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Fucoidan-based strategies envisioning antitumor therapies ABSTRACT Current cancer treatments present some drawbacks, namely unwanted side effects of chemotherapeutics, due to their toxicity over healthy tissues. Trying to overcome this impactful limitation, the use of natural compounds that may present diminished effects over non-cancer cells is of great interest. Among them, fucoidan, a sulfated polysaccharide extracted from brown algae, has been highlighted over the last years due to its interesting biological features.  Since different fucoidans may present distinct antitumor behaviors, one of the main goals of this PhD work was to optimize fucoidan usage by developing more effective antitumor therapies. Accordingly, in Chapter III, different fucoidan extracts from Fucus vesiculosus were tested over human breast cancer and normal cells. Three types of biological outcomes were observed: i) toxicity to cancer and normal cells; ii) toxicity to cancer cells at lower concentrations than normal cells (an effective antitumor behavior) and iii) toxicity to normal cells at lower dosages than cancer cells (for high concentrations). These discrepant activities were attributed to differences in the sulfates position and branching of fucoidan. The anti-angiogenic potential of the effective fucoidan extract (type ii) was also validated by an endothelial cell tube formation assay (in vitro) and a Chick Chorioallantoic Membrane assay (in vivo) (Chapter IV). The cytotoxic effect of the same fucoidan extract was also demonstrated to human melanoma cells (Chapter V). In a complementary approach, a skin patch to treat melanoma was developed by the immobilization of fucoidan at the surface of an electrospun nanofibrous mesh. Empowering the use of this marine-origin polymer, the fucoidan extract type iii was chosen to develop a drug delivery system for breast cancer. Gemcitabine, a chemotherapeutic drug, was successfully encapsulated into fucoidan/chitosan nanoparticles showing higher toxicity to cancer cells than to normal endothelial cells (Chapter VI). Aiming to reduce gemcitabine side-effects and to develop more precise therapies, an ErbB-2 antibody was immobilized at the surface of the previously described nanoparticles (Chapter VII). The targeting to cancer cells was confirmed in a co-culture system (increased toxicity to cancer cells) and in vivo, observing the impaired tumor growth and reduced lungs metastasis.  These studies proposed fucoidan-based strategies (either extracts or systems) that should be further explored in the development of more effective antitumor therapies based in natural compounds. Keywords: Antitumor, Breast Cancer, Drug Delivery System, Fucoidan, Nanofibrous Mesh, Nanoparticles, Melanoma, Targeting System 
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Estratégias à base de fucoidana para terapias antitumorais RESUMO Os tratamentos atualmente utilizados para o cancro apresentam algumas limitações. A utilização de compostos naturais, que poderão apresentar efeitos reduzidos sobre células não cancerígenas, constitui uma potencial alternativa. De entre os vários compostos, a fucoidana, um polissacarídeo sulfatado extraído de algas castanhas, apresenta propriedades biológicas interessantes. Uma vez que diferentes fucoidanas podem apresentar diferentes comportamentos antitumorais, um dos principais objetivos deste trabalho de doutoramento foi otimizar a utilização da fucoidana para o desenvolvimento de abordagens terapêuticas. Neste sentido, no Capítulo III, diferentes fucoidanas extraídas de Fucus vesiculosus foram testadas sobre células tumorais de mama e células normais. Três comportamentos biológicos distintos foram observados: i) toxicidade para células tumorais e normais; ii) toxicidade para células tumorais a concentrações mais baixas do que para células normais (i.e.  comportamento antitumoral efetivo) e iii) toxicidade para células normais a concentrações mais baixas que células tumorais (para concentrações elevadas). A discrepância entre estes comportamentos foi atribuída a diferenças na posição dos grupos sulfato e às ramificações na cadeia polimérica. O potencial anti-angiogénico do extrato antitumoral efetivo foi validado através de um ensaio de formação de vasos (in vitro) e implantação na membrana corioalantóide (in vivo) (Capítulo IV). Os efeitos citotóxicos deste extrato foram também demonstrados sobre uma linha celular de melanoma. Numa abordagem complementar, uma membrana para o tratamento do melanoma foi desenvolvida mediante imobilização da fucoidana na superfície de malhas de nanofibras produzidas por electrofiação (Capítulo V). Para potenciar o uso deste polímero de origem marinha, a fucoidana tipo iii foi utilizada no desenvolvimento de um sistema de libertação de fármaco para o tratamento do cancro da mama. Gemcitabina, um fármaco quimioterapêutico, foi eficazmente encapsulada em nanopartículas (NPs) de fucoidana/quitosano, demonstrando maior toxicidade sobre células tumorais do que sobre células endoteliais (Capítulo VI). Tendo por objetivo reduzir os efeitos secundários do fármaco e para desenvolver terapias mais precisas, um anticorpo (ErbB-2) foi imobilizado à superfície das NPs (Capítulo VII). A capacidade das NPs serem direcionadas para as células tumorais foi confirmada através de um sistema de co-cultura (maior toxicidade para as células tumorais). Ensaios in vivo, demonstraram comprometimento do crescimento dos tumores e metastização nos pulmões. Estes estudos apresentam estratégias à base de fucoidana (quer na forma de extratos quer de sistemas) tendo em vista o desenvolvimento de terapias antitumorais mais eficientes. Palavras-chave: Antitumoral, cancro da mama, fucoidana, malhas de nanofibras, melanoma, sistemas de libertação de fármacos, sistemas direcionados 
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Chapter I* Chapter I -  Introduction ABSTRACT  Due to the severe side-effects and the toxicity to healthy tissues, cancer treatments based in chemotherapy do not fully achieve the desire outcomes so far. The use of natural substances with similarities to native tissues may be of great value to develop better tolerated therapies. Fucoidan is a marine sulfated polysaccharide extracted from brown algae that, besides other biological activities (namely anti-viral, anti-inflammatory and angiogenic), has been reported to present interesting anticancer potential. This review briefly describes fucoidan structure, chemical properties and the above-mentioned biological features, focusing on its anticancer capability. Fucoidan usage as soluble agent or in combination with different chemotherapeutic drugs presents promising results herein described for different types of cancer (lung, colorectal, breast and melanoma).  Since different mechanisms of action have been reported, the underlines behind fucoidan antitumor behavior are also addressed. Trying to enhance and optimize fucoidan usage in the cancer field, different systems, namely drug delivery, have been recently developed to target different types of cancers, that will be presented in detail. The production and features of these drug delivery systems are described, highlighting the role of fucoidan on their reported or envisaged performance.                                                     * This chapter is based on the following publications: Oliveira C., Neves N. M., Reis R. L., Martins A., Silva T. H. Fucoidan: from a biological active compound to a component for anti-cancer strategies. (Review paper, submitted) Oliveira C., Carvalho A. C., Neves N. M., Reis R. L., Martins A., Silva T. H. Marine derived biomaterials for cancer treatment. (Biomaterials for 3D tumor Modeling, Elsevier. Under editor revision)  
