested cell extracts. The delivered output is quantitative, giving
a precise determination of elemental concentrations in cell extracts. Therefore, the cel-
lular Cu uptake can be confirmed and changes in physiological elements can be also
interpreted.

OVCARS cells were incubated for 24 hours with the equivalent ICs, concentration
(72uM) of complex 1, representative of the copper complexes behaviour and selected in
order to corroborate the achieved findings with the procedures performed in the nuclear
microprobe. Once again, OVCARS3 cells with no treatment were used as control and the
uptake of complexes 7 and 9 was also assessed to verify the differences caused by metal
core alterations in the drugs. Due to their high cytotoxicity, the treatment time with 7 and
9 complexes was limited to 3 hours (and the concentrations were adjusted to the values
of 22uM and 37 uM, respectively) to make sure the cells were not totally destroyed.

After the treatment, the cells were washed with PBS in order to remove the culture
medium remains, centrifuged (1300 g, 10 min), freeze-dried and digested using supra-
pure nitric acid and yttrium (Y) (100 mg/l) as an internal standard. The digestion pro-
cedure consisted of ultrasound cycles of 30 min at 60°C and microwave-assisted acid
digestion (350 W, 15 s). A 10 ul aliquot of the obtained digested solution was pipetted
onto a polycarbonate foil 1.5 ym thick and analysed in the PIXE chamber. The PIXE
spectrum analysis was carried out with AXIL software whereas concentration calculation
were performed with DATTPIXE computer package [72]. The elemental concentrations of
Cu and other endogenous elements were obtained in ug/g dry weight (dw) and converted
to ug/g wet weight (ww) as appropriate.

With this assay, the goal was to compare the cellular uptake of the complexes with
different metal cores, with the same ligand (monocamphor 2A) and hence, the influence
of the metal properties in the complex behavior towards the treated cells. Therefore,

results would help in the comprehension of previous results from the biological assays.
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REsuLTs

5.1 Biological Assays

5.1.1 Cytotoxic Activity

The ICs( values obtained in the MTT assay for the complexes are presented in table 5.1.
The cytotoxicity values against the non-malignant cell lines (normal fibroblasts, HDF and
V79) were used to calculate the selectivity index (SI value), a parameter used to express a
compound’s in vitro efficacy. As can be observed from table 5.1, the IC5, values obtained
for the two healthy cell lines differ, in particular for copper complex 1 and silver com-
plexes 6 and 7. Therefore, the HDF human cell line, was selected for the calculation of the
SI values. The selectivity index is obtained by the quotient IC5o(HDF)/IC50(OV CAR3).
A SI value < 2 indicates general toxicity of the compound, while a SI value > 10 indi-
cates that the compound has potential to be further investigated as a therapeutic drug
[73]. Based on these assumptions, comparing the ICs, values obtained for OVCAR3 to
those obtained for HDF, it was possible to observe that the majority of compounds have
Selectivity Index (SI) values higher than 2 and the copper complexes are the less selective
ones. The silver complexes are the more selective, in particular complex 5, that exhibits a
high degree of cytotoxic selectivity (SI> 50).

An overall observation led to the conclusion that the copper complexes exhibit lower
anticancer activity than the silver and gold complexes no matter the oxidation state of the
copper site Cu(I) (1,3) or Cu(II) (2,4) or the mono (1,2,4), or bi-camphor (3) character of the
camphorimine ligands. Apparently, the Cu(II) complexes (2,4) display lower cytotoxicity
than Cu(I) complexes (1,3) towards normal cells (V79 and HDF).

The gold complexes (8,9) display ICs, values lower than the copper complexes by
ca. two orders of magnitude either for cancer cells (A2780 and OVCAR3) or normal
cells (HDF and V79 fibroblasts), with a slightly higher selectivity (SI) in agreement with
a better anticancer performance than the copper complexes. From the camphorimine
complexes (Cu, Ag, Au) under study, the silver compounds display the most promising
results in what concerns biomedical applications, although their ICs, values towards

cancer cells are higher than those found for the gold complexes. Nevertheless, their very
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low toxicity to normal cells is revealing by a high selectivity (SI) for A2780 and OVCAR3
cells.

