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Resumo

O cancro do ovário mantém-se um desafio, apesar dos avanços na sua deteção e

tratamento. Estudos anteriores mostraram atividade promissora do complexo de ouro [Au(cdc)2]−

(cdc = cianoditioimido carbonato) em células deste cancro. No entanto, a sua fraca solubilidade em

água representa uma desvantagem para desenvolvimentos futuros. Para ultrapassar isto, este pode ser

encapsulado em micelas poliméricas, podendo ser decoradas com ligandos dirigidos aos recetores do

folato, sobreexpressos nas células do cancro do ovário, aumentando a especificidade e seletividade.

Neste contexto, micelas carregadas com [Au(cdc)2]− funcionalizadas e não-funcionalizadas com ácido

fólico foram sintetizadas, caracterizadas e realizou-se uma avaliação biológica preliminar. Além disso,

a sı́ntese de congéneres radiomarcados com 111In-oxina também foi realizada com o intuito de explorar

estas plataformas para uma aplicação teranóstica.

As micelas foram obtidas com diâmetro hidrodinâmico menor que 200 nm, potencial zeta indicativo

de alta estabilidade e teor de carregamento elevado. Estudos de libertação in vitro mostraram que

a libertação do complexo é ligeiramente mais rápida para pH menor, tendo as micelas funcionalizadas

mostrado uma libertação mais controlada. Estudos preliminares de atividade antiproliferativa mostraram

que estas micelas apresentam atividade significativa em células A2780, A2780cisR e OVCAR3 do

cancro do ovário, comparável com o complexo livre. As micelas radiomarcadas foram obtidas com

elevada eficiência (>90%) e retenção de 111In-oxina acima dos 80% em meio fisiológico até 72 h a

37◦C.

A citotoxicidade significativa e elevada estabilidade in vitro destas micelas sugerem que estas

plataformas podem ser promissoras para uma potencial aplicação na teranóstica do cancro do ovário.

Palavras-chave: micelas poliméricas, complexo de ouro, veiculação de fármacos, terapia

dirigida, micelas radiomarcadas
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Abstract

Ovarian cancer remains a challenge despite significant advances in detection and treatment.

Previous studies showed promising activity of the gold complex [Au(cdc)2]− (cdc = cyanodithioimido

carbonate) in ovarian cancer cells. However, its poor water solubility presents a drawback for further

developments. To overcome this, it can be encapsulated in block copolymer micelles (BCMs), which can

be decorated with ligands to target folate receptors, overexpressed in ovarian cancer cells, increasing the

specificity and selectivity. Within this context, BCMs loaded with the complex [Au(cdc)2]− functionalized

and non-functionalized with folic acid were synthesized, characterized and a preliminary biological

evaluation was performed. Moreover, the synthesis of radiolabeled counterparts with 111In-oxine was

also performed, aiming to explore these platforms for an application in theranostics.

The BCMs were obtained with hydrodynamic diameters below 200 nm, zeta potential values

suggesting high stability and high loading content. In vitro release studies showed that the release of

the complex is slightly faster with the decrease of the pH of the medium, with the functionalized micelles

showing a more controlled release. Preliminary antiproliferative studies showed that these BCMs display

significant activity towards A2780, A2780cisR and OVCAR3 ovarian cancer cells, comparable to the

free gold complex. The radiolabeled BCMs were obtained with high yield (>90%) and a retention of
111In-oxine above 80% in physiological media up to 72 h at 37◦C.

The significant cytotoxicity and suitable in vitro stability of these BCMs suggest that these platforms

could constitute promising strategies for a potential application in ovarian cancer theranostics.

Keywords: block copolymer micelles, gold complex, drug delivery, targeted therapy,

radiolabeled micelles
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Chapter 1

Introduction

1.1 Motivation

Cancer is one of the leading causes of death in the world. In fact, in the majority of countries, cancer

is the main responsible for premature deaths, with numbers rising over the years. Ovarian cancer, in

particular, despite not being one of the most prevalent, is the gynecological cancer with the highest

mortality rate due to late diagnosis [1].

Current treatments include surgical resection of tumors, chemotherapy and radiotherapy.

Chemotherapy is a treatment that commonly displays undesirable toxic side effects, due to the lack of

specificity. Moreover, many cancers develop resistance to the anticancer drugs used in chemotherapy,

making it relevant to study new drugs, preferably with different mechanisms of action [2, 3]. Also, the

unfavorable biodistribution of the drugs, short circulation half-life and poor water solubility constitute

limitations to the therapeutic efficacy of this treatment [2].

To overcome these limitations, several drug delivery systems have been studied, such as micelles,

allowing the delivery of anticancer drugs to targeted tumor sites, with less associated toxicity [4].

1.2 Topic Overview

A monoanionic gold (III) bisdithiolate complex, [Au(cdc)2]− (where cdc = cyanodithiomido

carbonate) had been previously studied and exhibited significant antiproliferative activity in ovarian

cancer cell lines, both sensitive and resistant to cisplatin, with low toxicity [5]. This complex’s mechanism

of action differs from that of commonly used anticancer drugs, being a promising way to address the

problem of drug resistance. However, this complex has poor water solubility, presenting a limitation to
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its efficacy in vivo. A way to overcome this issue is by encapsulating the complex in block copolymer

micelles (BCMs).

BCMs are constituted by amphiphilic copolymers and self-assemble in aqueous medium, having a

hydrophobic core surrounded by a hydrophilic corona. Due to their structural arrangement, it is possible

to encapsulate hydrophobic drugs in their core, increasing the solubility of the drugs and therefore

the half-life circulation in the blood [6, 7]. Furthermore, the corona of the micelles can be decorated

with targeting ligands, to increase the specificity and selectivity and reduce toxicity, allowing a targeted

delivery of anticancer drugs and radioisotopes [8]. In this case, the gold complex will be encapsulated

in the BCMs to tackle the low solubility problem and the corona will be functionalized with folic acid,

which has high affinity to the folate receptor, which is overexpressed in several epithelial tumors, namely

ovarian cancer, allowing to target this type of tumors and therefore increase therapeutic efficacy [9]. With

this approach, the folic acid present in the micelles binds to the folate receptor, which is overexpressed

in ovarian cancer cells, and is internalized in the cell by receptor-mediated endocytosis [10, 11].

For a theranostic approach, radionuclides can also be incorporated into the micelles, along with

the anticancer drugs, allowing for an image-guided drug delivery system. These radionuclides can be

either conjugated to the outer shell of the BCMs or encapsulated in the core [12–14]. In this thesis,

the radionuclide was entrapped in the core of the micelles by forming a hydrophobic complex with

8-hydroxyquinoline, exploiting their ability to encapsulate hydrophobic compounds. With this technique,

it is possible to indirectly extrapolate the biodistribution of the drug without having to chemically modify

the structure of the BCMs.

Figure 1.1 presents a scheme of the thesis overview.

Figure 1.1: Scheme of the thesis overview.
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1.3 Thesis Aim

The aim of this thesis was to encapsulate a cytotoxic gold complex ([Au(cdc)2]−) in the core of

block copolymer micelles to improve its solubility, increasing the circulation half-life in the blood and

providing higher selectivity, with less side effects, through the enhanced permeability and retention

(EPR) effect, while using an active targeting approach by functionalizing them with folic acid to target

the folate receptor, aiming to increase its therapeutic efficacy. These platforms were further explored for

simultaneous delivery of cytotoxic drugs and radioisotopes (111In), for cancer theranostics.

In this work, the preparation and characterization of BCMs loaded with [Au(cdc)2]−, using the

copolymer PEG-b-PCL, functionalized or not with folic acid is reported. Furthermore, the in vitro

[Au(cdc)2]− release from the BCMs was evaluated in physiological conditions and in slightly acidic

conditions. Also, the antiproliferative activity was evaluated in selected ovarian cancer cell lines. Finally,

the radiolabeling of the BCMs with the hydrophobic complex 111In-oxine and in vitro stability studies are

also presented.

1.4 Thesis Outline

This thesis is divided in five chapters. The first chapter gives a brief introduction to the topic of this

thesis and presents the overall aim. The second chapter contains the background, with the theoretical

aspects of the subjects addressed in the thesis. The third chapter presents the experimental procedures.

The fourth chapter shows the results and discussion of the work performed. The fifth chapter contains

the overall conclusions and future perspectives regarding this work.
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Chapter 2

Background

2.1 Ovarian cancer

Ovarian cancer is the third most common gynecologic cancer in the world, having the highest

mortality rate. In fact, despite having a significantly lower incidence than breast cancer, it is three times

more lethal. The delayed onset of symptoms leads to a late stage diagnosis, with only 25% of women

being diagnosed in stage I of the disease, having an overall 5-year survival rate of above 90%, value

that decreases to 10% when diagnosed in an advanced stage [1, 15].

The current treatment used for advanced ovarian cancers is the surgical resection of the tumor,

followed by chemotherapy with platinum-based compounds, such as cisplatin, and taxanes, namely

paclitaxel (PTX), however, since a majority of patients ultimately relapse, the repetition of chemotherapy

can lead to drug resistance [2, 3].

Additionally, chemotherapy treatments often incur unwanted side effects, due to lack of specificity

and associated toxicity. Taxane chemotherapy agents present poor pharmacokinetics and have

significant hydrophobicity. In order to improve drug efficacy, while minimizing the impact on healthy

tissues, targeted drug delivery systems, such as micelles, present a promising pathway for improving

the solubility and pharmacokinetic profile of the drugs, while reducing the unwanted toxicity [2, 16].

Aiming to increase selectivity, targeted therapy has been explored, with ovarian cancer presenting

several possible targets, such as folate receptor α (FRα), vascular endothelial growth factor (VEGF)

receptor, epidermal growth factor receptor (EGFR), poly (ADP-ribose) polymerase (PARP), among

others [9, 17]. One of the most commonly used targets for imaging and therapy of ovarian cancer

is the FRα, a folate-binding protein that is overexpressed in several tumors of epithelial origin, with

approximately 80% of epithelial ovarian tumors overexpressing FRα, while normal ovarian epithelium

presents negligible expression [9].
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2.2 Gold complexes for medical applications

The increasing number of individuals affected by cancer and multi-resistant infections, along with the

side effects associated with chemotherapeutic drugs and the emergence of drug resistance to anticancer

drugs, has led to an increased interest in the research of new compounds with both antimicrobial and

anticancer properties [18].

Gold complexes have shown to be promising for this purpose, with auranofin being the most

significant. Auranofin is a gold(I) complex approved for the treatment of rheumatoid arthritis, however,

with the emergence of new drugs that are more effective and present fewer side effects, its use for this

disease has become extremely rare. Nonetheless, this drug has shown potential for the treatment of

several other diseases, such as different types of tumors, including leukemia and ovarian cancer, with

Phase II Food and Drug Administration (FDA) approved clinical trials currently active [19–21]. Moreover,

when investigating potential new gold-based drugs, auranofin is often used as a reference compound

[22].

More recently, several gold (I/III) complexes have shown significant antitumor activity. These gold

complexes were found to exhibit substantial antiproliferative activity against cancer cells in vitro, at low

concentrations. Furthermore, some gold (I) complexes demonstrated to be selectively cytotoxic for

tumor cell lines and several exhibited numerous antitumor mechanisms, such as thioredoxin reductases

(TrxR) inhibition, Deoxyribonucleic Acid (DNA) damage, accumulation of reactive oxygen species (ROS),

apoptosis induction, among others [23].

The mechanism of action of gold complexes is different from cisplatin or its derivatives, which are

one of the most commonly used chemotherapeutic drugs. While cisplatin and its derivatives target DNA,

gold complexes usually target enzymes, particularly those containing thiols, due to the strong binding

affinity of the gold ions to thiols. Several enzymes and other biological substrats that contain thiol groups

are overexpressed in cancer cells, such as TrxR, glutatione reductases and cysteine. The inhibition of

the enzymes leads to a significant increase in ROS and, consequently, to apoptosis. The differences in

the mechanisms of cisplatin and gold-based chemotherapeutics makes most gold complexes effective

against cisplatin-resistant cancer cells, representing a promising approach in solving the problem of drug

resistance of cancer cells to commonly used drugs [24].