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I-1. INTRODUCTION Cancer is one of the leading causes of death worldwide, with an increasing tendency over the last years. Among the different types of cancer, breast, lung and colon cancer are the most common, being lung cancer the deadliest for both man and woman [1]. The heterogeneity of cancer cells, as well as the different development stages compromise the advances and availability of more effective anti-cancer therapies. Current treatment approaches of cancer can be surgery, radiation therapy, chemotherapy, targeted and immunotherapies, which may be used alone or in combination, depending on the properties of each cancer [2]. Radiation therapy uses high doses of radiation to kill cancer cells and shrink tumors, whereas chemotherapy uses anticancer drugs to kill cancer cells. Both treatments may present severe side effects since they affect not only cancer cells but also healthy ones [3, 4]. Immunotherapy is a type of biological treatment that helps the immune system to fight cancer, while targeted therapies aim to develop more effective treatments that specifically affect cancer cells, aiming to reduce the side effects over non-cancerous cells and tissues [5]. To develop effective anticancer therapies, the tumor microenvironment needs to be considered since it comprises not only the cancer cells but also surrounding healthy tissues [6]. In this sense, the use of natural-based approaches with low-toxicities over healthy tissues are interesting possibilities to develop more effective strategies with less side-effects [4].  The oceans represent the largest habitat of the earth, covering more than 70% of its surface. The different oceanic zones and environments offers a wide variety of marine organisms with unique chemical and biological properties that terrestrial natural products may not present. Each year the seafood processing industries produce about 75% of by-products from marine-origin organisms that despite being currently considered as waste or directed to lower added value fields, as animal feed, may be further explored and processed to produce compounds and materials [7-9]. The compounds may present different physicochemical features that result in interesting biological properties to the biomedical field, namely low toxicity and low-cost production [10, 11]. Different biopolymers may be isolated from marine organisms, which can be divided into three different groups: proteins, polysaccharides and nucleic acids [7]. Among them, sulfated polysaccharides have received particular attention given the wide range of biological activities being reported. In particular, fucoidan, mainly produced from brown algae, will be described in this introduction, namely in relation to its anti-cancer capabilities. Its physicochemical similarities to compounds present in native human tissues and the low toxicity are features of interest. However, it presents some limitations like batch-to-batch variability, since the season and local of harvesting may influence the polysaccharide properties, as well as the use of different extractions 
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methods that may influence the final biological outcomes. In this sense, sustainable and standardize methods are required to obtain controlled and reproducible compounds, as currently the biological activity of a fucoidan extract cannot be taken for granted, being always required to confirm it previously to application (and not rarely such biological activity is not confirmed) [12, 13].  I-2. FUCOIDAN STRUCTURE AND CHEMICAL FEATURES Fucoidans are a class of sulfated polysaccharides mainly composed by fucose that can be extracted from different species of brown algae [14]. Fucoidans are already available in food and dietary supplements and in cosmetics; however, are not yet approved in biomedical applications neither by direct administration nor by its incorporation within biomaterials [15]. Therefore, intensive research is being performed in drug delivery, biomaterials and as a topical and orally delivered bioactive agent, showing promising outcomes [16]. Despite these achievements, variable and contradictory results compromise fucoidan usage in clinic [17]. The huge variety of algae fucoidan sources, allied to various extraction and purification methods, may influence fucoidan’s intrinsic properties and bioactivity [14, 16]. Molecular weight and sulfation degree have been the most studied factors, although carbohydrates composition and sulfates position also play a role (Figure I-1).   Figure I-1 The source and extraction method may influence fucoidan intrinsic properties, influencing biological outcomes.  
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I-3. FUCOIDAN COMPOSITION AND CHEMICAL STRUCTURE  Fucoidan may be extracted from different seaweed species presenting different chemical compositions. In general, fucoidans from brown algae present a backbone of α(1→3) L-fucopyranose residues or of alternating α(1→3) and α(1→4)-linked L-fucopyranosyls, that can be replaced by sulfate or acetate and/or have side branches containing fucopyranoses or other glycosyl units, e.g. glucuronic acid. Fucoidan structures may also be composed of other monosaccharides as glucose, xylose, galactose and mannose [18, 19]. Fucus vesiculosus (belongs to the order of Fucales) is the most common fucoidan’s species source, being mainly composed of 1,2-α-fucose often sulfated. Most of sulfate groups are located at position C-4 of the fucose units.  Despite the relatively simpler composition of fucoidan from Fucus vesiculosus, most fucoidans present much more complex structures. In the case of fucoidan extracted from Ascophyllum nodosum (Fucales), an α(1→3)-linked fucose backbone and a high proportion of α(1→4) linkages mainly sulfated at O-2, to a lesser extent at O-3, and only slightly at O-4, and fucose 2, 3-O-disulfate residues were observed.  In the same order of Fucales, Fucus evanescens and Fucus serratus, give rise to fucoidans presenting similar structures, with a large proportion of both α(1→3)- and α(1→4)-linked L-fucopyranose residues, which may be substituted with sulfate (SO3−) on C-2 and C-4. Fucoidan in the order of Laminariales present a chemical structure that is mainly composed of a backbone of α(1→3)-linked L-fucopyranose residues with sulfates at the C-2 position. Fucoidans isolated from L. saccharina consist of α(1→3)-linked L-fucopyranose units, however they can present sulfates at C-4 alone or at both C-2 and C-4. Chorda filum (Laminariales) present a similar structure, consisting of a backbone structure of poly-α(1→3)-linked L-fucopyranoses sulfated mainly at C-4. However, it can also be sulfated at the C-2 position, and with some of the α(1→3)-linked fucose residues being 2-O-acetylated [18-20]. This information on chemical structures of different fucoidan sources is collected in Figure I-2. Despite the backbone structure is mainly the same, (1→3)-linked α-L-fucopyranose, there might be different sulfates substitutions, molecular weights, branching and sugar residues, which may lead to different biological outcomes. Thus, although all receive the same designation as fucoidan each extract is an individual entity.  