The camphorimine ligands by themselves display no cytotoxic activity as later as-
sessed under similar experimental conditions (> 100 uM). The ICs, values for Cisplatin
were also later obtained for the OVCAR3 and HDF cells for comparison purposes. The
obtained values correspond to 1.65 + 0.57 uM for OVCARS3 cells and 73.6 + 12 uM for
HDF, reaching a SI value of ca. 45. All the compounds are more active towards OVCAR3
cells than Cisplatin but they are also more active towards healthy HDF cells with the
exception of complexes 5 and 6 that overcome the SI value of reference obtained for the
platinum compound.

For comparative purposes, the cytotoxicity of the metal precursors CuCl and CuCl,,
AgNOj and Ag(CH;COO), and KAu(CN), was also evaluated (table 5.2) against OVCAR3
cells. With exception of the complexes 4 (Cu(Il)) and 7 (Ag(I)) all the other complexes
have lower ICsq values than their corresponding metal precursors. The silver and gold
salts are very active enhancing the activity of the camphorimine derived complexes.

The ICsy values measured for each complex demonstrate that they exhibit similar
cytotoxicity towards the two ovarian cancer cell lines, thus the subsequent studies were
performed with the OVCAR3 cells.

Table 5.1: ICs( values at 24h incubation obtained for the camphorimine (copper, silver
and gold) complexes by the MTT method. The IC50 values are presented in yM. The
selectivity index is obtained by IC5o(HDF)/ICs59(OV CAR3). The >100 values mean that
at 100 pM the cellular viability (% control) is superior than 80% and cannot be determined
with the GraphPad prism software.

Complex Reference A2780 OVCAR3 V79 HDF SI
1 456 +£11.0 724+9.1 34.5+9.7 116 £ 27 1.6
2 495+ 140 37.6+8.5 >100 >100 >3
3 43.1+9.1 375+7.7 449+10.0 483+27.0 1.3
4 >100 115+ 25 >100 >100 >1
5 3.53+0.90 2.24+0.48 >100 >100 >50
6 0.66+0.28 0.63+0.23 3.01+£0.90 30.6+85 49
7 10.4+29 899+330 34.1=+15 276 + 97 31
8 0.08 +0.01 0.08+0.03 0.48+0.06 0.46+0.17 5.7
9 0.04 +0.02 0.07+0.01 0.48+0.30 0.59+0.11 8.4

Table 5.2: IC50 values at 24h incubation obtained for the copper, silver and gold precur-

sors by the MTT method. The values are presented in uM.

Precursor OVCAR3
CuCl >100
CuCl, >100

Ag(NO3y) 2.66 = 1.00

Ag(CH;COO) 3.38 +2.00

KAu(CN), 0.49 + 0.02
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5.1.2 Complexes Stability in Solution

The absorption spectra obtained for each complex that allow a qualitative analysis of the
complex stability in physiological solution are presented in this section. As described
before, four solutions containing the respective complex were evaluated for 48 hours:
dissolved in a) 100% DMSO, in b) colorless DMEM with 1% DMSO and in c) colorless
DMEM with 1% DMSO and 10% FBS.

Overall, all the complexes are considerably stable when dissolved in DMSO but there
is a common disappearance of the initial absorption band between 200 and 300 nm of
the spectrum with the addition of DMEM and FBS.

It is possible to distinguish an unstable behavior in Cu complexes (figure 5.1).

Complex 1 Complex 2 Complex 3 Complex 4

a) a) a) a)
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Figure 5.1: UV-Vis spectra of copper complexes (1, 2, 3 and 4) for Oh, 24h and 48 h in
DMSO solution (a), in phenol red-free DMEM in the absence (b) and presence of FBS (c).

Especially when the DMEM medium is added, some variations on the absorbance
peaks are noticeable over time, as the ones visible for complex 2 solution b) where the
absorbance curve for T = 0 h is completely separate and distinct from T =24 hand T = 48
h. The complex 3 is the one with the most stable behavior among the tested copper com-
pounds for the almost perfect overlapping of the absorption curves for the three solutions
a), b) and c) that demonstrates constant absorbance values for the 48 hours of the study
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and hence, the preservation of the structure and chemical composition. The complex 1
presented significant instability in DMEM, but not in DMEM supplemented with FBS.
This observation represented an interesting finding since the complexes’ solutions for the
biological studies were prepared in DMEM + 10% FBS.