A recent study addressed the antimicrobial and antitumor activity of different monoanionic gold

(III) bisdithiolate complexes, using auranofin and cisplatin as reference [5]. The gold complexes

TBA[Au(mnt)2] (where mnt = 1,1-dicyanoethylene-2,2’-dithiolate), TBA[Au(i-mnt)2] (where i-mnt =

2,2-dicyanoethylene-1,1-dithiolate), TBA[Au(cdc)2] (where cdc = cyanodithioimido carbonate) and

TPP[Au(qdt)2] (where qdt = quinoxaline-2,3-dithiolate) were prepared as tetrabutyl ammonium (TBA) and

tetraphenylphosphonium (TPP) salts. The molecular structures of the complexes and of the reference

drugs auranofin and cisplatin are presented in Figure 2.1.
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Figure 2.1: Molecular structure of [Au(mnt)2]− (where mnt = 1,1-dicyanoethylene-2,2’-dithiolate),
[Au(i-mnt)2]− (where i-mnt = 2,2-dicyanoethylene-1,1-dithiolate), [Au(cdc)2]− (where cdc =
cyanodithioimido carbonate), [Au(qdt)2]− (where qdt = quinoxaline-2,3-dithiolate), auranofin and
cisplatin. Adapted from [5].

The cytotoxicity of the complexes and of the reference compounds was assessed in the cisplatin

in the cisplatin-sensitive A2780 and in the cisplatin-resistant A2780cisR ovarian cancer cell lines and in

the fibroblast normal cell line V79. Table 2.1 presents a summary of the IC50 values (the concentration

of complex required for 50% inhibition) obtained [5].

Table 2.1: IC50 values (µM) determined after 48 h incubation for four gold complexes synthesized at
C2TN/IST and reference drugs auranofin and cisplatin in the ovarian cancer cells A2780 and A2780cisR
and the normal V79 fibroblasts. Results are shown as the mean ± SD of two independent experiments
done with six replicates. [5]

Compounds A2780 A2780cisR V79 SI

TBA[Au(mnt)2] 4.4 ± 1.3 5.5 ± 1.5 26 ± 4.8 6.0

TBA[Au(i-mnt)2] 1.5 ± 0.5 2.3 ± 1.0 2.4 ± 0.7 1.6

TBA[Au(cdc)2] 0.9 ± 0.2 1.7 ± 0.5 3.4 ± 1.0 3.8

TPP[Au(qdt)2] 1.2 ± 0.3 1.3 ± 0.4 5.3 ± 1.1 4.4

Auranofin 0.4 ± 0.3 0.5 ± 0.17 0.7 ± 0.3 1.5

Cisplatin 3.6 ± 1.3 36 ± 13 6.7 ± 2.7 1.9

a SI = the selectivity index calculated as IC50 (V79)/IC50 (A2780).

In this thesis, the gold complex used was TBA[Au(cdc)2]. As shown in Table 2.1, TBA[Au(cdc)2]
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presented one of the lowest IC50 values in the ovarian cancer cell lines. Also, this complex showed

significantly higher selectivity than the reference drugs, while auranofin displayed the highest toxicity

towards the normal cell line, suggesting that these new gold complexes could present advantages

when compared with the reference drug auranofin. Furthermore, although presenting similar toxicity

to cisplatin in the fibroblast normal cell line, it is important to note that in the cisplatin-resistant cell line,

the IC50 values of these gold complexes were significantly lower, suggesting less cross-resistance [5].

The stability of the complexes was evaluated in solution by UV-Vis spectroscopy, with results

indicating that TBA[Au(cdc)2] is the most stable complex of the four studied, supporting the results

obtained by cyclic voltammetry, which indicated that this complex was the most redox-stable [5].

Despite some promising results in vitro, this is an area with great potential for growth, with very few

studies regarding the cytotoxic activity of gold complexes in vivo. Moreover, the mechanism of action of

most of these complexes is not yet fully understood, presenting an opportunity for further investigation.

Furthermore, similarly to other chemotherapeutic drugs, these gold complexes also present poor

water solubility, which could present a limitation to their application in vivo. To address this issue,

nanoplatforms present a promising pathway for the increase of the solubility of these drugs and the

subsequently increase of their circulation half-life in the blood [4].

2.3 Nanomedicine

Over the years there has been a growing interest in new and more efficient drug delivery

systems, particularly for cancer therapy. Several issues have been identified in conventional antitumor

therapeutics, one of the most important being the unfavorable biodistribution of the drugs. After

intravenous administration, the drugs are rapidly cleared from circulation, causing a reduction of the

dose that actually reaches the tumor. Furthermore, in order for the drug to exhibit its therapeutic effect,

it has to remain in the tumor site long enough to perform its desired function, which may not happen

due to rapid clearance. In addition to rapid degradation, the lack of specificity of the drugs, their poor

water solubility, among other factors, causes the pharmaceuticals to reach undesired tissues, causing

potential side effects [25, 26].

The development of drug delivery systems that can target specific tumor sites, thus decreasing

toxicity, presents a promising approach for the improvement of cancer therapeutics. The application

of nanoparticles for drug delivery has been widely explored, aiming to improve the biodistribution and

site-specific delivery of the pharmaceuticals [25]. Several types of nanomedicines have been studied,

being able to selectively deliver the drugs to tumors, increasing their accumulation in targeted tissues and

reducing toxicity and can be divided in three classes: polymeric nanoparticles, inorganic nanoparticles

and lipid-based nanoparticles (Figure 2.2) [4].
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Figure 2.2: Different types of nanoparticles [4].

When using these nanoparticles, it is desirable that they maintain their stability in the blood, avoiding

leakage and degradation of the loaded drugs in the blood and in the cells of the reticuloendothelial

system (RES), being extravasated selectively in the tumor site. This is possible due to the relatively

large size of the nanomedicines, which presents further advantages, such as the impediment of rapid

renal clearance of the drugs, prolonging their circulation half-life. This can also be accomplished by

shielding the surface of nanomedicines with biocompatible materials, for example, polyethylene glycol

(PEG), in order to increase the solubility and plasma stability of proteins [27].

Some of the characteristics that most significantly affect the biodistribution of nanomedicines are

their size and charge. They have a critical size boundary of 150 nm. Below this value, nanomedicines

are more likely to accumulate in the liver, while the ones above this value are captured in the spleen.

Regarding the charge, neutral or negatively charged nanomedicines present a prolonged circulation

half-life, while cationic particles tend to be more cytotoxic and retained in the liver, spleen and lungs

[28, 29].

The discovery of the EPR effect (Figure 2.3) represented a great breakthrough in the development

of targeted antitumor therapies with nanomedicines. This effect is based on the nature of solid tumor

blood vessels, that present enhanced vascular permeability, facilitating the transport and accumulation

of nanometric sized particles in tumor tissues [30]. Furthermore, the poor lymphatic drainage of tumors,

resultant from the collapse of lymph vessels caused by their compression by the tumor cells, also

promotes the retention of the nanoparticles in tumor tissues [31]. The use of nanoparticles, as opposed

to conventional small molecular drugs, provides a prolonged circulation half-life and higher selectivity,

decreasing the side effects of anticancer drugs [30].
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Figure 2.3: Schematic representation of the enhanced permeability and retention effect [31].

This effect, however, is affected by the pathophysiological characteristics of the tumor, such as the

degree of angiogenesis and lymphangiogenesis, the density of cells and stromal components and the

intratumoral pressure. It is essential that the nanomedicines have a prolonged circulation half-life and

are small enough to be able to penetrate from the blood compartment into tumor tissues [32].

After the accumulation of the drugs in the targeted tissues, nanomedicines are surrounded by the

cell membrane, being ingested through endocytosis, allowing the macromolecules to reach intracellular

regions. Moreover, it is possible to include in the surface of nanomedicines ligand molecules that bind to

specific receptors that are overexpressed in the target cells, while having negligible expression in healthy

tissues, in order to improve the selectivity of anticancer drugs [33, 34].

2.3.1 Block copolymer micelles for drug delivery

The administration of anticancer drugs frequently implies the use of surfactants as drug formulation

vehicles, which have low molecular weight and distribute throughout the body, generating toxicity and

presenting rapid clearance [32, 35]. To maintain an effective dose in the target tissue, it is necessary

to make recurrent administrations, which can cause drug resistance and chronic toxicity. The use of

polymeric micelles allows for the anticancer drugs to stably circulate in the bloodstream, while being

protected from the aqueous environment, selectively delivering the cargo to the tumor [32].

Micelles composed of block copolymers with amphiphilic behavior are considered promising drug

delivery systems for hydrophobic anticancer agents. The amphiphilic block copolymers self-assemble in

aqueous medium, with the hydrophobic blocks of the copolymer forming the core of the micelle and the

hydrophilic blocks forming the corona, as shown in Figure 2.4. The uniqueness of their design allows
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the incorporation of hydrophobic drugs in their core, while having the hydrophilic corona serving as a

barrier to the outside aqueous environment [6, 7].

Figure 2.4: Scheme for the micellization of an amphiphilic block copolymer. Adapted from [36].

Polymeric micelles have a lower critical micellar concentration (CMC) than low molecular weight

surfactant micelles, suggesting higher stability and thus, present a slower rate of dissociation. In

addition, polymeric micelles are more kinetically stable, having greater stability when subjected to

extreme dilution. Therefore, this type of micelles provide a longer circulation time [6, 36]. In order to

avoid recognition by the RES and, therefore, increase circulation half-life, the diameter of the micelles

should be ideally below 200 nm [37].

When selecting the polymers to be used it is essential to consider the safety of the materials, in

addition to the structural and functional aspects. Therefore, the polymers used must be biocompatible,

nontoxic and biodegradable, preventing long-term toxicity, as they can be excreted from the body by the

disintegration of the polymers into its monomers [32].

The most widely used polymer for the blocks forming the shell is PEG, due to its long circulation life

in the blood and low immunogenicity. The steric repulsion forces prevent the aggregation of polymeric

micelles, while creating a hydrophilic protective layer to shield the charge, reducing the surface charge

and charge-induced interactions in the body [38–40].

Since PEG is a non-biodegradable polymer, it is necessary to be aware of its long-term

accumulation in the body. The clearance of the polymer is determined by its molecular weight; at values

lower than 60 kDa it allows for renal clearance and prevent accumulation in the liver. However, there are

several studies reporting problems concerning the use of PEG, such as the accelerated blood clearance

phenomena in both animals and humans, consisting on a significant decrease of the circulation half-life

of a second dose of PEGylated liposomes when injected a few days after the first dose and, in a scarce

number of cases, allergic responses, due to specific antibody responses generated against PEG. In light

of these concerns, several alternatives to PEG are being studied, mostly being biocompatible hydrophilic

polymers [40, 41].

For the core forming blocks, their segregation from the aqueous milieu is the driving force for
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micellization, which happens through different interactions, such as hydrophobic interaction, electrostatic

interaction, metal complexation and hydrogen bonding. It is essential to maintain strong cohesive forces

between the core and the drugs loaded, so that stable micellar systems can be obtained, preventing

their disintegration during circulation when subjected to extreme dilution [6, 32].

The most widely used polymers for the core of the micelles are polyethers, polyesters and

polyamino acids. Micelles with a polyether core have greater stability when compared with low molecular

weight surfactant micelles, however, due to the relatively high CMC and low drug-polymer affinity, the

stability upon injection is low. Furthermore, this type of polymer is not degraded in the body, eliciting

long-term exposure. Polyesters have higher loading efficiency of hydrophobic anticancer drugs than

polyethers, however, the low affinity between the polymer and the drug can cause an initial burst

release of the loaded drug, which can be overcome with the crystallization of the polymer, improving

the stability, decreasing the CMC and increasing the segregation of the drug in the core due to the

strong interpolymer interactions. Polyamino acids allow the simple modification of side groups, therefore

presenting high loading capacity and affinity with the cargo. Depending on the amino acid, it’s possible

for the polyamino acid to assume positive or negative charge, providing further stabilization and affinity

with the drugs [32].