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 Figure I-2 Fucoidan chemical structure obtained from: A) Fucus vesiculosus and Ascophyllum nodosum, B) Laminaria saccharina and C) Chorda filum. I-4. FUCOIDAN INTRINSIC PROPERTIES As previously stated, the extraction conditions, algae species and life cycle state, among other, have a huge influence over fucoidan composition and chemical structure, providing extracts with different molecular weights and sulfate patterns [21]. The molecular weight is one of the factors that influence the biological activity of fucoidan, although it is difficult to establish a direct correlation based only in one property [22]. Specifically, low molecular weight fucoidan extracts have gained most attention due to their bioavailability, being explored in several biological conditions. For example, the synergistic effect of low-molecular-weight fucoidan (0.8 kDa) and fucoxanthin was studied in a diabetic mouse model, and this combination was able to maintain the homeostasis of glucose levels, having improved outcomes than when they were separately administered [23]. In a clinical trial, low-molecular-weight fucoidan (0.8 kDa) in combination with chemotherapeutic agents was shown to increase the disease control rate by 24% in patients with metastatic colorectal cancer [24]. In another attempt, fucoidan was hydrolyzed in fractions with different molecular weights, being observed cytotoxic effects over cancer cells were higher when using lower molecular weight fractions (<30 kDa). It was suggested that low molecular weight fractions have greater mobility and diffusivity than high molecular weight fucoidan, improving the interaction with cancer cell components [25]. The bioactivity of low molecular weight fucoidan fractions (10 - 37 kDa) obtained by gamma irradiation also demonstrated increased antioxidant effects [26]. Controversially, high molecular weight fucoidan was also reported to present anticancer and anti-inflammatory effects, which might indicate the relevance of other factors on the determination of biological activity [27, 28]. Besides the molecular weight, the sulfate content has been deeply studied regarding fucoidan biological responses. From previously reported works higher sulfation degree has been related with 
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enhanced bioactivity responses, namely anti-angiogenic and anticancer activities, which have motivated the production of oversulfated fucoidans [29, 30]. Over-sulfation leads to molecules with higher negative charge, which enables the formation of fucoidan-protein complexes that may hinder cells proliferation and thus, indirectly exerting the referred biological activities [31]. Besides the sulfate content, the position of the sulfate groups along fucoidan backbone and branching degree may also be related with fucoidan biological activities. In a previous paper, a fucoidan with effective anti-tumor activity presented higher percentage of fully branched chains (together in 3‐O and 4‐O‐Fuc) than other fucoidan extracts that did not presented this biological activity [32].  The carbohydrate composition is another aspect that should be analyzed. As previously stated, fucoidans are mainly composed of fucose residues, often sulfated, but they also present other carbohydrates in its composition, as neutral sugars: xylose, galactose, mannose and glucose [33, 34]. They may also present uronic acids, which may be associated with the biological response of fucoidan [35]. The absence of fucoidan carbohydrate composition determination and its relation to the biological activities may be the cause of some contradictory results, being structure-activity relationship studies of utmost importance to reach more elucidative and consistent findings. I-5. FUCOIDAN BIOLOGICAL ACTIVITIES Fucoidans have been reported to present different biological activities, namely antiviral, both pro and anti-angiogenic, anti-inflammatory or anti-tumor. These activities will be discussed in this section, followed by a more detailed exploitation of the anti-tumor activity as this is the main focus of this thesis. I-5.1. Anti-viral Treatments against antiviral infections have been extremely challenging due to viruses’ unique structures and their complex life cycle. Despite developments in vaccination and treatments against some viral infection, there are still several infections that affect people all around the word with no available and effective treatments. Better understanding of viral proliferation cycle and continuous research on the topic have helped in the discovery of new antiviral drugs. However, the control and treatment of viral infections has not yet reached the desired outcomes [36].  



Chapter I – Introduction  

 9 

The anti-viral activity of fucoidan has been studied both in vitro and in vivo. Its low cytotoxicity, when compared with other anti-viral drugs currently in clinical use, seems promising regarding the development of more effective therapies [35]. It was reported that the key antiviral agents contained in brown algae are the sulfated polysaccharides, which mainly act by inhibiting the entry of enveloped viruses into host cells [37, 38].  The anti-viral effect of fucoidan has been studied mainly over Herpes Simplex Virus type I and type 2 (HSV-1 and HSV-2), Human Immunodeficiency Virus (HIV) and Hepatitis B Virus (HBV). Fucoidan from Undaria pinnatifida and Cystoseira indica have been studied over HSV-1 and HSV-2, presenting a more efficient antiviral activity when added at the time of the viral infection than when added after viral infection[38]. In another study, a crude extract had effective antiviral activity against HSV-1 and HSV-2, without presenting cytotoxicity for Vero cell cultures [39]. The potential effect of fucoidan extracted from three different species was evaluated to treat HIV [40]. When the extracts were pre-incubated with the virus, they block the early steps of HIV entry into the targeted cells. In this particular case, highly sulfated fucoidan did not demonstrate increased anti-viral activity and the authors suggested that maybe molecular weight or other structural were influencing. The anti-viral potential of fucoidan from Fucus vesiculosus has also been explored to treat HBV, showing promising results since fucoidan decreased serum HBV DNA, HBsAg and HBeAg levels, and hepatic HBcAg expression in HBV-infected mice [41]. The authors concluded that the activation of the extracellular signal-regulated kinase (ERK) pathway was related with fucoidan’s inhibitory activity. Taken together, these results demonstrate the use of fucoidan as a potential anti-viral bioactive agent. I-5.2. Anti-inflammatory Inflammation may have two phases: acute and chronic, being distinguishable by their duration. Acute inflammation may occur during short periods of time and it is associated with accumulation of fluids, increased blood flow and number of leucocytes and other mediators, whereas chronic inflammation occurs during longer periods and it is associated with progression of specific cellular immune responses [42]. The advances in the field of inflammatory diseases lead to a better understanding of the different pathologies, although current treatment approaches still lack more effective anti-inflammatory drugs [43]. Marine algae may present an interesting source of unexplored anti-inflammatory compounds like polyphenols, sulfated polysaccharides and proteins. These marine-derived active agents may provide 
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interesting alternatives to currently available synthetic drugs, having potential protective effects over the pathogenesis of inflammatory diseases [44].  Fucoidan from Fucus vesiculosus has been described to reduce the severity of acute pancreatis in mice by decreasing neutrophil infiltration and systemic inflammation [45]. Fucoidan from the same species has demonstrated capability of reducing the inflammation of bowel disease when oral administered [46]. Fucoidan was reported to decrease neutrophil and macrophage accumulation, as well as the expression of inflammatory cytokines inhibiting radiation-induced pneumonitis and lung fibrosis [47]. Furthermore, fucoidan from Undaria pinnatifida had a similar effect as a glucocorticoid on an animal model of atopic dermatitis [48]. By its side, low molecular weight fucoidan, in a mice model of astheroclerosis, inhibited the production and expression of inflammatory cytokines, reducing the innflammatory response, validating fucoidan usage as an anti-inflammatory polyssacharide [49]. I-5.3. Angiogenic Angiogenesis comprises the formation of new blood vessels. Usually, this process occurs under normal conditions, during tissue growth and repair. However, this process is also observed in some pathological conditions like diabetes and inflammatory diseases, being an unregulated process in tumor progression [50, 51]. Angiogenesis is mediated by different growth factors, like vascular endothelial growth factor (VEGF), fibroblast growth factors (FGF) and platelet-derived growth factor (PDGF), which activate cell migration, tube formation and maturation [52, 53]. The potential of fucoidan to regulate angiogenesis is still controversial since both pro- and anti-angiogenic potential responses have been reported. The pro-angiogenic potential of fucoidans with several molecular weights has been evaluated, showing new blood vessel formation in vivo regarding bone repair [54] and an increased pro-angiogenic potential on HUVECs for low molecular weight fucoidan when compared with medium molecular weight [55]. In a different study, fucoidan did not present toxicity over melanoma cells lines, showing protective and pro-angiogenic potential instead [56].  Regarding the anti-angiogenic response, that is of significant importance as anti-cancer therapy as the lack of blood vessels hinders the tumor growth, intraperitoneal injections of fucoidan from Laminaria saccharina, inhibited tumor-related angiogenesis and breast tumor growth in vivo [57]. The authors associated differences in fucoidan fractions activities with the presence of high levels of O-sulfated fucose 
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units.  In another study, fucoidan also inhibited angiogenesis and bladder cancer growth, which was associated with the down-regulation of HIF-1/VEGF signaling pathway [58]. The addition of fucoidan to endothelial cells seeded on top of matrigel, destroyed their typical tubular-like structures, diminishing both VEGF and PDGF expression [59]. Furthermore, low doses of fucoidan impaired angiogenesis and expression of VEGF and SDF-1 (stromal derived factor-1) in co-cultures models for bone repair and for vascularization processes in osteosarcoma [60]. Due to these contradictory results, a deep chemical and biological characterization of the different fucoidan extracts needs to be performed, but the apparent uniqueness of each fucoidan extract can already be highlighted. I-5.4. Anti-cancer activity Cancer is characterized by an uncontrolled cell growth and can start at any tissue of the body. Cancer cells can spread to tissues other than where they started, causing metastasis [61]. Although more people than ever have survived different types of cancer after treatment, cancer is still one of the main causes of death worldwide (Figure I-3) [1]. The type of cancer, size, location and development will influence the treatment modalities that may comprise chemotherapy, surgery and radiotherapy [62]. Surgery is the mostly common treatment modality used to remove the tumor, whereas chemotherapy uses cytotoxic drugs in a systemic way, which may affect healthy tissues leading to severe side effects [63]. Radiation therapy uses high energy beams to destroy cancer cells and may be used before surgery [3].  Target therapies rely on targeting specific markers leading to less side effects [64]. These treatments may be applied in a single or combined way. Depending on the drugs and treatment duration, severe side effects may be observed, the reason why more effective anti-cancer drugs are needed. Fucoidan anti-cancer capability has gained tremendous interest in the last years and has been studied over different types of cancer like breast, lung, colorectal and melanoma that will be further discussed.   