The Ag(I) (figure 5.2) and Au(I) (figure 5.3) complexes seemed to be more stable
confirmed by the maintenance of their absorption bands between 300 and 400 nm (in the
three different compositions and with the temporal evolution). Complexes maintain its

original form in solution, even after 48h incubation time.

As low concentrations are used in the biological studies, one can expect that both the

stability and the solubility are not impaired.

a)
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Figure 5.2: UV-Vis spectra of silver complexes (5, 6 and 7) for Oh, 24h and 48 h in DMSO
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solution (a), in phenol red-free DMEM in the absence (b) and presence of FBS (c).
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Figure 5.3: UV-Vis spectra of gold complexes (8 and 9) for Oh, 24h and 48 h in DMSO
solution (a), in phenol red-free DMEM in the absence (b) and presence of FBS (c).

5.1.3 Complexes-DNA interaction

Considering that the results obtained so far had demonstrated that the copper complexes
were less cytotoxic and less stable in culture medium, the studies proceeded by focusing
mainly on the silver (5 and 7) and gold complexes (8 and 9) having the monocamphor
ligands ' A and 2A, respectively, while also including complexes 1 and 4 for comparison
purposes. As shown in figures 5.4 (copper complexes), 5.5 (silver complexes) and 5.6
(gold complexes), none of the complexes led to changes in the electrophoretic mobility
of $X174 DNA and consequently, it is possible to conclude that none of them interacts
significantly with the DNA molecule. Therefore, their cytotoxicity is mediated by a
mechanism of action distinct from that of Cisplatin, which has previously been shown to
bind to DNA and induce extensive electrophoretic changes in the DNA’s mobility (figure
4.3).
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Figure 5.4: Agarose gel electrophoresis of supercoiled ¢$X174 DNA incubated with copper
complexes 1 and 4, with concentrations of 0.5, 1, 5, 10 and 15 pM. OC, linear and CCC
forms of supercoiled DNA are identified.
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Figure 5.5: Agarose gel electrophoresis of supercoiled $X174 DNA incubated with silver
complexes 5 and 7, with concentrations of 0.5, 1, 5, 10 and 15 pM. OC, linear and CCC
forms of supercoiled DNA are identified.
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Figure 5.6: Agarose gel electrophoresis of supercoiled ¢$X174 DNA incubated with gold
complexes 8 and 9, with concentrations of 0.5, 1, 5, 10 and 15 pM. OC, linear and CCC
forms of supercoiled DNA are identified.

5.1.4 ROS Production

As depicted on figures 5.7 (copper complexes) and 5.8 (silver and gold complexes), all
the complexes induce production of ROS (relative to untreated cells) in OVCAR3 cells.
The major evidence of a dose-response effect was observed for copper complex 1 and in

general for all other silver and gold complexes. Regarding the influence of the type of
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ligands on the induction of ROS, in particular, for the copper complexes, the bicamphor
analogs ! B and 2B did not induce any significant ROS levels elevation compared with the

monocamphor 'A and A ligands.
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Figure 5.7: Production of ROS, mainly H,O,, in OVCARS3 cells treated with complexes 1,
2,3,4at 10, 20, 50 and 100 uM. Results obtained by the H,DCF—DA method based on
the detection of DCF fluorescence. For comparative proposes, H,O, was included in each
assay as a positive control. Results of fluorescence intensity are presented as fold change
relative to control (untreated OVCARS3 cells) and as mean values + SD.
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Figure 5.8: Production of ROS, mainly H,0,, in OVCAR3 cells treated with 5, 6, 7, 8,
9 at 0.1, 1.0, 10, 20 and 50 uM. Results obtained by the H,DCFDA method based on
the detection of DCF fluorescence. For comparative proposes,H,0, was included in each
assay as a positive control. Results of fluorescence intensity are presented as fold change
relative to control (untreated OVCAR3 cells) and as mean values + SD.
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The metal precursors were also tested to evaluate their contribution on the production
of ROS. The results presented in appendix A demonstrate that the fold change relative
to control displayed by the compounds were very low, not exceeding the value (of fold
change relative to control) of 1.6, and this result was found only for CuCl, at a high
concentration (100 uM).