To facilitate the selective release of the cargo in the target tissue, it is possible to design

stimuli-responsive micelles, which can take advantage of the altered conditions in tumor tissues. These

signals must be endogenously present in the body and overexpressed in unhealthy tissues, so that

the micelles are selectively activated in the target, or exogenous, originating from an artificial source.

The endogenous stimuli are originated in the cells or tissues and can be temperature variations, pH

alterations, redox potential fluctuations and ionic strength disparities. In the specific case of tumors, they

present some distinctive conditions, such as an acidic pH and an elevated temperature, which can be

used as stimuli. The exogenous stimuli can be done with heat, ultrasound, light irradiation and magnetic

or electric fields. These two types of stimulus can be used simultaneously, in order to achieve a higher

therapeutic efficacy [42].

The hydrophobic drugs can be physically incorporated in the micelles or reversibly conjugated to

the core-forming segments via labile bonds. In both cases, stimuli-responsive micelles can be designed,

in order to obtain a more selective drug release. For example, in the case of micelles with a polyester

core, the hydrolysis of the ester bonds is enhanced in acidic pH, characteristic of tumors, leading to an

accelerated drug release in this environment. When physically incorporating the drugs, i.e., using the

free drug in the micelle formulation, this release does not happen concurrently with the pH change, with

a gradual release happening instead. By forming micelles with a copolymer conjugated with the drug, by

labile bonds, without the use of the free drug, the chemical bonds between it and the polymer are stable

at physiological pH but are rapidly degraded in the mildly acidic environment of tumors. Thus, leading to

a quick drug release in the unhealthy tissues, decreasing drug leakage during circulation and improving

the selectivity of drug release [32, 43].

A major limitation with the application of micelles in particular intracellular targets is the low
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cellular uptake, mainly observed in PEGylated nanomedicines. The use of PEG allows to achieve a

longer circulation time, due to the EPR effect, however, it simultaneously inhibits the internalization of

nanomedicines [8].

To overcome this limitation, it is possible to decorate the surface of the micelles with bioactive

ligand molecules, in order to increase cellular uptake, allowing to increase the therapeutic efficacy [8].

The efficacy of this approach is determined by different parameters, including the density of ligands,

the flexibility of the ligand-micelle spacer, the binding affinities and the expression of the receptor. The

binding affinities may be enhanced due to multivalent conjugation of ligands on the surface of the micelle,

the receptor internalization, the biodistribution and availability of the receptor [32]. It is essential to have

extensive knowledge on how the receptor expression behaves for different cancer stages, since this

factor can affect the therapeutic efficiency. In some tumors, the degree of overexpression of the receptor

can be related with parameters of biological aggressiveness, with cancers at an advanced stage showing

a higher degree of overexpression [44].

Numerous ligands have been studied and their targeting efficiency has been confirmed, such as

proteins, peptides, antibodies and aptamers (Figure 2.5) [8]. However, several studies reported that

the presence of ligands in nanomedicines does not always increase the accumulation of drugs in the

tumor, with this accumulation being attributed to the EPR effect. Nonetheless, ligands can be useful to

overcome some biological limitations presented by the EPR effect, such as the difficulty to reach deeper

tumor tissue and interaction with targeted cells after accumulation [45, 46].

Figure 2.5: Different types of targeting ligands that can be used for targeted therapy.

Folic acid has high affinity to FRα and, therefore, can be used as a targeting ligand for imaging

and therapy of ovarian cancer, minimizing the toxicity in normal tissues. Once bound to the folate

receptor, folic acid and folate-linked cargos, such as chemotherapeutics, imaging agents, therapeutic

radionuclides and nanoparticles, are internalized in the cell by receptor-mediated endocytosis [10, 11].
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2.4 Nuclear medicine

Nuclear medicine is a medical field based on the application of radionuclides, taking advantage

of the different physical properties that radioactive elements present. Nuclear medicine approaches

are applied, both for therapy and imaging, in several medical specialties, such as oncology, cardiology,

endocrinology and neuropsychiatry, among others, mainly in molecularly sensitive processes, since

radiopharmaceuticals work on the ”tracer principle”, meaning that the dosing is minimal, allowing the

maintenance of the biology of the system. There are still several challenges to overcome in this area,

such as improving the precision of imaging and the selectivity of therapy, as well as further explore the

possibility of pairing diagnostics and therapeutics [11].

Nowadays, nuclear medicine approaches for both therapy and imaging are used as standard care.

The area of theranostic (i.e. combination of imaging and therapy) is in continuous growth and holds

great promise for the future of nuclear medicine [47].

This medical specialty uses radiopharmaceuticals, which are a group of drugs that contain

a radioactive label [48]. The radiopharmaceuticals can be divided in two groups: perfusion

or first generation radiopharmaceuticals and specific or second generation radiopharmaceuticals.

The perfusion radiopharmaceuticals are the most commonly used in clinical practice. These

radiopharmaceuticals do not have any targeting moiety and their biodistribution is determined by blood

perfusion and by the size and charge of the compound. The specific radiopharmaceuticals (Figure 2.6)

have a vector molecule (e.g. peptide or antibody), which can target a specific biological target [49].

Figure 2.6: Schematic representation of a specific radiopharmaceutical.

Nuclear imaging makes use of low doses of radioactive compounds to visualize specific biological

processes in the body or in certain types of tissues. This is a major advantage when compared

with more conventional imaging techniques, for example, Computed Tomography (CT), because it

allows better contrast, since in CT all tissues produce signal. As described by the tracer principle,

radiopharmaceuticals can be used in sub-nanomolar doses, not interfering with the biochemistry of the

system, while providing images with high-quality, while in CT and Magnetic Resonance Imaging (MRI),

the mass dose of contrast agents can influence the system [11].
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Radionuclides that decay with emission of γ photons or β+ particles are best suited for the

development of radiopharmaceuticals aiming at diagnosis, either by Single Photon Emission Computed

Tomography (SPECT) or Positron Emission Tomography (PET). These nuclear imaging techniques

present several advantages, such as a higher specific activity and detection sensitivity, when compared

with CT and MRI, as well as the fact that it can be quantified, allowing an earlier detection and a more

accurate estimation of disease staging. Nonetheless, it also has its disadvantages, like having a poorer

resolution, when compared with CT and MRI, and the fact that it delivers radiation doses to the patient,

even though at a low level [11, 50]. Another disadvantage of nuclear imaging modalities is the fact that

the anatomic information provided is limited. This can be overcome with multimodality devices such

as PET-CT and SPECT-CT that provide anatomical information in conjunction with functional molecular

information [50, 51].

Table 2.2 presents examples of radionuclides used for imaging.

Table 2.2: Examples of radionuclides for imaging application [52].

Radionuclide Emission type Half-Life Application
99mTc γ 6.0 h SPECT
111In γ 67.9 h SPECT
67Ga γ 78.26 h SPECT
123I γ 13.3 h SPECT
18F β+ 110 min PET

68Ga β+ 67.6 min PET
62Cu β+ 9.8 min PET
86Y β+ 14.7 h PET

Radiopharmaceuticals can also be used to deliver radiation to a specific target in the body and

radionuclide therapy can have significant advantages over conventional methods such as chemotherapy

and external beam radiotherapy. Since radiopharmaceuticals are administered in low molecular doses,

they do not generate biochemical effects off-target, as it happens with the drugs used in chemotherapy.

Moreover, radiopharmaceuticals can deliver radiation with higher selectivity than in external beam

radiotherapy, being able to not only target primary tumors, but also metastasis, reducing the toxic side

effects to healthy tissues. However, there are still some limitations in this type of therapy, such as the

toxicity to organs involved in the excretion of the administered radiopharmaceuticals and the specificity

of the probe for the targeted disease [11].

To choose a radionuclide suitable for therapy, several factors must be taken into consideration,

such as half-life, type of decay, linear energy transfer (LET) and particle range in tissue, so that the

radiopharmaceutical is specifically developed according to the tumor being targeted. For example, for

the treatment of cancers such as leukemia and lymphoma, particles with lower energy are more suitable,

while for the treatment of solid tumors, particles with higher energy must be used [11, 53]. Therapeutic
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radionuclides are α or β− emitters, although interest in the therapeutic potential of Auger emitters has

been increasing recently. Table 2.3 presents examples of radionuclides used for therapy.

Table 2.3: Examples of radionuclides for therapeutic application [52].

Radionuclide Emission type Half-Life
223Ra α 11.4 days
211At α 7.2 h
131I β−, γ 8 days

177Lu β−, γ 6.71 days
90Y β− 64 h

188Re β−, γ 16.98 h
125I Auger e− 60 days
111In Auger e−, γ 67.9 h

2.4.1 Theranostics

The term theranostics is used in nuclear medicine when diagnostic imaging and therapy are

combined into the same molecule or two very similar molecules, with the aim of developing more

individualized therapies. The use of theranostics not only allows to make a better selection of patients

for a specific treatment by estimating the potential response of the patient to the treatment through the

visualization of potential targets using molecular imaging, but also allows to monitor the therapy while it

is in course [54]. The main concern when using this type of approach is toxicity, however, several studies

have proven that with a rigorous selection of patients, a high treatment efficiency can be achieved with

acceptable levels of toxicity [55, 56].

For theranostic purposes, it is possible to use the same radionuclide for imaging and therapy, as in

the case of 131I and 177Lu, since they are gamma and beta emitters, or different isotopes of the same

chemical element, such as 123I and 131I, 86Y and 90Y and terbium isotopes (152Tb, 155Tb, 149Tb and
161Tb).[54]

The application of theranostics in nuclear medicine started in thyroid diseases, allowing the staging

and treatment of thyroid cancer and metastatic thyroid cancer by radioactive iodine therapy. More

recently, several studies have been conducted to evaluate the therapeutic efficacy of this type of

treatment for other tumors, such as neuroendocrine tumors (NETs) and prostate cancer [57, 58].

The clinical use of 177Lu-DOTA-TATE (Lutathera®), the first radiopharmaceutical for peptide receptor

radionuclide therapy, and 68Ga-DOTA-TATE (NETSPOT®), its diagnostic partner, was already approved

by the FDA for the treatment of somatostatin receptor positive gastroenteropancreatic neuroendocrine

tumors, becoming a highly relevant theranostic pair [59–61].
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Within the field of theranostics, there is nanotheranostics, which applies the same strategy,

associated with nanomedicine. The application of nanoparticles as theranostic agents allows the

delivery of diagnostic and therapeutic agents in a single theranostic platform, in a more controlled

manner, while presenting the possibility of the conjugation with a ligand to improve targeting and,

therefore, reduce possible side effects. With theranostic nanomedicine it is possible to visualize

the circulation time and target site accumulation of nanoparticles, by using non-invasive methods,

contributing to a better analysis of pharmacokinetics and biodistribution and, subsequently, to the

development of more optimized drug delivery systems [62, 63].

The co-delivery of diagnostic and therapeutic agents in nanoparticles presents great potential for

the development of personalized therapies, allowing intracellular diagnosis and therapeutic monitoring,

achieving a higher efficacy and specificity of treatment than in cases where only one agent is present in

the nanoparticle [62].

In the specific case of micelles, their hydrophobic core is usually loaded with cytotoxic drugs, while

the hydrophilic shell is decorated with targeting moieties. For nanotheranostics, imaging agents, such

as radionuclides, can be either encapsulated in their core or conjugated to the outer shell, as will be

explained in more detail in Chapter 2.5 [64, 65].

2.5 Radiolabeled Micelles

When selecting the radionuclide to be used in the radiolabeling of nanoparticles, several aspects

must be taken into account, such as the physical characteristics of the radionuclide, including its half-life,

type of emissions, energy of radiation, daughter products, among others, as well as some biological

aspects, like tissue targeting, in vivo stability and toxicity. Diagnostic radionuclides must be able to

provide information on biodistribution and dosimetry, having typically a short half-life, however, it should

be long enough so that the radiolabeled nanoparticle can reach a significant tissue accumulation before

decaying. When optimizing the radiolabeling procedure, it is important to ensure that the labeling

causes the least possible alterations in the structure of the nanoparticle, so that its biodistribution is

not significantly altered. Moreover, the stability of the radiolabeled nanoparticles must be assured by in

vitro experiments [66].