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I-5.4.1. Lung cancer Lung cancer is the second most common cancer (both in man and woman) and the deadliest. About 13% of all new cancers are lung cancers [1, 2]. There are different types of lung cancer: carcinoid tumors, small cell and non-small cell, with the latest being the most common, accounting for 85% of all lung cancers. Like in most cancers, the possible treatments include surgery, radiation therapy, chemotherapy and targeted therapies, which may be used as single or combined treatments [65-67]. Native fucoidan from Turbinaria conoides presented an increased inhibition of lung cancer cells proliferation when compared with native fucoidan from Undaria pinnatifida [68]. In a different approach, fucoidan exhibited anti-metastatic effects over A549 cells via the down-regulation of different signaling pathways, resulting in decreased cell migration and invasion [69]. Furthermore, typical apoptotic characteristics, such as chromatin condensation and an increase in the population of sub‐G1 hypodiploid cells, were observed by the addition of fucoidan, with an effective antiproliferative activity [70]. The effects of molecular weight was also analyzed with A549 cells showing that hydrolysis in boiling water with HCl significantly increased anticancer activity when compared with microwave hydrolysis of native fucoidan [71]. The simultaneous administration of fucoidan and cisplatin presented a synergistic effect by inhibiting cancer cells viability, inducing apoptosis trough upregulation of cleaved caspase-3 and poly (ADP ribose) polymerase expression [72]. This dual drug application allowed a decrease in cisplatin concentration, leading to diminished side effects. In another study, fucoidan activated the TLR4/ROS/ER signaling pathway, resulting in apoptotic cell death, both in vitro and in vivo, resulting in tumor shrinkage [73]. I-5.4.2. Colorectal cancer  Colon cancer is the second most common cause of cancer deaths, considering both man and woman (Figure I-3) [1]. Surgery is the most common treatment, where the tumor and adjacent lymph nodes are removed. Chemotherapy is often used in colon cancer treatments, which may also help to shrink the tumor before surgeries. Fucoidan from Sargassum feldmannii and S. duplicatum at different concentrations were tested over different types of colon cancer cell lines (DLD-1, HT-29 and HCT-116) and did not show any cytotoxicity [74]. However, in a similar study native and deacetylated fucoidan at 200 µg mL-1 inhibited colony formation of colon cancer cells [74].  Fucoidan inhibited HT-29 cell growth, migration and sphere formation by suppressing the PI3K/Akt/mTOR pathway [75]. A study that comprises in vitro and in vivo assays showed that fucoidan inhibited the growth and angiogenesis of colon 
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cancer cells [76]. Specifically, the intraperitoneal injection of fucoidan reduced tumor volume which was associated with induction of apoptosis and decreased angiogenesis mediated by Akt signaling. In another in vivo study over colon-26 cancer cell line, the oral administration of fucoidan suppressed tumor growth and prolonged survival times of tumor-bearing mice [77]. The molecular weight was defined as determinant of fucoidan anti-tumor effects, being an increased size of the population of natural killer cells the possible mechanism of action. In another attempt, the activation of caspases (via both the death receptor-mediated and mitochondria-mediated apoptotic pathways) was associated to fucoidan growth inhibition and induction of apoptosis in human colon cancer cells [78]. Complementary, fucoidan administration led to sub-G1 phase cell cycle arrest and inhibited cell growth and increased apoptotic cell death [79]. Since the human intestine does not have enzymes able to hydrolyze fucoidan, the administration of fucoidan may result in an increased concentration of luminal fucoidan within the large intestine [75, 80]. Having this in consideration, fucoidan seems to be an interesting alternative for the prevention of colon cancer.  Besides this preventive effect, these studies showed that fucoidan has a potent anti-cancer effect over colon cancer both in vitro and in vivo. I-5.4.3. Breast cancer Breast cancer is the most common cancer in women and the second cause of death. The chance of woman dying of breast cancer is 1 in 37 [1, 81]. This type of cancer is characterized by a lump or thickening of the breast. Surgery, radiation and chemotherapies are the common possible treatments. Chemotherapeutics such as doxorubicin, paclitaxel and gemcitabine have been used in breast cancer chemotherapy [82, 83]. However, these chemotherapeutic agents often present severe side effects, namely toxicity to healthy tissues. Fucoidan decreased the viability of MCF-7 human breast cancer cells in a dose-dependent manner and arrested cell cycle in G1 phase which was associated with a decrease in the expression of specific markers [84]. Using a different breast cancer cell type, low molecular weight fucoidan inhibited MDA-MB-231 human breast cancer cells proliferation and promoted apoptosis, which was associated with caspases activation and mitochondrial malfunction [85]. The critical effect of molecular weight was analyzed by comparing the effects of low and high molecular weight fucoidan, over two breast cancer cell lines - MCF-7 and MDA-MB-231[86]. Low molecular weight fucoidan significantly increased cytotoxicity for both cell types. Fucoidan presented a time-dependent action over MCF-7, whereas induction of caspase-dependent apoptosis was observed in the MDA-MB-231 cells. Fucoidan at 400 mg/kg body weight per day inhibited the proliferation of MCF-7 cells implanted  in rats, inducing 
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cancer cells apoptosis and suppressing cell migration by modulating E-cadherin and MMP-9 expression [87]. Proliferation of MDA-MB-231 and 4T1 (mouse breast cancer cells) was inhibited in vitro, and  tumorigenesis and metastasis of the 4T1 cells was inhibited in mice, showing a decreased tumor volume and metastatic nodules in the lungs [88]. Fucoidan from Fucus vesiculosus presented toxicity over 4T1 cells, inducing apoptosis and down-regulation of VEGF. The tumor size and weight, as well as lung metastasis were reduced when fucoidan was injected in mice breast cancer cell models [89].  These in vivo results corroborate the in vitro studies, since this response was associated with decreased in angiogenesis and enhanced apoptosis. The combination of fucoidan with chemotherapeutic drugs (i.e.cisplatin, tamoxifen and paclitaxel) was also evaluated over breast cancer cell lines. This combination increased the therapeutic efficacy of the treatments, enhancing apoptosis in cancer cells, showing an increased level of ROS, suggesting that induction of oxidative stress is important for induction of cancer cell death [90]. I-5.4.4. Melanoma Melanoma is not the most common skin cancer, but it is the most aggressive since it tends to spread and metastasize. It’s one of the most diagnosed cancer in young adults (age group  25 to 30) [1]. Melanoma is mostly found in the skin, although it can also be found in other parts of the body such as eyes, mouth, genitals, and anal area. This cancer appears when melanocytes mutate and become cancerous. In the particular case of melanoma, surgery is the most common treatment, since unlike many internal cancers, it is easier to access and remove. Less common treatments for skin cancer may include chemotherapy and biological therapy [91, 92]. Fucoidan from Undaria pinnatifida was evaluated over different melanoma cells lines. It has been demonstrated that melanoma occurs by the activation of ERBB signaling, specifically through the ERBB3/ERBB2 cascade [93]. The authors demonstrated that the addition of fucoidan to a currently clinical approved inhibitor (lapatinib) of ERBB2/EGFR, inhibited melanoma cells’ viability in 85%. Besides tumor growth inhibition, fucoidan also reduced the morbidity associated with prolonged use of lapatinib. In another attempt, fucoidan from two different sources presented toxicity over  B16 cells (murine melanoma cells) in a dose-dependent manner [94]. Complementary results showed that the addition of fucoidan led to morphological changes in melanoma cells, indicating apoptosis. Furthermore, in a mice model used to validate the fucoidan efficiency in vivo it was observed that natural killers’ activity was enhanced with fucoidan presence, acting as the key mediators of tumor cell death. In a similar study, 