The production of superoxide (O,") detected with NBT assay is shown in figure 5.9.
Considering the superoxide levels elevation above the 100% line in relation to control (be-
ing the 100% the superoxide level in the control samples) and the error bar associated to
this values, one might conclude that the most significant values results were obtained for
complexes 1, 5, 6,7, 8 and 9. In OVCARS3 cells treated with these complexes, the increase
in the superoxide levels is appreciable, especially at higher concentrations. Considering
that for this assay only two concentrations were tested, it is not possible to analyse dose-
dependent behaviors. Nevertheless, complexes 1, 5, 8 and 9 (not clear for 8) seemed to
demonstrate dose-dependent patterns. It is noteworthy that complex 9 induces a con-
siderably higher superoxide production (150 + 10%) when compared with control at 20
uM.
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Figure 5.9: Production of superoxide (relative to untreated cells) assessed by the NBT
assay in OVCARS3 cells treated with the complexes 1 to 9.

5.1.5 Membrane Lipid Peroxidation

The MDA content for untreated OVCAR3 cells is 0.08 + 0.02 nmoles/10° cells. So, when
compared for the values presented for the treated cells it became possible to affirm that a
low but important elevation of the basal levels of lipid peroxides was caused by the effect
of the complexes 1, 5, 8 and 9 in the cells. Additionally, the MDA levels induced by the
complexes correlate with the levels of ROS, pointing to the mechanism of action being
involved in the production of ROS and consequently the peroxidation of the membrane
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lipids. This is supported by the correlation that seems to exist between the production
of ROS and the levels of lipid peroxides particularly for 5, 8 and 9. Noteworthy is the
fact that the more selective complexes (5, 9) among the four tested complexes display the
highest MDA values.

Table 5.3: Lipid peroxides (MDA) content in the OVCAR3 cells treated for 6 h with 1, 5,
8 and 9 at 100, 50 and 20 uM, respectively. Results are mean + SD.

Complexes MDA (nmoles/10° cells)

1 0.290 + 0.011
5 1.74 £ 0.27
8 1.09 + 0.20
9 1.37 £ 0.21

5.2 Cellular Uptake

5.2.1 Macro - PIXE

All the elemental concentrations detected by macro-PIXE performed in OVCAR3 cells
treated with the complexes 1, 7 and 9 are listed in table 5.4. The PIXE analysis enabled
to detect quantitatively the concentrations of endogenous elements, L.e., K, Ca, Fe, Cu
and Zn and evaluating the uptake of Cu, Ag and Au in treated cells, in relation to control

samples.

Based on the detected elemental concentrations, the z-score statistical parameter was
calculated for each element and sample (table 5.5), except for Au and Ag for their concen-
tration in control samples is null. The z-score values were obtained by subtracting the
control mean concentration to the elemental concentration in the sample and dividing
the result by the standard deviation associated to control values. This provides informa-
tion on the number of standard deviations of the elemental concentration in relation to
control, in each sample. If z-score is positive or negative, the elemental concentration is
above or bellow the mean value of the control sample, respectively. On the other hand, if
is approximately zero, no relevant alteration was detected. The z-score value represents
a significant alteration when its absolute value is superior to 3, representing an abrupt

deviation from the mean value of control.

Table 5.4: Potassium (K), calcium (Ca), iron (Fe), copper (Cu), zinc (Z), silver (Ag) and gold
(Au) levels in mg/kg ww obtained by PIXE in OVCAR3 cell pellets untreated (control)
and treated with ICsy equivalent concentrations of complexes 1, 7 and 9.

Concentration + SD (mg/kg ww)
Sample K Ca Fe Cu Zn Ag Au
Complex1 (72 yM) 536.7+1.1 49.6+9.3 13.2+04 34+03 109x1.7
Complex 7 (87 yM) 8357+6.4 17.7+3.3 7.2+02 03+0.005 74x1.1 199+56
Complex 9 (22 yM) 902.3+3.9 49.9+12.6 8.6+0.2 0.9+0.1 6.9+1.3 529+1.8
Control 544.1+8.7 424+24 184+0.1 0.7x0.2 82+1.2
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Table 5.5: Z-score values for the potassium (K), calcium (Ca), iron (Fe), copper (Cu),
zinc (Z), silver (Ag) and gold (Au) concentrations detected in OVCAR3 cells treated with
complex 1, 7 and 9.