As explained in Chapter 2.3.1, the fact that block copolymer micelles allow the encapsulation of

hydrophobic substances, increasing their solubility, along with their long circulation half-life, high stability

and ability to accumulate in tumor tissues through EPR effect makes them promising drug delivery

systems. In order to study the in vivo behavior of the nanoparticles, nuclear imaging techniques can be

applied, such as PET and SPECT, allowing to non-invasively study the biodistribution and stability of the

nanocarriers, with high detection sensitivity at high resolution. For this purpose, micelles are required to

be labeled with appropriate radionuclides [12, 13].
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Micelles radiolabeling can be done using two different approaches (Figure 2.7). The most widely

used technique involves the conjugation of a chelating agent to the polymer used in the formation of

the micelle, altering its shell [14, 67]. A more recently studied technique allows the encapsulation of the

radionuclide in the micellar core, using a hydrophobic chelator [12, 13].

Figure 2.7: Scheme for micelles radiolabeling techniques. A) Conjugation of the radionuclide to the shell
of the micelle; B) Encapsulation of the radionuclide in the micellar core.

In the first technique described, the chelating agents more commonly used are diethylene

triamine pentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).

These chelators are conjugated to the copolymer used in the formation of the micelles, as done for
111In-DTPA-PEG-b-PCL micelles, demonstrating a higher tumor uptake and an increasing circulation

half-life with the increase of PEG molecular weight [14]. The use of chelating agents contributes to

higher stability, however, since they cause a chemical modification in the corona of the micelles, it is

expectable that their biodistribution and pharmacokinetics are also affected [66].

In order to overcome this, recent studies have presented a new strategy for the radiolabeling

of micelles, with the aim of allowing in vivo imaging without modifying the chemical structure of the

nanoparticle. In this technique, the radionuclide is entrapped in the micellar core, by forming a complex

with a hydrophobic substance, such as 8-hydroxyquinoline or tropolone, exploiting the micelles ability to

encapsulate hydrophobic compounds. The similarity between the hydrophobic radionuclide complexes

and the hydrophobic drugs allows to indirectly extrapolate the biodistribution of a drug, since it is

expected to behave similarly to the complex [12, 13].
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Chapter 3

Materials and Methods

3.1 Solvents and reagents

All chemicals and solvents were of reagent grade and were used without additional purification

unless otherwise stated.

Dimethyl sulfoxide (DMSO) was used after drying with 4 Å molecular sieves.

The water (H2O) used for the experiments was ultrapure water by Water Purification Systems -

MilliQ.

The copolymers Me-PEG-b-PCL and NH2-PEG-b-PCL were already synthesized in the

Radioparmaceutical Sciences Group (C2TN/IST), as previously described [68]. The molecular weight of

Me-PEG-b-PCL and NH2-PEG-b-PCL is 10000 Da and 8000 Da, respectively.

The gold complex TBA[Au(cdc)2] was already synthesized and characterized in the Solid State

Group (C2TN/IST) [5] and was kindly provided by Dulce Belo of C2TN/IST. The molecular weight of

TBA[Au(cdc)2] is 671.76 g/mol.

A2780 (cisplatin sensitive), A2780cisR (cisplatin resistant) and OVCAR3 (cisplatin sensitive) ovarian

cancer cells were purchased from Sigma-Aldrich. Cell media and media supplements were purchased

from Gibco (Thermo Fisher Scientific).

111InCl3 (370 MBq/mL in HCl) was obtained from Mallinckrodt Medical B.V. (Netherlands).

3.2 Methods

UV-Vis spectrophotometry was performed on a Cary 60 UV-Vis spectrophotometer from Agilent

Technologies with quartz cuvettes (QS high Precision Cell; 10 mm (Hellma® Analytics)).
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For the characterization of micelles, a Zetasizer Nano ZS from Malvern was used with zeta-potential

cells.

1H Nuclear Magnetic Resonance Spectroscopy (NMR) spectra were recorded in a

Bruker Avance III 300 MHz instrument. Chemical shifts of 1H (δ, ppm) are reported relative to the

residual solvent peaks relative to tetramethylsilane (SiMe4).

High Performance Liquid Chromatography (HPLC) analysis was performed on a Perkin Elmer Series

200 Pump coupled to a Perkin Elmer Series 200 UV-Vis Detector using as eluents H2O with 0.1% of

trifluoroacetic acid (TFA) (A) and acetonitrile with 0.1% TFA (B). The eluents were of HPLC grade and

the aqueous solutions were prepared with ultrapure MilliQ water.

• Analytical method

Column: SUPELCO Analytical; Discovery® BIO Wide Pore 300 Å, C18; 25 cm x 4.6 mm, 5 µm

(Sigma-Aldrich®)

Detection: λ = 303 nm

Flow: 1.0 mL/min

Eluents: A - H2O - 0.1% TFA; B - ACN - 0.1% TFA

Table 3.1: HPLC method used for TBA[Au(cdc)2]. The duration of the method was 15 minutes.

Step Time A% (H2O - 0.1% TFA) B% (ACN - 0.1% TFA) Gradient

0 5 60 40 No

1 15 10 90 Yes

3.2.1 Synthesis of folate-PEG-b-PCL

Folic acid (FA) was first activated with N -hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide

(DCC) and then conjugated to the amino-terminated poly(ethylene glycol)-b-poly(ϵ-caprolactone)

(NH2-PEG-b-PCL).

200 mg (0.453 mmol) of FA were dissolved in 10 mL of dried DMSO and continuously stirred in

nitrogen atmosphere at room temperature (RT) for 1 h. Then, 57.35 mg (0.498 mmol) of NHS and

102.80 mg (0.498 mmol) of DCC were added to the solution, corresponding to a FA:NHS:DCC molar

ratio of 1:1.1:1.1. The mixture was maintained under stirring overnight in nitrogen atmosphere at RT.

The by-product dicyclohexylurea was removed by centrifugation of the mixture at 2500 g for 10 minutes

and washed with DMSO. To ensure that all the by-product was eliminated, the supernatant was collected

and centrifuged once more at 2500 g for 10 minutes.
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After the synthesis of the folate-NHS ester, 230 mg (28.75 µmol) of NH2-PEG-b-PCL and 50 µL

of triethylamine (Et3N) were added to the activated folate and the reaction mixture was continuously

stirred overnight in nitrogen atmosphere at RT and then lyophilized. To separate the free FA from

the folate conjugated copolymer, 10 mL of acetonitrile were added and the mixture was centrifuged

at 2500 g for 5 minutes to precipitate the free FA and washed with acetonitrile. Then, the supernatant

was dried under nitrogen and lyophilized. The conjugated copolymer was analyzed by 1H NMR and

UV-Vis spectrophotometry.

3.2.2 Synthesis of the micelles

BCMs were synthesized by the thin-film hydration method [67]. For the preparation of BCMs and

BCMs-Au(cdc)2, 50 mg (5.00 µmol) of methoxy-terminated poly(ethylene glycol)-b-poly(ϵ-caprolactone)

(Me-PEG-b-PCL) and 2 mg (2.98 µmol) of TBA[Au(cdc)2] (for the loaded micelles) were dissolved in

4 mL of chloroform and, after 4 h under continuous stirring at RT, the solvent was evaporated under

nitrogen, in order to form a thin film. After overnight evaporation with N2, the film was then hydrated with

3 mL of MilliQ water at 60◦C and sonicated for 1 h at 60◦C. The mixture was then maintained under

stirring for 3 h at RT. Afterwards, the solution was centrifuged at 1000 g for 10 min and the supernatant

was lyophilized. Functionalized micelles were obtained using a method similar to the one previously

described, with the incorporation of folate-PEG-b-PCL. Briefly, 25 mg (2.50 µmol) of Me-PEG-b-PCL,

6.5 mg of folate-PEG-b-PCL and 1.3 mg (1.94 µmol) of TBA[Au(cdc)2] (for the loaded micelles) were

used for the synthesis of BCMs-folate and BCMs-Au(cdc)2-folate. The preparation of the micelles

followed the same procedure described for the non functionalized micelles. A schematic representation

of the experimental procedure for the synthesis of the BCMs is presented in Figure 3.1.

Figure 3.1: Experimental procedure for the synthesis of the micelles.
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3.2.3 Characterization of the micelles

The hydrodynamic diameter (Dh) and zeta potential of micelles were determined using a

Zetasizer Nano ZS from Malvern with zeta-potential cells. Before the measurement, the micelles were

dissolved in MilliQ water in order to obtain 1 g/L solutions that were then sonicated. Afterwards, the

micelles were diluted in order to obtain 0.1 g/L solutions and filtered using a 0.20 µm syringe filter. The

particle size was measured by dynamic light scattering (DLS) at 25 ◦C with a 173◦ scattering angle

and an optic arrangement known as non-invasive back scatter (NIBS). All measurements were repeated

three times.

The [Au(cdc)2]− loading content (LC) and loading efficiency (LE) were estimated by UV-Vis

spectrophotometry by measuring the absorbance at 303 nm with reference to a calibration curve

established for the gold compound. For this, 2-3 mg of BCMs-Au(cdc)2 or BCMs-Au(cdc)2-folate were

dissolved in 1 mL of acetonitrile, vortexed and centrifuged at 3000 g for 10 minutes to precipitate the

copolymer. Then, the supernatant was collected and analyzed by UV-Vis spectrophotometry.

The LC was calculated by the ratio of [Au(cdc)2]− entrapped within the micelles over the total

amount of micelles and LE was calculated by the ratio of entrapped [Au(cdc)2]− over the total amount of

TBA[Au(cdc)2] used to prepare the micelles [67].

The presence of FA in the functionalized micelles was confirmed by UV-Vis spectrophotometry.

For this, the micelles were dissolved in acetonitrile and analyzed. For the loaded micelles

(BCMs-Au(cdc)2-folate), the [Au(cdc)2]− was removed using 3 kDa Amicon centrifugal filters, following

the procedure shown in Figure 3.2, before the analysis. The solution of micelles in 500 µL of acetonitrile

was placed in the Amicon filter and centrifuged at 14000 g for 30 minutes. Afterwards, 500 µL of

acetonitrile were added to the filter and centrifuged in the same conditions. Then, the Amicon filter

was placed upside down and the retentate was recovered by centrifuging at 2000 g for 2 minutes.

Figure 3.2: Experimental procedure for the use of an Amicon centrifugal filter. Adapted from [69, 70].

The stability of the gold complex encapsulated in the micelles was evaluated by HPLC and UV-Vis

spectrophotometry. For this, BCMs-Au(cdc)2 or BCMs-Au(cdc)2-folate were dissolved in acetonitrile,
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vortexed and centrifuged at 3000 g for 10 minutes to precipitate the copolymer. Then, the supernatant

was collected and analyzed. The free TBA[Au(cdc)2] was also analyzed.

3.2.4 In vitro [Au(cdc)2]− release study

The in vitro release of [Au(cdc)2]− from BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate was evaluated

at pH 7.4 and pH 5.5 using the dialysis method [71, 72]. Briefly, a solution of 3 mg of BCMs-Au(cdc)2

or BCMs-Au(cdc)2-folate in 3 mL of 0.01 M phosphate buffer saline (PBS) pH 7.4 was placed in a

regenerated cellulose tubular dialysis membrane (MWCO = 25 kDa), immersed into 200 mL of 0.01 M

PBS pH 7.4 or pH 5.5 and maintained at 37°C under continuous stirring. At predetermined time

points, 500 µL of the solution inside the dialysis membrane were retrieved and lyophilized and the

membrane was immersed in fresh medium. Afterwards, 500 µL of acetonitrile were added to the

lyophilized solutions and the resultant solutions were vortexed and centrifuged at 3000 g for 10 minutes

to precipitate the copolymer and the PBS salts. The supernatant was collected and analyzed by UV-Vis

spectrophotometry. The drug release profile was calculated as the percentage of released [Au(cdc)2]−

versus time, in which the 100% release corresponds to the total amount of [Au(cdc)2]− entrapped in the

micelles.