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fucoidan from Sargassum henslowianum C. Agardh (FSAR) and Fucus vesiculosus (FVES) were evaluated over B16 cells, indicating a decreased cell proliferation [95]. FSAR presented more effective anti-cancer effects at lower doses than FVES, whereas the latter presented higher toxicities at higher doses than FSAR. Annexin V studies showed that both polymers induced apoptosis which was also achieved by the activation of caspase-3. In a recent study, fucoidan from Fucus vesiculosus showed increased cytotoxicity over melanoma cells in dose-dependent fashion, demonstrating cells morphological changes and apoptosis [96]. Despite the use of fucoidan is less studied for melanoma, it has shown interesting and effective results that should be further explored to develop more effective therapies to treat this aggressive type of skin cancer. I-5.5. Drug delivery systems for anti-cancer therapies Despite chemotherapy positive results in the treatment of different cancers, there are some associated problems and adverse side effects. Due to drugs poor bioavailability there is the need to administer them in increased dosages that can compromise the surrounding healthy tissues, having low therapeutic outcomes and the development of drug resistance [62, 97]. In this sense, the development of drug delivery systems, particularly featuring targeting functionality may overcome some of these current limitations since the carriers will not only protect the encapsulated drugs from the host immune system, but was also be able to transport them specifically to the cancerous tissues, releasing the drug at specific sites, thus reducing side effects as well as the needed dose to exert a therapeutic effect [98]. An increasing knowledge on tumor biology and the use of new materials have led to the development of more efficient systems with improved therapeutic efficacy. Additionally, nanotechnology, by the development of different types of nanoparticles (NPs, being metallic, polymeric, liposomes, micelles or hybrid), have showed interesting and effective results. They can be used to deliver a variety of therapeutic molecules and tend to accumulate in tumors site due to a leaky vascularization site and active cellular uptake [99, 100]. These systems also increase macromolecules circulation, protecting drugs from enzymatic circulation and control the drug release, reducing cytotoxicity and increasing therapeutic index. Nevertheless, these types of system may also present some drawbacks, since nanoparticles may be unstable during circulation and may be associated with uncertain toxicity (also related with accumulation in specific organs), especially for long-term administration [101-103]. The use of natural polymers to develop effective drug delivery systems have been explored by different groups, investigating several strategies 
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[103]. In this section, drug delivery systems that have been developed specifically based on fucoidan, will be described. I-5.5.1. Fucoidan-based systems for anti-cancer therapies Most of the studies that explore the potential use of fucoidan to treat different types of cancer, use it in the soluble form, as previously described. However, in recent years, fucoidan-based systems have been developed aiming more effective anti-cancer strategies. Most of them are nanosystems that comprise the use of nanoparticles, micelles or liposomes, playing an important role in biological systems [104]. Indeed, fucoidan have been included in nanosystems for diagnostic, drug delivery and regenerative medicine. The fucoidan-based systems developed for cancer applications have been summarized in Table I-1. The majority of the systems have been developed for breast cancer. Fucoidan has been electrostatically assembled with positively charged polyethylenimine, and doxorubicin (DOX) has been loaded during the production of the nanoparticles system [105]. The produced NPs presented a size range between 41 to 160 nm (increase in fucoidan ratio lead to bigger NPs), a polydispersive index (Pdi) of 0.153 and were negatively charged. The release of DOX was evaluated at different pH and around 30% was released in the first 24h. Nanoparticles arrested the cell cycle progression in G1-S phase, followed by apoptosis. The system presented increased cytotoxicity when compared to the free drug, both in vitro and in vivo, where tumor shrinkage was observed. DOX has also been encapsulated into protamine/fucoidan nanoparticles [106]. These two compounds were able to produce stable nanoparticles only when weight ratios were lower than 1.0, indicating that the surface of NPs was covered with fucoidan. Therefore, negatively charged NPs were produced with a size around 180 nm. Around 70% of DOX was released in the first 24h at pH 7.4, whereas at lower pH 4.5 the release was much faster with 80% of dox being released in 12h. This result was attributed to deionized chemical groups and consequent weakness of electrostatic interactions between the NPs and the drug. The developed NPs presented increased cytotoxicity over MDA-MB-231 breast cancer cells when compared to the same concentration of free DOX, attributed to different cellular trafficking pathways. Gold nanoparticles coated with fucoidan and loaded with DOX were also developed, demonstrating to be stable up to 6 months [107]. This system showed to release the drug faster at the physiological pH, which may reduce the toxicity of the system over normal tissues. The IC50 of the nanoparticles was 5 µg mL-1, whereas for the drug was 30 µg mL-1, corroborating the efficacy of the system over MDA-MB-231 breast cancer cells. In 



Chapter I – Introduction  

 18 