Z-score
Sample K Ca Fe Cu Zn
Complex1 (72 yM) -0.8 2.9 -384 126 2.2
Complex 7 (87 yM) 33.5 -10.1 -82.4 -2.2 -0.7
Complex 9 (22 uM) 41.1 3.1 -72.1 0.8 -1.1

A significant cellular uptake of Cu, Au and Ag, which are the metals associated to the
direct structure of the treatment drugs, was clearly observed. Being Cu an endogenous
element, it is already present in the control samples but in a trace amount. Therefore
the Cu increment in cells treated with complex 1 is meaningful as the concentration
in treated cells are 12 standard deviations (SD) above the average Cu concentration in
controls. Concerning Au and Ag, which are virtually non-existing in control OVCAR3
cells, the cellular uptake revealed that complex 9 containing Au was more efficiently
uptaken by cells than the analogue complex with Ag. The ratio of the concentrations of
complexes 9 and 7 in cells is of 2.6 that corresponds to an increase of approximately 35%

relative to the ratio of the incubating concentrations.

When control cells were compared to treated ones, relevant alterations were detected
for the concentrations of K, Ca and Fe, which are physiological elements. An increase
of K concentrations was observed in cells treated with the Ag (7) and Au (9) complexes,
whereas in cells treated with the copper complex 1 the K concentrations were unchanged.
These changes may reflect the toxicity of complexes 7 and 9 relative to the Cu analogue.
Also, a decrease of Ca in cells treated with complex 7 was observed and a major deple-
tion in the Fe levels was detected for the OVCAR3 cells samples treated with the three

complexes.

5.2.2 Microprobe

The elemental and density distributions of the OVCAR3 cells treated with the complexes 1
and 2 are represented in figures 5.10 and 5.11, respectively. The control images (untreated
OVCARS3 cells) can be found in figure 5.12, and serve as terms of comparison. Establishing
a correlative imaging approach with STIM and PIXE maps, the cell morphology can be
associated to elemental distributions.
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Figure 5.10: Nuclear microscopy images of mass density (STIM) and elemental distribu-
tion maps of , K, Ca, P, S, Cu, Fe, and Zn (PIXE) in a single OVCAR3 cell treated with
complex 1. The dotted lines in mass and K and Cu maps indicate the cell contour and the
nuclear region. The mass density and elemental distribution are represented by a colour
gradient with a dynamic scale: high level-red; low level-deep blue.

All the density images for the three cases in study, demonstrate the expected shape
of an OVCAR3 cell: ovoid and with a denser central core. This is confirmed by the
distribution of the bulk elements - the cellular membrane limits are visible and nucleus
indicated for the higher accumulation of this elements for the more intense metabolic
activity associated to the nuclear zone. The cells had very low concentrations of trace
elements Cu, Fe, and Zn, as evidenced by the low statistics of the maps. The copper
distribution maps that would be indicative of the cellular uptake of the complex 1 and
2, the presence of this metal is disperse and residual. Therefore, no conclusions can be
drawn from the uptake profile of Cu in OVCARS3 cells treated with both complexes.
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Figure 5.11: Nuclear microscopy images of mass density (STIM) and elemental distribu-
tion maps of , K, Ca, P, S, Cu, Fe, and Zn (PIXE) in a single OVCAR3 cell treated with
complex 2. The dotted lines in mass and K and Cu maps indicate the cell contour and the
nuclear region. The mass density and elemental distribution are represented by a colour
gradient with a dynamic scale: high level-red; low level-deep blue.
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Figure 5.12: Nuclear microscopy images of mass density (STIM) and elemental distribu-
tion maps of , K, Ca, P, S, Cu, Fe, and Zn (PIXE) in control (untreated) OVCAR3 cell. The
dotted lines in mass and K and Cu maps indicate the cell contour and the nuclear region.
The mass density and elemental distribution are represented by a colour gradient with a
dynamic scale: high level-red; low level-deep blue.
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DiscussioN

Under the scope of medicinal chemistry the development of metal-based complexes have
done an important contribute towards the search for novel drugs in order to increase the
arsenal of the chemotherapeutics in current use. Platinum (II) drugs like Cisplatin and
analogues have been widely used in the clinic to fight against several types of cancers,
acting by specifically targeting the DNA.