3.2.5 Antiproliferative activity

The cytotoxic activity of TBA[Au(cdc)2], BCMs, BCMs-Au(cdc)2, BCMs-folate and

BCMs-Au(cdc)2-folate was evaluated in ovarian cancer cell lines, namely the cisplatin-sensitive

A2780 and OVCAR3 cell lines and the cisplatin-resistant A2780cisR cell line. Cells were grown in

RPMI medium supplemented with 10% fetal bovine serum (FBS) and 1% of a mixture of penicillin

and streptomycin and maintained in a humidified incubator (Heraeus, Germany) with 5% CO2. A MTT

assay was performed to evaluate the cellular viability (Figure 3.3). For the assay, cells were seeded

in 96-well plates and were allowed to adhere for 24 h. The loaded micelles (BCMs-Au(cdc)2), with a

loading content of 3.7% were diluted to prepare serial concentrations corresponding to 0.01-40 µM

of [Au(cdc)2]− and the loaded micelles functionalized with folic acid (BCMs-Au(cdc)2-folate), with a

loading content of 3.0% were diluted to prepare serial concentrations corresponding to 0.01-30 µM of

[Au(cdc)2]−. Non-loaded micelles (BCMs and BCMs-folate) were diluted to prepare serial concentrations

equivalent to that used in the loaded micelles. All the micelles were diluted in RPMI medium without

folate, supplemented with 5% FBS and 1% of a mixture of penicillin and streptomycin. The micelles

and the free gold complex were added to the cells and incubated for 48 h at 37◦C. Afterwards, the

medium was discarded and 200 µL of MTT solution in PBS (0.5 mg/mL) were added to each well and

maintained for 3 h at 37◦C. Then, the medium was removed and 200 µL of DMSO were added to the

cells to solubilize the formazan crystals. The cellular viability (expressed in %) was assessed in a plate

23



spectrophotometer (Power Wave Xs, Bio-Tek), by measuring the absorbance at 570 nm. The IC50

values were calculated using the GraphPad Prism software (version 5.0). Results are shown as the

mean ± SD of one experiment done with at least three replicates each.

Figure 3.3: Experimental procedure for the determination of the cytotoxic activity of the micelles.

3.2.6 Radiolabeling with 111In

The manipulation of all radioactive compounds was performed in a dedicated laboratory following

the radiation protection rules. Activities were measured in a gamma counter (Berthold, LB2111,

Germany).

The loaded micelles (BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate) were labeled with 111In-oxine.

3.2.6.1 Preparation of 111In-oxine

The synthesis of 111In-oxine was performed as previously reported [73].

Briefly, 50 µL of a 2 g/L solution of 8-hydroxyquinoline in ethanol were mixed with 200 µL of 0.4 M

acetate buffer pH 5 and 111InCl3 (6.29 MBq) in 0.01 M HCl, vortexed and left for 5 minutes at RT.

Then, 500 µL of dichloromethane (DCM) were added, vortexed and the DCM was removed. Afterwards,
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300 µL of 0.4 M acetate buffer pH 5 were added and the solution was centrifuged at 1500 g for 3 minutes.

The aqueous phase was removed and the solution was dried under nitrogen.

The purity of the complex was evaluated by Instant Thin Layer Chromatography in Silica Gel

(ITLC-SG) using a mixture of CHCl3/MeOH (90:10) as eluents (Rf (111InCl3) = 0.0, Rf (111In-oxine) =

0.9 - 1).

3.2.6.2 Micelles labeling with 111In-oxine

1 mg of BCMs-Au(cdc)2 or BCMs-Au(cdc)2-folate was dissolved in 1 mL of 0.01 M PBS pH 7.4,

vortexed and sonicated for 20 minutes. Then, 450 µL of the solution were added to the 111In-oxine,

vortexed and sonicated for 20 minutes at 40◦C.

The radiolabeled micelles (111In-BCMs-Au(cdc)2 and 111In-BCMs-Au(cdc)2-folate) were purified

using 10 kDa Amicon centrifugal filters, following the procedure shown in Figure 3.2. The solution was

placed in the Amicon filter and centrifuged at 14000 g for 10 minutes. Afterwards, 300 µL of PBS were

added and the solution was centrifuged again in the same conditions. Then, the Amicon filter was placed

upside down and the retentate was recovered by centrifuging at 2000 g for 2 minutes. The activity in the

filter and in the filtrate were measured.

3.2.7 In vitro stability studies

The stability of 111In-labeled micelles was evaluated at 37◦C in 0.01 M PBS pH 7.4 and in cell

culture medium (RPMI). For this study, 300 µL of PBS and RPMI were introduced, respectively, in

10 kDa Amicon centrifugal filters. Then, 30 µL of 111In-BCMs-Au(cdc)2 or 111In-BCMs-Au(cdc)2-folate

were added to each filter and left at 37◦C. At different time points (24 h, 48 h, 72 h), the filters were

centrifuged at 14000 g for 10 minutes and the filtrate was collected. The activity in the retentate and in

the filtrate was measured. Afterwards, 300 µL of PBS and RPMI were introduced, respectively, in each

filter and left at 37◦C until the next time point.
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Chapter 4

Results and discussion

As described in Chapter 2.2, a recent study evaluated the cytotoxic and antimicrobial activity of

monoanionic gold (III) bisdithiolate complexes, with promising results [5]. The [Au(cdc)2]−, whose

molecular structure is presented in Figure 2.1, in particular, displayed significant cytotoxic activity

against cisplatin-sensitive A2780 and cisplatin-resistant A2780cisR ovarian cancer cell lines. Thus, this

complex was further explored in this thesis, by evaluating its behavior when its solubility is increased by

encapsulating it in BCMs.

The TBA[Au(cdc)2] (MW = 671.76 g/mol) was already synthesized by the Solid State Group

(C2TN/IST). The complex was characterized by UV-Vis spectrophotometry and HPLC after being

solubilized with acetonitrile.

The UV-Vis spectrum shows an absorption band at 303 nm (Figure 4.1). This wavelength was

selected for the UV detection of the HPLC method.

Figure 4.1: UV-Vis spectrum of TBA[Au(cdc)2].

The HPLC analysis was performed with H2O - 0.1% TFA and ACN - 0.1% TFA as eluents. The
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HPLC chromatogram (Figure 4.2) shows a single peak at a retention time of 12.3 min, indicating that

there are no other species that absorb at 303 nm. This retention time indicates that the complex elutes

at a solvent composition of 20% of H2O - 0.1% TFA and 80% of ACN - 0.1% TFA.

Figure 4.2: HPLC chromatogram of TBA[Au(cdc)2] (Rt = 12.3 min) with UV Detection at λ = 303 nm.

BCMs are composed by amphiphilic copolymers that self assemble in aqueous medium, as further

explained in Chapter 2.3.1. For this work, the block copolymer used was the Me-PEG-b-PCL, one of the

most widely used [67, 74], which has PEG as the hydrophilic block, forming the shell of the micelle, and

polycaprolactone (PCL) as the hydrophobic block, forming the core, as seen in Figure 4.3.

Figure 4.3: Molecular structure of Me-PEG-b-PCL

The Me-PEG-b-PCL was already synthesized by the Radiopharmaceutical Sciences Group

(C2TN/IST) by metal-free cationic ring-opening polymerization of ϵ-caprolactone. The molecular weight

and chemical composition of the copolymer were assessed based on the number of caprolactone

monomers (ca. 45), determined by 1H-NMR and the molecular weight of the PEG precursor (5000 Da).

The estimated molecular weight of Me-PEG-b-PCL is 10000 Da [68].
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4.1 Synthesis and characterization of the micelles

The non-loaded micelles (BCMs), as well as the respective [Au(cdc)2]− loaded congener

(BMCs-Au(cdc)2) were prepared by the thin-film hydration method [67]. As can be seen in Figure 4.4,

the [Au(cdc)2]− is entrapped in the hydrophobic core during the self-assembly of the micelles, due to its

poor water solubility.

Figure 4.4: Synthesis of the non-functionalized micelles. BCMs correspond to the non-loaded micelles
and BCMs-Au(cdc)2 correspond to the loaded micelles.

For the synthesis of the micelles, the copolymer Me-PEG-b-PCL and the gold complex

TBA[Au(cdc)2] (for the loaded micelles) are dissolved in chloroform, followed by the evaporation of the

solvent to create a thin-film. Afterwards, the film is hydrated with H2O, causing the self-assembly of the

copolymer, creating the micelles. Then, the micelles are centrifuged at 1000 g for 10 minutes and the

supernatant is collected and lyophilized.

The Dh and the zeta potential of the micelles were determined by DLS (Dynamic Light Scattering)

and LDV (Laser Doppler Velocimetry), respectively, after diluting the samples with ultrapure water to

obtain 0.1 g/L solutions and filtering them with a 0.20 µm syringe filter.

For micelles, the Dh must be below 200 nm for the nanoparticles to have a prolonged circulation

half-life in the blood [37]. The polydispersity index (PDI) is an indicator of the homogeneity of the samples

in terms of particles and can vary between 0 and 1, with values closer to 0 indicating higher homogeneity

[75]. The zeta potential presents a measure of the repulsion between the charged particles, with values

lower than -30 mV or higher than 30 mV considered ideal, indicating that the particles present enough

charge to prevent aggregation, due to electrostatic repulsion. Particles with values outside of this are

more prone to particle aggregation and flocculation [76, 77].
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The [Au(cdc)2]− LC and LE were determined with reference to a standard calibration curve

established for the gold complex (Figure 4.5) (vd Appendix A.1 to consult the values).

Figure 4.5: Calibration curve of TBA[Au(cdc)2] at λ = 303 nm.

The calibration curve was plotted and the regression line equation and correlation coefficient (R2)

were calculated (Equation 4.1) (vd Appendix A.2).

Abs = 56.848× C + 0.00854 (4.1)

R2 = 0.999

The drug LC and LE were calculated using the calibration curve to obtain the corresponding amount

of gold complex encapsulated for a specific amount of micelles, and then recurring to Equation 4.1.

Briefly, 2-3 mg of BCMs-Au(cdc)2 were dissolved in 1 mL of acetonitrile, vortexed and centrifuged at

3000 g for 10 minutes to precipitate the copolymer. Then, the supernatant was collected and analyzed

by UV-Vis spectrophotometry to obtain the absorption intensity at λ = 303 nm.

The [Au(cdc)2]− LC and LE were calculated using Equations 4.2 and 4.3, respectively.

LC (mg[Au(cdc)2]−
/gBCM ) =

weight of [Au(cdc)2]−entrapped within the micelles
total weight of micelles

(4.2)

LE (%) =
weight of [Au(cdc)2]− entrapped within the micelles

total weight of [Au(cdc)2]− used
× 100 (4.3)
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4.1.1 Optimization of the hydration step

The hydration step is essential for a successful micellization of the copolymer. As a preliminary

study, the conditions of this step were optimized. On a first approach, the thin film was hydrated with

MilliQ water at 60◦C with agitation and the solution was left for 4 h at RT, however, the LC obtained

was of approximately 6 mg[Au(cdc)2]− /gBCM . Then, different parameters were changed, such as the

stirring velocity, the type of water used (ultrapure or distilled), the solvent used in the hydration (H2O

or PBS) and the centrifugation speed, however, the LC obtained in these studies was between 5 and

11 mg[Au(cdc)2]− /gBCM , demonstrating that these parameters do not affect the formation of the micelles

significantly.

Afterwards, maintaining the experimental procedure of the first study, the solution of the micelles

was sonicated at 60◦C after the ultrapure water was added and then left for 3 h at RT with continuous

stirring. This study was performed with 20 minutes and 1 h of sonication, in order to analyze the effect

of ultrasound in the Dh, PDI, zeta potential, LC and LE of the micelles. The results of this optimization

process are presented in Table 4.1

Table 4.1: Hydrodynamic diameter (Dh), Polydispersity index (PDI), Zeta potential, Loading Content (LC)
and Loading Efficiency (LE) of the micelles for different sonication times.