a similar approach, fucoidan coated gold nanoparticles incorporating DOX, were applied to remove eye tumors [108]. Nanoparticles were stable at physiological conditions and the system did not present toxicity to normal cells, although presenting increased cytotoxicity over cancer cells. The combination of the system with laser irradiation was even more effective, inducing around 90% of cell death (laser alone did not present significant toxicity). The combination therapy was also the most effective strategy in vivo when compared with loaded NPs or laser alone. In a different attempt, calcium carbonate microparticles produced by layer-by-layer technique (fucoidan and poly-L-ornithine), and incubated with doxorubicin, showed an efficient release of the drug and presented toxicity to cancer cells in a dose-dependent manner [109]. Gemcitabine (Gem) was loaded into fucoidan/chitosan nanoparticles with 115-140 nm, a Pdi<0.2, a positive zeta potential of 29 mV and a maximum entrapment efficiency of 42% [110]. These nanoparticles presented increased toxicity over cancer cells (around 25%) without increasing toxicity over normal cells when compared to the free drug. Two other studies also tested the developed systems for breast cancer. Methotretaxe (MEX) is a commonly used drug to treat osteosarcoma and breast cancer, although due to its short blood retention time, high doses are required. Trying to circumvent this problem, self-assembled nanoparticles comprising fucoidan and MEX were produced [111]. Nanoparticles’ size increased from 130 nm to 163 nm with the incorporation of MEX and around 60% of the drug was released within 24h. The developed system presented increased cytotoxicity effects over MCF-7 and HeLa cells when compared with free MEX. In another attempt, fucoidan nanoparticles with affinity to P-selectin were developed [112]. The P-selectin was chosen because it presents increased expression on tumor cells and tumor vasculature than in normal tissues. These nanoparticles also encapsulate different drugs (i.e. paclitaxel, doxorubicin and MEK) aiming to develop more efficient systems to treat melanoma and breast cancer. The targeting systems presented increased toxicity when compared with untargeted drugs and nanoparticles.  Fucoidan-coated manganese dioxide nanoparticles in combination with radiation therapy resulted in significant pancreatic tumor shrinkage (by 46%) when compared with the control group without treatment, and by 22.5% compared to radiation therapy alone [113]. Two different fucoidan-based systems were developed aiming to treat cervical cancer: a novel complex of rutin-fucoidan presented higher toxicity over cancer cells than to normal cells, whereas silver nanoparticles coated with chitosan/fucoidan presented toxicity to cancer cells at 50 µg mL-1 [114, 115].  Fucoidan-coated sulfide nanoparticles induced apoptosis in cancer cells in combination with near-infrared induced hyperthermic effect. This combination was applied to different tumors (Cervical, Lung and Leukemia), eliminating several tumors in vivo [116]. In another attempt, SPIONs were coated with fucoidan, which conferred a longer blood circulating half-time, 
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presented a 2x fold increase in glioma tumors uptake [117]. Regarding colon cancer therapies, the internalization of doxorubicin by the cells were much higher for acetylated fucoidan nanoparticles loaded with doxorubicin when compared with fucoidan-doxorubicin mixture or the free drug [118]. Fucoidan-coated gold nanoparticles  presented cytotoxicity to colon cancer cells with no toxicity to normal fibroblasts [119]. Liposomes encapsulating fucoidan were also developed, inducing apoptosis of osteosarcoma cells and reducing tumor volume and weight in vivo comparing to native fucoidan [120]. In a different approach, fucoidan was added at the surface of an hydrogel (fluorenylmethoxycarbonyl) [121]. This self-assembly process was able to maintain fucoidan bioactivity, so that the scaffold provides a non-toxic environment for fibroblasts, although presenting toxicity to cancer cells.  These proposed systems presented interesting results regarding their effectiveness in different types of cancer. The use of fucoidan either for the development of drug delivery system or as a coating increased the toxicity over different cancer cells when compared to free drugs. However, due to the cytotoxic effects over non-cancer cells, it is also important to develop more effective therapies with fewer side effects, which is an aspect that is still missing in some studies. Table I-1 Fucoidan-based systems for anti-cancer therapies. CANCER TYPE SPECIES SYSTEM DRUG PREPARATION METHOD REF Breast F. vesiculosus Fucoidan/ polyethylenimine NPS DOX Electrostatic interactions [105] F. vesiculosus Fucoidan/chitosan NPs Gem Polyelectrolyte complexation [110] F. vesiculosus Fucoidan capped gold nanoparticles DOX The addition of fucoidan to HAuCl4·3H2O, under magnetic heater stirrer, resulted in the formation of AuNPs coated with fucoidan. [107] F. vesiculosus Fucoidan-drug based NPs PAX (FiPAX); DOX (FiDOX) FiPAX and FiMEK co-encapsulation and a near-infrared fluorophore. FiDOX: layer-by-layer assembly. [112] 
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MEK (FiMEK) L. japonica Fucoidan/ protamine NPs DOX Different protamine-to-fucoidan weight ratios [106] n.d Poly‐allylamine hydrochloride (PAH) and fucoidan NPs MEX Self‐assembly of two polyelectrolytes [111] n.d Calcium carbonate microparticles (CaCO3MPs) coated with fucoidan and poly-L-ornithine (PLO) DOX CaCO3 MPs were prepared by co-precipitation. (PLO) and fucoidan where added by layer by layer. [109] Cervical  F. vesiculosus Rutin-fucoidan complex Rutin Fucoidan was added dropwise to a completely dissolved solution of rutin [114] F. vesiculosus Silver nanoparticles with chitosan/fucoidan coating - Silver nitrate was added to fucoidan solution, followed by the addition of fucoidan. [115] F. vesiculosus Fucoidan-coated copper sulfide nanoparticles (F-CuS) - Synthesis of sodium citrate-stabilized copper sulfide nanoparticles (CuS) and coating using the layer-by-layer (LbL) technique (PAH and Fu) [116] n.d Poly‐allylamine hydrochloride (PAH) and fucoidan NPs MEX Self‐assembly of two polyelectrolytes [111] Colon F. vesiculosus Acetylated fucoidan (AcFu) nanoparticles DOX Fucoidan was dissolved in formamide solution, followed by addition of [118] 
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pyridine acetic anhydride. AcFu NPs were added into Dox solution. n.d Fucoidan coated gold nanoparticles (FMG–Au–NPs) - Synthesis of Fucoidan-mimetic(FM)-glycopolymers via a free-radical chain transfer polymerization reaction. Coating gold nanoparticles with FM-glycopolymers. [122] Eye F. vesiculosus Gold NPs coated with fucoidan DOX Fucoidan was poured into a solution to obtain Fu-coated Au-NPs. [108] Glioma F. vesiculosus dextran-coated superparamagnetic iron oxide nanoparticles (SPIONs) with fucoidan - Coating of SPIONs with fucoidan [117] Leukemia F. vesiculosus Fucoidan-coated copper sulfide nanoparticles (F-CuS) - Synthesis of sodium citrate-stabilized copper sulfide nanoparticles (CuS) and coating using the layer-by-layer (LbL) technique (PAH and Fu) [116] Lung F. vesiculosus Fucoidan-coated copper sulfide nanoparticles (F-CuS) - Synthesis of sodium citrate-stabilized copper sulfide nanoparticles (CuS) and coating using the layer-by-layer (LbL) technique (PAH and Fu) [116] Melanoma  F. vesiculosus Fucoidan-drug based NPs PAX FiPAX and FiMEK co-encapsulation and a near- [112] 
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(FiPAX); DOX (FiDOX) MEK (FiMEK) infrared fluorophore. FiDOX: layer-by-layer assembly. Osteosarcoma C. okamuranus Liposome Encapsulating Fucoidan - Liposome fraction was prepared by the mechanochemical method [120] Pancreatic F. vesiculosus Fucoidan-coated manganese dioxide nanoparticles (Fuco-MnO2-NPs) - Manganese nanoparticles were produced, followed by a coating with fucoidan. [113] Tongue carcinoma n.d 3D ECM-like scaffold - Fucoidan was added on the surface of co-assembled hydrogel formation [121] I-6. CONCLUSION AND FUTURE PERSPECTIVES In this review, a briefly description of fucoidan chemical properties and the different biological activities that make fucoidan a promising and versatile polysaccharide to be applied in different biomedical fields are explained. Despite these enthusiastic results and the fact that fucoidan products have been commercialized as dietary or nutritional supplements for different diseases, including cancer, the use of fucoidan in the clinic has not been approved so far. Some contradictory results regarding its biological outcomes may be one of the possible reasons. To try to overcome this issue, and achieve more consistent and reproducible results, some aspects need to be considered. It is known that different extraction methods can lead to fucoidans with different chemical features that will have an impact in the final biological outcomes. This aspect was confirmed from the different reported works, regarding fucoidan anti-cancer activity. Optimization and standardization of extraction methods, that retaining the structural features of interest, should be addressed considering the most common and promising fucoidan species sources, namely Fucus vesiculosus. Another relevant aspect is to perform structure-activity relationship studies to elucidate the final chemical structure. As previously stated, different molecular weight, sulfates position and degree, as well as the polymer branching had a huge influence over the final biological 