A great percentage of patients, undergoing chemotherapy, receive a platinum drug
either alone or in combination with other chemotherapeutics. Despite their important
role in cancer treatment, platinum drugs displayed systemic dose-related toxicity, and
frequently drug resistance, which leads to treatment failure. These limitations have
strongly motivated the interest in the search for novel metal-based drugs as alternatives to
cisplatin. In this direction, several metal complexes other than Pt-based were developed
and evaluated as prospective antitumor agents. For a great number of complexes the
mechanisms of action often rely on DNA-independent processes such as targeting specific
cellular proteins and/or disruption of cellular signaling pathways often accompanied by
oxidative stress. ROS (reactive oxygen species) are also signaling molecules and can cause

damage to lipids, proteins and DNA.

Cisplatin has been the most used drug for the treatment of ovarian cancer. These
types of tumors at a later stage have a very poor prognosis and frequently acquired
resistance to cisplatin. In the search for metal-based anticancer agents as alternative to
cisplatin, earlier studies by Carvalho et al., using silver complexes with camphor ligands,
had showed interesting anticancer activities against both cisplatin sensitive (A2780) and
cisplatin resistant (A2780cisR) ovarian cancer cells.

The main goal of the present work was the evaluation of the potential value of selected
complexes of Cu(I) (1, 3), Cu(II) (2, 4) Ag(I) (5, 6, 7) and Au(I) (8, 9) containing camphor
derivatives (camphorimines) for ovarian cancer treatment.

Results demonstrate a different cytotoxic profile among the three set of complexes.
As the ligands did not induce significant cytotoxicity, it is possible to assume that the
differences in cytotoxicity are not directly related to the ligands but related with the metal
precursors used, in particular the silver and gold salts. The complexes presented herein
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are examples of the importance of the metal site and the type of ligands for exploring
metal-based complexes with potential applications as anticancer agents.

The copper complexes when compared to the silver and gold ones present a consider-
able lower activity with ICs, values in the range 40 to 70 uM for both ovarian cancer cells.
This observation could be the result of their poor stability in the cell media and their
low cellular uptake as confirmed by UV-vis spectra and PIXE, respectively. Concerning
the influence of the oxidation state of copper, no appreciable differences in activity were
observed for Cu(I) and Cu(II) complexes with the monocamphor (A, 2A) and bicamphor
(!B, 2B) ligands (complexes 1-3). In addition, the lower activity of these copper complexes
is consistent with unchanged concentrations of cellular endogenous elements, such as K,
Ca and Zn, both in individual cells and in cell pellets. In spite of that, a significant deple-
tion of the iron levels in OVCAR3 cells treated with the ICs( equivalent concentration of
complex 1 was detected by PIXE. The same happened for cells treated with complexes 7
and 9 (Au and Ag, respectively) but in a more accentuated way. This might be directly
associated to the elevation of ROS levels and consequent oxidative stress caused by these
complexes. The action of stress proteins (small heat shock proteins, sHsps) correlates
with a drastic decrease in the intracellular iron, a catalyser of hydroxyl radical (OH")
generation, in order to protect the cells against the oxidative stress [74]. In a similar way
to copper, the gold complexes showed no appreciable differences in activity whether the
complexation was with the monocamphor 'A or 2A ligands (8, 9). The high cytotoxic
activity was attributed mainly to their precursor salt. However, the cellular uptake of
gold was significant which confirm the better stability of the complexes in the cell media.

The silver complexes showed a different pattern of activity since two salt precursors
were used to prepare the respective complexes. The silver acetate was slightly less cyto-
toxic than the silver nitrate and their respective complexes followed the same trend (7 vs.
5).