Sonication Dh
a PDI Zeta potential LC LE

time (min) (nm) (mV) (mg[Au(cdc)2]− /gBCM ) (%)

0 58.3 ± 7.7 0.32 ± 0.06 -58.0 ± 2.25 6.1 5.4

20 80.3 ± 3.3 0.21 ± 0.02 -51.8 ± 1.50 12.1 24.2

60 99.4 ± 4.3 0.33 ± 0.01 -53.6 ± 0.30 37.0 88.9

a Mean±SD of distribution by number (refractive index = 1.5)

With this optimization process, it was possible to observe that the sonication at 60◦C is essential

to facilitate the micellization and the encapsulation of the gold complex, with the LC increasing as the

sonication time increases. It can also be verified that the Dh increases with sonication, which presents

a disadvantage however, for 1 h of sonication, the Dh is below 100 nm, which remains suitable for these

nanoparticles. Based on these results, all the micelles used for the remaining studies were sonicated

for 1 h at 60◦C after the hydration of the film with ultrapure MilliQ H2O and then left for 3 h at RT with

continuous stirring.

4.1.2 Characterization of non-loaded and [Au(cdc)2]−-loaded micelles

The results obtained for the Dh, PDI, zeta potential, LC and LE of the non-loaded and

[Au(cdc)2]−-loaded micelles are summarized in Table 4.2.
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Table 4.2: Hydrodynamic diameter (Dh), Polydispersity index (PDI), Zeta potential, Loading Content (LC)
and Loading Efficiency (LE) of the micelles.

Micelles Dh
a PDI Zeta potential LC LE

(nm) (mV) (mg[Au(cdc)2]− /gBCM ) (%)

BCMs 150.9 ± 6.6 0.29 ± 0.01 -44.0 ± 0.26 - -

BCMs-Au(cdc)2 99.4 ± 4.3 0.33 ± 0.01 -53.6 ± 0.30 37.0 88.9

a Mean±SD of distribution by number (refractive index = 1.5)

The micelles present a Dh below 200 nm, contributing to a long circulation half-life, a PDI suggesting

that the samples were homogeneous in terms of size, with values similar to the ones found in the

literature [2, 3] and zeta potential values indicating high stability of the micelles, with low tendency to

form aggregates. These micelles were obtained with high LC and LE, suggesting that there is a good

compatibility between the gold complex and the core of the micelles.

The DLS histograms (Figure 4.6) show a monomodal size distribution.

Figure 4.6: DLS histograms of A) BCMs and B) BCMs-Au(cdc)2.

The stability of the gold complex encapsulated in the micelles was evaluated by UV-Vis and HPLC.

For this, the loaded micelles (BCMs-Au(cdc)2) were disassembled with acetonitrile, centrifuged to

precipitate the copolymer and the supernatant was collected and analyzed.

Figure 4.7 shows that the free gold complex (TBA[Au(cdc)2]) and the complex collected from the

loaded micelles (BCMs-Au(cdc)2) presented similar absorption spectra, with an absorption band at

303 nm, characteristic of [Au(cdc)2]−.
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Figure 4.7: UV-Vis spectra of TBA[Au(cdc)2] and BCMs-Au(cdc)2.

The HPLC chromatograms (Figure 4.8) show that the free gold complex and the gold complex

collected from the loaded micelles exhibit similar chromatographic profiles, with similar retention times,

suggesting that the complex maintains its chemical structure unaltered, without suffering degradation

after being encapsulated in the micelles.

Figure 4.8: HPLC chromatograms of TBA[Au(cdc)2] (Rt = 12.3 min) and BCMs-Au(cdc)2 with UV
detection at λ = 303 nm.
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4.2 Functionalization of the micelles with folic acid

With the aim of increasing selectivity and therefore, improve therapeutic efficacy with less toxicity,

the surface of the micelles was decorated with folic acid. As further explained in Chapters 2.1 and 2.3.1,

this ligand has high affinity to FRα, which is overexpressed in ovarian cancer. With the presence of folic

acid in the outer shell, the micelles will bind to folate receptors present in ovarian cancer cells and will

be internalized in the cell by receptor-mediated endocytosis, releasing their cargo inside the cell.

For the functionalization of the surface of the micelles, a folate-conjugated copolymer was

synthesized to be added in the formulation of the micelles.

4.2.1 Synthesis and characterization of the folate-conjugated copolymer

The folate-conjugated copolymer was synthesized in two steps. First, the γ-carboxylic group of folic

acid was activated with NHS and DCC (Figure 4.9). As can be seen in Figure 4.9, FA has two carboxylic

groups (α and γ), however, the γ-carboxylic group has higher reactivity, being selectively activated [78].

Figure 4.9: Synthesis of folate-NHS ester.

The activated ester was then reacted with NH2-PEG-b-PCL, forming the copolymer

folate-PEG-b-PCL (Figure 4.10). The NH2-PEG-b-PCL copolymer was already synthesized by the
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Radiopharmaceutical Sciences Group (C2TN/IST) following a similar method to the one used for the

synthesis of Me-PEG-b-PCL [68]. The estimated molecular weight of NH2-PEG-b-PCL was 8000 Da.

Since an excess of FA was used, after lyophilization of the resultant solution, the free FA was

removed by adding acetonitrile and centrifuging, since the acetonitrile can solubilize the copolymer,

while the free FA remains insoluble.

Figure 4.10: Synthesis of folate-PEG-b-PCL.

The presence of folic acid in the surface of the copolymer was confirmed by UV-Vis

spectrophotometry (Figure 4.11) and 1H NMR (Figure 4.12).

From the FA UV-Vis spectrum, it is possible to observe an absorption band at 288 nm. In the

copolymer NH2-PEG-b-PCL there is no significant absorption in the analyzed wavelength, while in the

final copolymer functionalized with FA, the spectrum shows an absorption band at 288 nm, which is

indicative that the conjugation was successful.
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Figure 4.11: UV-Vis spectra of FA, NH2-PEG-b-PCL and folate-PEG-b-PCL.

In the 1H NMR spectrum of folate-PEG-b-PCL, the signals attributed to PEG-b-PCL are identified.

In the aromatic region it is possible to identify the characteristic peaks of folate, similarly to what can be

found in the literature [79, 80], verifying that the folate is conjugated to the copolymer.

Figure 4.12: Structure and 1H NMR spectrum of folate-PEG-b-PCL in CDCl3, where n refers to the
number of ethylene oxide repeat units and m to the number of caprolactone repeat units.
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4.2.2 Synthesis and characterization of the functionalized micelles

The folate-containing micelles, non-loaded (BCMs-folate) and [Au(cdc)2]−-loaded

(BCMs-Au(cdc)2-folate) were prepared following the same method used for the non-functionalized

micelles with the additional copolymer folate-PEG-b-PCL (Figure 4.13).

Figure 4.13: Synthesis of the functionalized micelles. BCMs-folate correspond to the functionalized
non-loaded micelles and BCMs-Au(cdc)2-folate correspond to the functionalized loaded micelles.

The results obtained for the Dh, PDI, zeta potential, LC and LE of the functionalized micelles are

summarized in Table 4.3.

Table 4.3: Hydrodynamic diameter (Dh), Polydispersity index (PDI), Zeta potential, Loading Content (LC)
and Loading Efficiency (LE) of the functionalized micelles.

Micelles Dh
a PDI Zeta potential LC LE

(nm) (mV) (mg[Au(cdc)2]− /gBCM ) (%)

BCMs-folate 85.5 ± 2.7 0.25 ± 0.01 -53.1 ± 1.55 - -

BCMs-Au(cdc)2-folate 121.9 ± 4.2 0.19 ± 0.01 -55.6 ± 1.01 30.0 55.0

a Mean±SD of distribution by number (refractive index = 1.5)

The functionalized micelles presented Dh similar to the ones obtained for the non-functionalized

micelles. Comparing the results from Tables 4.2 and 4.3, it can be concluded that the values obtained for
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non-loaded and loaded micelles do not allow to reach a conclusion regarding the effect of micelle loading

on their size, since in the case of non-functionalized micelles the Dh decreases from 150.9 ± 6.6 nm

(BCMs) to 99.4 ± 4.3 nm (BCMs-Au(cdc)2), while in the functionalized micelles, this value increases

from 85.5 ± 2.7 nm (BCMs-folate) to 121.9 ± 4.2 nm (BCMs-Au(cdc)2-folate). For non-functionalized

and functionalized micelles, it is also not possible to establish any trend, since for the loaded micelles

the Dh decreases from 150.9 ± 6.6 nm (BCMs) to 85.5 ± 2.7 nm (BCMs-folate), while for the non-loaded

micelles it increases from 99.4 ± 4.3 nm (BCMs-Au(cdc)2) to 121.9 ± 4.2 nm (BCMs-Au(cdc)2-folate).

The PDI and zeta potential values are also similar for both non-functionalized and functionalized

micelles, demonstrating the homogeneity of the samples in terms of particle size and the high stability

of the micelles.

The LC and LE of this micelles were slightly lower than that of non-functionalized micelles, most

likely due to the presence of the folate-functionalized copolymer in the formulation of the micelles.

The DLS histograms (Figure 4.14) of the folate-containing micelles showed a monomodal size

distribution, similarly to the ones that did not contain folic acid.

Figure 4.14: DLS histograms of A) BCMs-folate and B) BCMs-Au(cdc)2-folate.

For the functionalized non-loaded and loaded micelles (BCMs-folate and BCMs-Au(cdc)2-folate), it

was necessary to confirm the presence of folic acid. As shown in Figure 4.11, FA has an absorption

band at 288 nm. To ensure that the functionalization was successful, the micelles were disassembled

with acetonitrile, and the resulting solution was analyzed by UV-Vis spectrophotometry. For the loaded

micelles (BCMs-Au(cdc)2-folate), the gold complex was removed using 3 kDa Amicon centrifugal filters

and the micelles were analyzed afterwards. The UV-Vis absorption spectra of BCMs-folate and

BCMs-Au(cdc)2-folate are presented in Figure 4.15. Both spectra show an absorption band at 288 nm,

characteristic of FA, verifying the presence of FA in the micelles.
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Figure 4.15: Confirmation of the presence of folic acid in A) BCMs-folate and B) BCMs-Au(cdc)2-folate.

The stability of the gold complex encapsulated in the folate-containing micelles was evaluated

by UV-Vis and HPLC. For this, the loaded micelles (BCMs-Au(cdc)2-folate) were analyzed after the

disassembly with acetonitrile.

The free gold complex and the complex collected from the micelles presented similar absorption

spectra (Figure 4.16), with an absorption band at 303 nm, as observed for BCMs-Au(cdc)2.

Figure 4.16: UV-Vis spectra of TBA[Au(cdc)2] and BCMs-Au(cdc)2-folate.

The HPLC chromatograms (Figure 4.17) show that the complex encapsulated in the functionalized

micelles maintained its stability, exhibiting a chromatographic profile similar to TBA[Au(cdc)2], with similar

retention time, demonstrating that there was no degradation of the complex during the synthesis of the

micelles.
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Figure 4.17: HPLC chromatograms of TBA[Au(cdc)2] (Rt=12.3 min) and BCMs-Au(cdc)2-folate with UV
detection at λ = 303 nm.

4.3 In vitro [Au(cdc)2]− release

The in vitro [Au(cdc)2]− release from BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate was evaluated by

dialysis, using PBS as dialysis medium. This study was performed at 37◦C in physiological conditions

(pH 7.4) and in acidic conditions (pH 5.5).

For BCMs-Au(cdc)2, the results showed that there was an initial burst release, with 30 to 40% of

the cytotoxic drug being released in the first 2 h, followed by a sustained release in the following hours

(Figure 4.18) (vd Appendix B.1 to consult the values). At 8 h of dialysis, 62% of the drug had been

released at pH 7.4 and 70% at pH 5.5. This tendency can be observed for the different time points, with

the release at acidic pH being approximately 10% higher than at physiological pH. At 24 h incubation

time, there was a 96% release from the micelles at pH 7.4, while for the study at pH 5.5 all of the drug

had already been released at this time point.
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Figure 4.18: In vitro [Au(cdc)2]− release profile from BCMs-Au(cdc)2 at pH 7.4 and pH 5.5.