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activity of fucoidan. Regarding the main focus of this review, fucoidan anticancer behavior, the mechanisms behind its action were discussed. However, as it was possible to conclude, different mechanisms may be involved, making it difficult to understand and get to a consensual pathway, which should be elucidate. An important aspect that is missing in some studies is the effects of fucoidan over non-cancer cells. There are innumerous reports regarding fucoidan usage as soluble bioactive anti-cancer agent. However, despite some clear evidences that fucoidan inhibits different cancer cell proliferation and tumor growth, its effects over normal cells is not always stated. It is known that current anti-cancer treatments can present severe side effects and, in this sense, it is important that the tumor microenvironment (that comprises other normal cells besides the cancer cells) is taken into consideration when trying to develop more effective anti-cancer therapies. Having this in consideration, the mechanism by which some fucoidan extracts present a selective behavior (concentration where fucoidan presents toxicity to cancer cells without affecting normal cells), should be investigated. To try to overcome the cytotoxic effects of current chemotherapeutic drugs, drug delivery systems have proposed. Chitosan, as marine polymers, has been one of the most reported materials to develop drug delivery systems, which showed interesting results. The use of fucoidan to develop more complex systems, namely DDS, have been recently reported. catIn this case, most of the developed fucoidan-based nanoparticles systems increased the cytotoxic effects over cancer cells when compared with the free form of the drug, as previously described. A convincing chemical characterization, knowing the mechanism of action and the recent development of fucoidan-based systems that reduce the cytotoxic effects of chemotherapeutic drugs, aligned with fucoidan natural origin, offers promising and reasonable hope on developing more effective fucoidan-based treatments and therapies to fight cancer. I-7. ACKNOWLEDGMENTS  This work was developed under the scope of the Structured projects for R&D&I NORTE-01-0145-FEDER-000021 and NORTE-01-0145-FEDER-000023 supported by the Northern Portugal Regional Operational Programme (NORTE 2020), and the Mobilizing Project ValorMar, POCI-01-0247-FEDER-024517, supported by the Operational Programme for Competitiveness and Internationalization (COMPETE 2020), under the Portugal 2020 Partnership Agreement, co-funded by European Regional Development Fund (ERDF). The authors would like also to thank Norte 2020, for financing the PhD scholarship of C.O. “Norte-08-5369-000037” and FCT for the Investigator grant of A.M. (IF/00376/2014). 
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Chapter II Chapter II -  Materials and Methods OVERVIEW   This chapter provides a detailed description of the materials, methodologies and procedures that were used for the work presented in Chapters III to VIII of this thesis, complementing the specific information on “Materials and Methods” for each of those chapters included in the respective sections. A description of the main polymers used can be found in the first part of this section. Then, the methods for the production of nanoparticles and nanofiber mesh will be described. The different characterization techniques applied to assess the physico-chemical properties of the materials and systems will be addressed. Moreover, the in vitro and/or in vivo assays performed to validate the developed systems will be discussed. The specifications of the materials and equipments are also specified in this section. 
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II-1.  MATERIALS II-1.1. Fucoidan Fucoidan is a sulfated polysaccharide present in the cell wall of different species of brown algae, being Fucus vesiculosus the most common and well-studied [1]. Fucoidan is mainly composed of sulfated fucose residues, although other monosaccharides may also be present like mannose, galactose, glucose, xylose and uronic acids [2, 3]. The chemical structure of fucoidan is usually composed of residues of α-L-fucopiranose interconnected by links (1 → 3) or alternating (1 → 3) and (1 → 4) (Figure II-1). Polymer branching is also possible with other sugars being related to the species of brown seaweed.   Figure II-1 Fucoidan chemical structure from Fucus vesiculosus, representing the (1 → 3) and (1 → 4) alternating bonds. Crude and purified fucoidan extracts are commercially available. In this thesis, different fucoidan extracts were tested and used on the studies discussed in the chapters III to VIII, all from Fucus vesiculosus and purchased to Sigma-Aldrich (USA) or Marinova (Australia). Despite other biological activities of fucoidan, this works is mainly focused on its antitumor capability. Each extract was tested over human cancer and non-cancer cells to assess its antitumor behavior, selecting the extract for each work according to the results (Table II-1).  Indeed, three distinct biological behaviors were observed for the different extracts (Chapter III). Some of the extracts (Marinova, batch: DPFVF2015505) presented cytotoxic effects over normal cells at lower concentrations than cancer cells (for high concentrations). Therefore, this extract did not show a direct antitumor activity over the cells tested. In this sense, this extract was used to develop nanoparticles systems for the delivery of a chemotherapeutic drug (gemcitabine) (Chapter VI) and, further, on the development of functionalized nanoparticles to specifically target ErbB-2 positive breast cancers (Chapter VII). On the other hand, an extract from Sigma (batch: 081M7672V) presented toxicity to both cancer and normal cells for the same concentrations, which was 



Chapter II – Materials and Methods  

 37 