Complex 6 displayed considerable activity which could be explained by the two co-
ordinated silver atoms in the molecule. Although, the silver concentration in incubation
media was higher than that used for gold complex (37 vs. 22 uM) (7 and 8), the cellular
uptake of silver was below the minimum detectable level of PIXE. This correspond to a
2-fold decrease in the uptake of silver relative to gold, in absolute concentration values.

Although, the activity of the silver and gold complexes was relevant the homeostasis
in OVCARS3 cells seemed to be relatively preserved. The concentrations of most physio-
logical elements were unchanged, except for iron and potassium for complexes 7 and 9.
This alteration in potassium concentrations may be a consequence of increased lipoper-
oxidation and membrane permeability alteration caused by ROS.

The mechanisms of action of these complexes cannot be attributed to the interaction
with the DNA as was observed by electrophoresis, using a single-stranded DNA. None
of the complexes led to changes in the electrophoretic mobility of $X174 DNA and con-
sequently, it was possible to conclude that none of them interacts significantly with the
DNA molecule, in contrast to that was found for Cisplatin.

50



A great number of anticancer drugs in clinical use act by inducing oxidative stress to
cancer cells and consequently cell death. The generation of ROS, mainly peroxides and
superoxide, by the copper, silver and gold complexes in the OVCAR3 cells was evaluated
using a fluorescent probe and the tetrazolium salt (NBT) for the investigation of the
oxidative metabolism in cells. The results obtained showed that the silver and gold
complexes induce in a dose-dependent mode generation of ROS. Among the copper
complexes, only complex 1 followed a similar trend. ROS can attack membrane lipids
to generate lipid peroxides that are further degraded into malondialdehyde (MDA) and
4-hydroxy-2-noneal (4-HNE). This end-products of lipid peroxidation reactions have a
cytotoxic role promoting cell death.

The MDA levels induced by complexes were evaluated by the thiobarbituric acid
(TBA) assay. After treatment of OVCAR3 cells with complexes 1, 5, 8 and 9 the content of
MDA was low but more important than the basal level of lipid peroxides in the untreated
OVCAR3 cells. The MDA levels correlate with the levels of ROS, and indicate that the
mechanism of action for complexes 1, 5, 8 and 9 could be explained at least in part by the
generation of ROS.

Studies are ongoing to explore the mechanism of action in particular for complex 5
that reveal to have a promising biological profile and excellent selectivity being cytotoxic
for the ovarian cancer cells while sparing the normal cells.

To sum up, this study intend to give a contribute in the scope of medicinal chemistry
to find prospective anticancer drugs with a better profile than Cisplatin and also to have
clues on the biological properties of complexes that have in common the same type of

ligand but differ in their metal ion.
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CONCLUSION

Metal-based drugs is an area with infinite potential and with several peculiarities to
discover and comprehend. In the present work, another step was taken and progress was
made in the way of unravelling these same capabilities for ovarian cancer treatment by
biologically profiling copper, silver, and gold camphorimine complexes.

Complexes of Cu(I) (1, 3), Cu(Il) (2, 4) Ag(I) (5, 6, 7) and Au(I) (8, 9) containing
camphorimine ligands were selected for their evaluation as potential agents to treat ovar-
ian cancer. The stability of the complexes in cellular media was evaluated by UV-vis
spectroscopy, showing changes consistent with instability, i.e., a decrease in intensity
of the characteristic peaks of the spectrum, in particular for the copper complexes and
in the absence of FBS the bovine serum albumin medium supplement. The silver and
gold complexes present higher stability in medium, maintaining its original form in the
medium.

The influence of the type of camphorimine ligands on the biological properties of the
complexes, in particular for the copper complexes was assessed. The bicamphor analogs
1B and 2B did not induce significant differences compared with the monocamphor ones,
and the same finding was true for complexes bearing type ' A (Y= C4Hs) or type A (Y=
C¢H4NH,), the former slightly more lipophilic than the later, 2.94 + 0.58 vs. 2.25 + 0.59,
respectively.

The cytotoxic activity was evaluated in two human ovarian cancer cell lines: A2780
and OVCAR3, both sensitive to Cisplatin, and the non-tumoral V79 and HDF fibroblasts.
In general, all complexes are more cytotoxic towards the ovarian cell lines than the non-
tumoral cells, in particular the silver complexes 5 - 7. With exception of copper complexes,
the silver and gold camphorimine complexes presented better cytotoxic profile when
compared with Cisplatin.