For BCMs-Au(cdc)2-folate, Figure 4.19 (vd Appendix B.2 to consult the values) shows a slightly

slower release, compared with BCMs-Au(cdc)2, with only 7 to 13% of the free cytotoxic drug being

released in the first 2 h. It can be observed a sustained release throughout the time, with values of 50%

at pH 7.4 and 58% at pH 5.5, at 8 h of dialysis. In this case, the difference between the results for pH

7.4 and pH 5.5 is slightly higher, with a difference ranging 20-25% between 4 and 6 h.

Figure 4.19: In vitro [Au(cdc)2]− release profile from BCMs-Au(cdc)2-folate at pH 7.4 and pH 5.5.

Although for both micelles, BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate, it was observed a slight

increase in the release of the drug at pH 5.5, compared with pH 7.4, the difference is not statistically

significant. However, it should be taken into consideration that the micelles are able to have a full

controlled release of the drug.
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4.4 Antiproliferative activity

The cytotoxic activity of TBA[Au(cdc)2], BCMs, BCMs-folate, BCMs-Au(cdc)2 and

BCMs-Au(cdc)2-folate was evaluated in the cisplatin-sensitive A2780 and OVCAR3 and in the

cisplatin-resistant A2780cisR ovarian cancer cell lines, using the colorimetric MTT assay (where

MTT = (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)). This assay is one of the most

widely used methods for assessing cellular viability. It measures the reduction of MTT, a water-soluble

yellow tetrazolium dye, into insoluble purple formazan crystals, by mitochondrial dehydrogenases

(Figure 4.20). In order to solubilize the formazan crystals, DMSO is usually used, allowing to

turn the crystals into a colored solution. After dissolution, the formazan product is analyzed by

spectrophotometry (at a wavelength between 500 and 600 nm) and, since the reduction only happens in

viable cells, it is possible to establish a relation between the absorbance and the cell metabolic activity,

allowing to estimate the level of cytotoxicity [81–83].

Figure 4.20: Reduction of MTT to formazan. Adapted from [81].

For this study, the antiproliferative effect of the free gold complex TBA[Au(cdc)2] and the loaded

micelles (BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate) was assessed at 48 h incubation time, in the

concentration range of 0.01 - 20 µM in the previously mentioned ovarian cancer cell lines. The results

obtained showed that the antiproliferative activity depends on the concentration of the gold complex

and that the cytotoxicity of [Au(cdc)2]− is not altered when the complex is encapsulated in the micelles.

(Figure 4.21) (vd Appendix C.1 to consult the values).
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Figure 4.21: Cellular viability studies of BCMs-Au(cdc)2-folate, TBA[Au(cdc)2] and BCMs-Au(cdc)2 after
48 h incubation in the ovarian cancer cell lines: A) A2780; B) A2780cisR and C) OVCAR3. Results
shown are the mean±SD of one experiment done with at least three replicates.

Then, the dose response curves were established within the concentration range of 0.01 - 40

µM. The curves obtained for TBA[Au(cdc)2], BCMs-Au(cdc)2 and BCMs-Au(cdc)2-folate were similar,

revealing that the presence of folate in the micelles does not alter the cytotoxicity of the complex,

contrarily to what would be expected (Figure 4.22).
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Figure 4.22: Dose-response curves for BCMs-Au(cdc)2-folate, TBA[Au(cdc)2] and BCMs-Au(cdc)2 in the
ovarian cancer cell lines: A) A2780; B) A2780cisR and C) OVCAR3. Results shown are the mean±SD
of one experiment done with at least three replicates.

The antiproliferative activity of the non-loaded micelles (BCMs and BCMs-folate) was also assessed

(Figure 4.23) (vd Appendix C.2 to consult the values). These micelles did not present significant

antiproliferative activity, as expected, demonstrating that the loss of cellular viability is due to the

presence of the gold complex.
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Figure 4.23: Cellular viability studies of BCMs-folate and BCMs after 48 h incubation in the ovarian
cancer cell lines: A) A2780; B) A2780cisR and C) OVCAR3. Results shown are the mean±SD of one
experiment done with at least three replicates.

The IC50 values obtained for both the micelles and the gold complex were similar, demonstrating

high cytotoxic activity towards the sensitive and resistant ovarian cancer cell lines (Table 4.4). It is

important to note that even for the cisplatin-resistant A2780cisR cell line, the TBA[Au(cdc)2] maintains

its cytotoxicity, with IC50 values in the same order of magnitude as the ones obtained for the
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cisplatin-sensitive A2780 and OVCAR3 cell lines, in accordance with the results previously obtained by

Sı́lvia A. Sousa et al. [5], indicating the existence of less cross-resistance, suggesting that this complex

could be promising for tackling the problem of drug resistance.

Table 4.4: IC50 values (µM) determined after 48 h incubation for TBA[Au(cdc)2], BCMs-Au(cdc)2 and
BCMs-Au(cdc)2-folate in the ovarian cancer cell lines A2780, A2780cisR and OVCAR3. Results shown
are the mean±SD of one experiment done with at least three replicates.

IC50 (µM)

A2780 A2780cisR OVCAR3

TBA[Au(cdc)2] 0.82 ± 0.17 1.17 ± 0.38 0.85 ± 0.16

BCMs-Au(cdc)2 0.32 ± 0.04 1.17 ± 0.21 0.70 ± 0.15

BCMs-Au(cdc)2-folate 0.71 ± 0.25 1.00 ± 0.41 0.79 ± 0.13

A summary of the results obtained for the antiproliferative activity of the micelles at 1 µM [Au(cdc)2]−

concentration is presented in Figure 4.24 (vd Appendix C.3 to consult the values).

Figure 4.24: Antiproliferative activity study for the micelles in ovarian cancer cell lines A2780, A2780cisR
and OVCAR3. For the loaded micelles, [Au(cdc)2]− concentration was 1 µM and the concentration of
the non-loaded micelles was equivalent to that used in the loaded micelles. Results shown are the
mean±SD of one experiment done with at least three replicates.

For the cisplatin-resistant A2780cisR cancer cell line, the antiproliferative effect was slightly lower

than for the cisplatin-sensitive cell lines, in accordance to what had been previously reported [5], most

likely due to the mechanisms of drug resistance present in these cells. Although the mechanisms

underlying platinum resistance are not fully understood, some of these mechanisms are identified, such

as reduced drug uptake, enhanced drug efflux and decreased apoptosis due to the increase of DNA
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damage repair mechanisms [84, 85]. The promising results obtained for TBA[Au(cdc)2] against the

cisplatin-resistant cancer cell line are related with the fact that these novel gold compounds present a

different mechanism of action from platinum based compounds, which target DNA, as further explained

in Chapter 2.2 [5].

4.5 Radiolabeling with 111In

Indium (In) is a chemical element of Group 13 with the atomic number 49, classified as a

post-transition metal. Its eletronic configuration is [Kr] 5s2 4d10 5p1 [86]. Indium has isotopes with

mass numbers ranging 97 - 135, with only two with known natural abundance, 113In and 115In. The

half-life of indium isotopes goes from milliseconds to days [87]. Of all the artificial indium isotopes, 111In

is the most used in the development of radiopharmaceuticals.

111In is a readily available γ-emitting radionuclide, which decays by electron capture to stable 111Cd

(Figure 4.25), with a half-life of 2.8 days, widely used in nuclear medicine for SPECT imaging. Its

relatively long half-life presents an advantage for research, since it allows to perform several studies,

both in vitro and in vivo, for an extended period of time after administration [88]. This characteristic is

extremely relevant for the particular case of micelles, since they typically present a prolonged circulation

half-life in the blood.

Figure 4.25: Decay scheme of 111In [89]. After electron capture, two gamma rays with 171 and 245 keV
energies are emitted.

111In-oxine is widely used in nuclear medicine for labeling of white blood cells, for infection and

inflammation scintigraphy, in diseases such as inflammatory bowel disease, neurological infections,

endocarditis, lung infections, among others. 111In forms a complex with three 8-hydroxyquinoline ligands

when it is in the +3 oxidation state, which can be used to label white blood cells, being able to detect

sites of inflammation since, when injected, the labeled white blood cells tend to accumulate in these

sites, allowing to identify them through nuclear imaging [90–92].
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As explained in Chapter 2.5, for the labeling of nanoparticles, this radionuclide is usually used

conjugated with a chelating agent, such as DTPA or DOTA, with promising results, although recent

studies have reported the formation of radiocomplexes with lipophilic ligands for the labeling of micelles,

with the aim of maintaining the chemical structure of the nanoparticles unaltered and, therefore, maintain

the biodistribution and pharmacokinetics of the drugs unaffected by the radiolabeling process.

In this work, the loaded micelles functionalized and non-functionalized with folic acid were labeled

with the lipophilic radiocomplex 111In-oxine and in vitro stability studies were performed.

4.5.1 Synthesis of 111In-oxine

For the radiolabeling of the micelles with 111In, 8-hydroxyquinoline was first reacted with the

radioactive precursor 111InCl3 to form the neutral hydrophobic complex 111In-oxine. The labeled

8-hydroxyquinoline was then extracted to DCM. The chemical structure of both compounds is shown

in Figure 4.26.

Figure 4.26: Chemical structure of 8-hydroxyquinoline and 111In-oxine.

The radiocomplex was obtained with a radiolabeling efficiency of 72.9%, calculated as the ratio of

activity extracted to DCM over the total initial activity of 111InCl3. The radiochemical purity was evaluated

by ITLC-SG, with CHCl3/MeOH (90/10) as eluents. In this chromatographic system 111InCl3 remains in

the application point (Rf = 0) while 111In-oxine migrates with the solvent front (Rf ca 0.9). As can be seen

in Figure 4.27 there is no peak at the application point, which indicates that 111In-oxine was obtained

with high radiochemical purity (RCP > 99%).
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Figure 4.27: Radiochromatogram of 111In-oxine by ITLC-SG using as eluents CHCl3/MeOH (90/10).

4.5.2 Radiolabeling of [Au(cdc)2]−-loaded micelles

After the synthesis of 111In-oxine, the loaded micelles (BCMs-Au(cdc)2) and the loaded micelles

functionalized with folic acid (BCMs-Au(cdc)2-folate) were dissolved in PBS, sonicated, mixed with the

solution of 111In-oxine and sonicated at 40◦C for 20 minutes. Due to the lipophilicity of the radiocomplex,

when mixed with the micelles it will be entrapped in the micellar core, forming 111In-BCMs-Au(cdc)2 or
111In-BCMs-Au(cdc)2-folate (Figure 4.28). The radiolabeled micelles were then purified using 10 kDa

Amicon centrifugal filters (0.5 mL; MWCO 10 kDa) to remove the non-encapsulated 111In-oxine.

Figure 4.28: Scheme for the synthesis of 111In-labeled micelles.
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After purification, the activity in the retentate and in the filtrate was measured and the radiolabeling

efficiency was calculated as the percentage of the total activity that was in the retentate, since the

radiolabeled micelles are retained in the filter, while the 111In-oxine that was not encapsulated passes

to the filtrate. A radiolabeling yield of 91.1% was obtained for 111In-BCMs-Au(cdc)2 and of 90.4% for
111In-BCMs-Au(cdc)2-folate, demonstrating that the presence of folic acid in the shell of the micelles

does not alter the radiolabeling efficiency. Although this radiolabeling technique is still not widely used,

with the radiolabeling of the shell using a chelating agent being the most common technique, the labeling

yield obtained is in accordance with what was observed by Fuente et al. (2019) [12] for HPMA-LMA

block copolymer micelles. On the other hand, a much lower yield was obtained by Laan et al. (2016)

[13] (radiolabeling efficiency of 30%), however, in this case, the lipophilic ligand used was tropolone.

4.6 In vitro stability studies

The in vitro stability of the 111In-BCMs-Au(cdc)2 and 111In-BCMs-Au(cdc)2-folate was evaluated in

PBS pH 7.4 and in cell culture media RPMI at 37◦C up to 72 h using Amicon centrifugal filters. At different

time points, the filters were centrifuged and the filtered was collected. The activity in the retentate and

in the filtrate was measured, allowing to determine the percentage of radiolabeled micelles at each time

point (Figure 4.29) (vd Appendix D to consult the values).

Figure 4.29: In vitro stability studies in 0.01 M PBS pH 7.4 and RPMI at 37◦C up to 72 h in: A)
111In-BCMs-Au(cdc)2 and B) 111In-BCMs-Au(cdc)2-folate.
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The results showed that both radiolabeled micelles were stable under physiological conditions, i.e.,

at pH 7.4, at 37◦C, in both PBS and RPMI, up to 72 h. The 111In-BCMs-Au(cdc)2 presented a slightly

higher stability in the cell culture media RPMI, however, this difference is not significant, with the stability

in both mediums being higher than 80% in the time points analyzed. The 111In-BCMs-Au(cdc)2-folate

presented similar stability in both mediums, with a slight decrease in RPMI at 72 h (83%). Comparing

the results obtained for the functionalized and non-functionalized micelles, it is possible to conclude that

the functionalization does not affect the stability of the radiolabeled micelles.

The suitable stability of these labeled nanoparticles makes them good candidates for further studies

for image-guided drug delivery. Moreover, since the radionuclide complex and the cytotoxic drug are

both encapsulated in the core of the micelles, it is expected that the behavior of these two hydrophobic

compounds will be similar and, therefore, it is presumed that the non-radiolabeled micelles will also

present high stability.
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Chapter 5

Conclusions and Future Work

The goal of this thesis was to develop block copolymer micelles functionalized with folic acid, for

targeted delivery of a cytotoxic gold complex ([Au(cdc)2]−) and a radiocomplex (111In-oxine) to ovarian

cancer cells.

BCMs carrying [Au(cdc)2]− and non-loaded BCMs, functionalized and non-functionalized with folic

acid were successfully synthesized, with hydrodynamic diameters below 200 nm and zeta potential

values indicating high stability and low tendency to form aggregates, which can optimally contribute

to a long circulation half-life in vivo. The micelles were obtained with high loading content of

[Au(cdc)2]−, with values of 37.0 mg[Au(cdc)2]− /gBCM and 30.0 mg[Au(cdc)2]− /gBCM , for BCMs-Au(cdc)2

and BCMs-Au(cdc)2-folate, respectively. Moreover, HPLC analysis and UV-Vis spectrophotometry

demonstrated that the gold complex maintains its stability after encapsulation in the micelles.

For a better understanding of the behavior of the loaded micelles, in vitro release studies were

performed, using both functionalized and non-functionalized loaded-BCMs. These studies showed that

both micelles present release profiles dependent from the pH of the medium, with a slightly faster release

in acidic pH (5.5). Furthermore, the functionalized micelles presented a slightly slower release than the

non-functionalized micelles, with a sustained release over time. Although the difference in release rate

was not significant between pH 7.4 and 5.5, it should still be taken into account that the micelles were

able to fully release the drug in a controlled manner.

The [Au(cdc)2]−-loaded micelles displayed significant cytotoxic activity towards the

cisplatin-sensitive A2780 and OVCAR3 and the cisplatin-resistant A2780cisR ovarian cancer cell

lines, comparable to the free gold complex, suggesting that for the same concentration of the complex, a

similar therapeutic outcome would be expected. These preliminary studies showed that the cytotoxicity

of the functionalized BCMs was similar to that of non-functionalized BCMs, suggesting that the presence

of folic acid does not have an influence on the extent of the cytotoxic activity.

The BCMs loaded with [Au(cdc)2]− were radiolabeled by entrapping the lipophilic radiocomplex
111In-oxine in the micellar core, with high radiolabeling yield (91.1% for 111In-BCMs-Au(cdc)2 and 90.4%
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for 111In-BCMs-Au(cdc)2-folate). Moreover, in vitro stability studies showed high stability, with a retention

of 111In-oxine above 80% for both micelles in PBS, pH 7.4 and RPMI, up to 72 h at 37◦C, suggesting

that these platforms could constitute promising strategies for ovarian cancer theranostics.

There are still several studies to be done for a better understanding of the behavior of these

micelles and their targeting ability. The cytotoxic activity of the micelles should be evaluated for shorter

incubation times, to understand if the differences between the cytotoxicity of the functionalized and

non-functionalized micelles become more evident. Furthermore, cellular uptake and biodistribution

studies will be performed with the radiolabeled micelles loaded with the complex [Au(cdc)2]−.

Micelles loaded with auranofin could be synthesized and similar studies should be performed, in

order to compare the behavior of the recently studied [Au(cdc)2]− with this well established compound,

frequently used as a reference drug for the study of new gold-based drugs.

The micelles functionalized with folic acid could be further explored for targeted therapy of other

epithelial tumors overexpressing the folate receptor α, such as breast, kidney and lung tumors.

Moreover, the cytotoxicity of the non-functionalized micelles loaded with [Au(cdc)2]− could be evaluated

against other cancer cell lines and decorated with other ligands, to target different receptors.
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Appendix A

Calibration curve

A.1 Values of concentration vs. absorbance

Table A.1: Values of concentration of [Au(cdc)2]− vs. absorbance.

Concentration (mg/mL) Abs

0.00000 0.00000

0.02000 1.12774

0.01500 0.88075

0.01000 0.57077

0.00750 0.45006

0.00375 0.22656

0.00100 0.05840
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Appendix B

Release Studies

B.1 Release study for BCMs-Au(cdc)2

Table B.1: Time (h) vs. values of accumulative release (%) for BCMs-Au(cdc)2.

Time (h) Accumulative release (%)

pH 7.4 pH 5.5

0 0.00 0.00

2 30.10 39.25

4 40.02 49.05

6 51.54 59.04

8 62.44 70.31

24 95.94 100.00

48 98.51 100.00
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B.2 Release study for BCMs-Au(cdc)2-folate

Table B.2: Time (h) vs. values of accumulative release (%) for BCMs-Au(cdc)2-folate.

Time (h) Accumulative release (%)

pH 7.4 pH 5.5

0 0.00 0.00

2 7.21 12.94

4 13.90 33.46

6 25.03 50.45

8 49.59 58.02

24 92.16 100.00

48 95.14 100.00
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Appendix C

MTT assays

C.1 [Au(cdc)2]− concentration effect on cell viability

Table C.1: Au(cdc)2 [µM] vs. cellular viability (%) on the A2780 cell line

Au(cdc)2 [µM] Cellular viability (%)

BCMs-Au(cdc)2-folate Au(cdc)2 BCMs-Au(cdc)2

0.01 106.72 ± 2.54 97.72 ± 5.44 97.09 ± 4.06

0.10 106.53 ± 1.13 98.64 ± 3.81 71.90 ± 5.06

1.00 34.21 ± 3.66 43.56 ± 2.73 29.37 ± 4.97

10.0 1.32 ± 0.46 2.11 ± 0.80 0.85 ± 0.09

20.0 1.27 ± 0.41 1.08 ± 0.16 0.94 ± 0.30

Table C.2: Au(cdc)2 [µM] vs. cellular viability (%) on the A2780cisR cell line

Au(cdc)2 [µM] Cellular viability (%)

BCMs-Au(cdc)2-folate Au(cdc)2 BCMs-Au(cdc)2

0.01 99.14 ± 5.55 101.21 ± 5.24 99.83 ± 6.12

0.10 71.21 ± 1.32 75.69 ± 8.12 90.17 ± 5.86

1.00 57.41 ± 9.87 58.45 ± 4.43 56.21 ± 6.35

10.0 4.83 ± 1.09 10.17 ± 5.57 5.17 ± 2.21

20.0 9.83 ± 2.90 5.69 ± 1.49 3.45 ± 0.84
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Table C.3: Au(cdc)2 [µM] vs. cellular viability (%) on the OVCAR3 cell line

Au(cdc)2 [µM] Cellular viability (%)

BCMs-Au(cdc)2-folate Au(cdc)2 BCMs-Au(cdc)2

0.01 95.61 ± 6.27 105.71 ± 6.43 97.95 ± 4.69

0.10 94.52 ± 5.15 100.80 ± 4.76 98.80 ± 4.13

1.00 44.12 ± 3.78 44.01 ± 8.25 37.50 ± 8.81

10.0 1.48 ± 0.52 1.43 ± 0.52 1.94 ± 1.39

20.0 2.23 ± 1.17 1.37 ± 0.43 1.37 ± 0.58

C.2 Cellular viability studies for the non-loaded micelles

Table C.4: C (mg/mL) vs. cellular viability (%) on the A2780 cell line

C (mg/mL) Cellular viability (%)

BCMs-folate BCMs

Control 91.95 ± 13.16

0.0002 102.35 ± 2.41 93.19 ± 1.71

0.0020 105.32 ± 4.60 91.45 ± 3.01

0.0200 83.98 ± 13.33 89.14 ± 5.80

0.2000 71.03 ± 1.45 82.33 ± 9.96

0.4000 71.03 ± 1.40 66.59 ± 8.37

0.7000 67.81 ± 2.71 54.79 ± 7.62

Table C.5: C (mg/mL) vs. cellular viability (%) on the A2780cisR cell line

C (mg/mL) Cellular viability (%)

BCMs-folate BCMs

Control 98.99 ± 12.86

0.0002 116.35 ± 1.50 96.90 ± 11.27

0.0020 101.59 ± 9.79 95.34 ± 8.32

0.0200 91.08 ± 25.06 87.76 ± 3.53

0.2000 69.11 ± 8.08 62.07 ± 4.70

0.4000 66.88 ± 12.31 57.41 ± 3.85

0.7000 56.05 ± 7.72 58.79 ± 3.63
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Table C.6: C (mg/mL) vs. cellular viability (%) on the OVCAR3 cell line

C (mg/mL) Cellular viability (%)

BCMs-folate BCMs

Control 100.00

0.0002 96.81 ± 5.10 103.03 ± 7.20

0.0020 95.74 ± 1.69 102.63 ± 6.21

0.0200 86.72 ± 3.03 103.54 ± 6.29

0.2000 74.39 ± 7.10 93.55 ± 3.36

0.4000 69.20 ± 1.28 87.90 ± 5.85

0.7000 59.04 ± 1.25 72.83 ± 6.26

C.3 Cellular viability studies for Au(cdc)2 concentration of 1µM

Table C.7: Type of micelle vs. cellular viability (%) for Au(cdc)2 concentration of 1µM. The concentration
of the non-loaded micelles was equivalent to that used in the loaded micelles.

Micelle Cellular viability (%)

A2780 A2780cisR OVCAR3

Control 91.95 ± 13.16 98.99 ± 12.86 100.00 ± 5.51

BCMs-folate 83.98 ± 13.33 91.08 ± 25.06 86.72 ± 6.29

BCMs 89.14 ± 7.62 87.76 ± 3.53 103.54 ± 6.29

BCMs-Au(cdc)2-folate 34.21 ± 3.66 57.41 ± 9.87 44.12 ± 3.78

Au(cdc)2 43.56 ± 2.73 58.45 ± 4.43 44.01 ± 8.25

BCMs-Au(cdc)2 29.37 ± 4.97 56.21 ± 6.35 37.50 ± 8.81

69



Appendix D

Stability Studies

Table D.1: Time (h) vs radiolabeled micelles (%) in 111In-BCMs-Au(cdc)2

Time (h) Radiolabeled micelles (%)

PBS, pH 7.4 RPMI

24 87.8 98.8

48 82.9 98.8

72 81.1 93.9

Table D.2: Time (h) vs radiolabeled micelles (%) in 111In-BCMs-Au(cdc)2-folate

Time (h) Radiolabeled micelles (%)

PBS, pH 7.4 RPMI

24 97.74 99.57

48 97.65 99.15

72 97.05 82.58
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