The camphorimine ligands did not induce appreciable cytotoxicity (ICs¢> 100 uM).
However, the metal precursors silver nitrate, silver acetate and particularly potassium di-
cyanoaurate displayed cytotoxic activities comparable to their corresponding complexes.

Overall, the silver complexes showed higher selectivity towards the ovarian cancer
cells as well as higher selectivity indexes. The cytotoxicity data obtained for complexes
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CHAPTER 7. CONCLUSION

1, 5 and 9 seemed to be correlated with their cellular uptake. In fact, the quantification
by PIXE of complex 1 in whole OVCAR3 cells indicate only vestigial concentrations of
copper inside the cells which is also in agreement with complex 's stability in cellular
medium.

The mechanism of cell death by these camphorimine complexes seemed to be related
with their ability to induce different types of oxygen radicals (ROS), namely peroxides and
lipoperoxides. Studies are ongoing in order to obtain more data related with the mecha-
nism of action for these camphorimine complexes in particular for the best performing
complex 5. To better understand the implications of these results, it would be interesting
to address some of the limitations of the conducted studies in this dissertation. The alter-
ations on the drug’s pharmacokinetics and pharmacodynamics when tested in vivo is a
fundamental question and some of the most promising discovered compounds (like com-
plex 5) might suffer great changes when applied to a whole organism, instead of isolated
cell lines. Indeed, it is noteworthy that there is a near future prospect of evaluating the
effects of the application of complex 5 in zebra fish embryos. It would be also appealing
to obtain further images on the cellular distribution of the silver and gold complexes,

especially for complex 5, for comparison purposes with the copper complexes’results.
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Figure A.1: Production of ROS, mainly H,O,, in OVCAR3 cells treated with the metal pre-
cursors of the complexes in selected concentrations. Results obtained by the H,DCFDA
method based on the detection of DCF fluorescence and presented in relation to the ones
obtained for untreated OVCAR3 cells.
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Figure B.1: MDA standart curve, respective equation (y = 0.1242x - 0.0036) and linear

regression index (R? = 0.9998) obtained quantifying the absorbance of the various MDA
standard samples.
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Figure C.1: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
A2780 cells treated with the copper complexes 1, 2, 3 and 4. The cellular viability vs.
treatment concentrations is presented.
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Figure C.2: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
OVCARS3 cells treated with the copper complexes 1, 2, 3 and 4. The cellular viability vs.
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Figure C.3: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for V79
cells treated with the copper complexes 1, 2, 3 and 4. The cellular viability vs. treatment
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Figure C.4: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
HDF cells treated with the copper complexes 1, 2, 3 and 4. The cellular viability vs.

treatment concentrations is presented.
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Figure C.5: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
A2780 cells treated with the copper complexes 5, 6 and 7. The cellular viability vs.

treatment concentrations is presented.
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Figure C.6: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
OVCARS3 cells treated with the copper complexes 5, 6 and 7. The cellular viability vs.

treatment concentrations is presented.
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Figure C.7: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
V79 cells treated with the copper complexes 5, 6 and 7. The cellular viability vs. treatment

concentrations is presented.
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Figure C.8: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
HDF cells treated with the copper complexes 5, 6 and 7. The cellular viability vs. treat-
ment concentrations is presented.
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Figure C.9: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
A2780 cells treated with the copper complexes 8 and 9. The cellular viability vs. treatment
concentrations is presented.
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Figure C.10: Dose-response curve obtained with GraphPad Prism software (vs. 5.0)
for OVCAR3 cells treated with the copper complexes 8 and 9. The cellular viability vs.
treatment concentrations is presented.
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Figure C.11: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
V79 cells treated with the copper complexes 8 and 9. The cellular viability vs. treatment
concentrations is presented.
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Figure C.12: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
HDF cells treated with the copper complexes 8 and 9. The cellular viability vs. treatment

concentrations is presented.
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Figure C.13: Dose-response curve obtained with GraphPad Prism software (vs. 5.0) for
OVCAR3 cells treated with the metal precursors. The cellular viability vs. treatment

concentrations is presented.
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