reported in Chapter III. With this extract no further assays were conducted. Extracts from Sigma (batches: SLBC6348V and SLBP3196V) presented the desire behavior of an effective antitumor bioactive agent, since they were able to present a selective behavior, presenting toxicity over the cancer cells without affecting normal cells, at a defined concentration. These extracts were used to study the anti-angiogenic potential of an effective antitumor fucoidan (Chapter IV) and to develop a nanofibrous mesh with immobilized fucoidan to treat melanoma (Chapter V). With all these systems and strategies it was possible to explore and potentiate fucoidan usage aiming to develop more effective antitumor therapies. Table II-1 Fucoidan chemical structure from Fucus vesiculosus. Company Batch Mw (kDa) Biological outcome Chapter Marinova (Pharmaceutical Grade) DPFVF2015505 91 Toxic to normal cells at lower dosages than to cancer cells (high concentrations) III VI VII Sigma (Crude) SLBC6348V 60 Toxic to cancer cells but not toxic to normal cells III 081M7672V 42 Toxic to both cancer and normal cells III SLBP3196V 108 Toxic to cancer cells but not to normal cells IV V II-1.2. Chitosan Chitosan, a natural linear and cationic polysaccharide, is the alkaline deactylated product of chitin, which can be found in the exoskeleton of invertebrates such as crustaceans, insects and spiders, as well as in the cell walls of fungi [4, 5]. Chitin is the second most abundant polysaccharide, both in terms of usage and distribution, right after cellulose. Chitosan is mainly composed of randomly distributed (1-4)-linked D-glucosamine (deacetylated unit, more abundant) and N-acetyl-D-glucosamine (acetylated unit) (Figure II-2). The molecular weight (Mw) and the degree of deacetylation (DD) are key parameters that influence chitosan’s characteristics [6]. Chitosan presents unique properties such as biocompatibility, 
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biodegradability and bioactivity [7]. This make it a promising polymer to be used for different applications, namely for the development of drug delivery systems [8].   Figure II-2 Chitosan chemical structure if the DD=100%. In the scope of this thesis, chitosan was used due to its origin and cationic nature (since most of the polysaccharides are usually either neutral or negatively charged), aiming to develop marine-based nanoparticles by polyelectrolyte complexation with fucoidan (negatively charged) [9]. Chitosan-based drug delivery systems for cancer treatment have been extensively studied, namely in the form of nanoparticles for the release of different chemotherapeutic drugs [10]. Table II-2 presents some examples and the effects of the systems when compared with the free drug. Table II-2 Chitosan-based nanoparticles for the release of chemotherapeutic drugs. DRUG CANCER TYPE OUTCOMES REF DOXORUBICIN Breast Colon enhanced cellular accumulation and cellular uptake of the chemotherapeutic drug [11] Breast enhance chemo-radiotherapeutic effect affecting cancer cells viability, inducing necrosis at a very low radiation  [12] Liver cells apoptosis and cell cycle arrest at G2/M phase  [13] PACLITAXEL Breast higher percentages of late apoptotic cells than unloaded nanoparticles and naïve drug [14] Breast higher internalization index, cytotoxic effects and cells apoptotic ratio than non-loaded NPs in vitro  [15] Lung increase in the uptake of the NPs was verified and apoptosis was enhanced inducing cell cycle arrest at G2/M phase.  [16] 
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Lung inhibited lung cancer cells proliferation and enhanced apoptosis [17] GEMCITABINE Pancreas increased cytotoxicity over cancer cells when compared with free drug [18] Breast pH related release profile and increased cytotoxicity and cellular uptake than free gemcitabine  [19] Pancreas inhibiting pancreatic cancer cells invasion and migrations in nude mice, promoting their apoptosis and enhancing the efficacy of the chemotherapeutic agent [20]  The medical grade chitosan 95/20 (batch number: 212-261115-04, DD=97,6%), used in Chapters VI and VII, was purchased from Heppe Medical Chitosan GmbH (Germany). It presents a molecular weight of 40–150 kDa by GPC, as provided by the manufacture.   II-1.3. Polycaprolactone The chemical structure of polycaprolactone (PCL), an hydrophobic and biodegradable synthetic polyester, is shown in Figure II-3. PCL is produced by chemical synthesis from crude oil and can be degraded by hydrolysis of its ester bonds in physiological conditions. PCL has been extensively used in different biomedical fields namely as drug delivery systems, sutures and scaffolds, mainly due to its biocompatibility and ability to form blends and copolymers with a wide range of other polymers, being Food and Drug Administration (FDA) for applications in the human body [21, 22]. Moreover, PCL is commonly used in biomedical applications also due to its biodegradability, relatively inexpensive cost, and easy modification and functionalization [23]. Due to these reasons and to the relatively easy processability by electrospinning (section II-3.1.1), PCL was the chosen polymer to produce the nanofiber meshes that were used as a patch for fucoidan immobilization in Chapter V. The PCL (Mw 70,000-90,000 by GPC) was purchase from Sigma Aldrich (USA). 
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 Figure II-3 Polycaprolactone chemical structure. II-2. REAGENTS  Unless stated otherwise, all the reagents used in this thesis were purchased from Sigma-Aldrich (USA) for analysis and used as received. II-3. PRODUCTION TECHNIQUES II-3.1. Nanofibrous mesh production, activation and functionalization II-3.1.1. Electrospinning technique The nanofibrous meshes (NFMs) were produced by the electrospinning technique. This is an efficient and versatile technique that produces ultrafine fibers that can range from nano to micro scales [24].  The typical electrospinning setup comprises a spinneret coupled to a polymeric solution reservoir, a high voltage power source and a collector, as it is possible to observe in Figure II-4 A). The solution is ejected through the needle by applying an high voltage that opposes the surface tension of the polymeric solution, leading to the initiation of a jet. The solvent partially evaporates, as the jet travels from the needle to the collector, and a nanofibrous mesh is formed in the conductive collector [25, 26]. The electrospinning apparatus, used in Chapter V of this thesis has been previously developed in house and comprises: one semi-commercial high-voltage power supplier (Genvolt, UK), a precision syringe pump (KDScientific, USA), a ground collector, a cuboid chamber and an isolation transformer (Figure II-4 B).  
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 Figure II-4 Schematic representation of the electrospinning A) and the home-made setup. The production of the nanofibrous meshes was performed inside a chemical wood, due to the release of solvents needed to dissolve polycaprolactone. This technique results in NFM characterized by a high specific surface area that in combination with the microporous structure facilitates cell adhesion, proliferation, migration and differentiation [27]. NFMs typically mimic the extracellular matrix of many tissues, by imitating its fibrils morphology and by the diameter of the fibers, providing an adequate microenvironment for cell-cell and cell-biomaterial interactions.  Briefly, a 15% (w/v) PCL solution was prepared with an organic solvent mixture of chloroform and dimethylformamide (DMF) at a 7:3 ratio. This solution was placed in a 5 mL plastic syringe with a metallic blunted end needle, with an internal diameter of 0.8 mm, coupled. The PCL solution was electrospun by applying a voltage of 11.1 kV, a needle tip to ground collector distance of 18 cm, and a flow rate of 1 mL h−1. After the complete processing of 1 mL of PCL solution, the nanofiber mesh (NFM) was allowed to dry for 1 day. This processed NFM was cut into samples of 1 × 1 cm2 for further assays. Temperature and humidity, two important parameters that can influence this process, were kept under control. All the electrospinning experiments were performed at 22 °C, as well as the subsequently drying of the electrospun nanofiber meshes.  II-3.1.2. Nanofibrous meshes activation, aminolysis and fucoidan immobilization Another important aspect, besides the peculiar morphological features, is that this NFM can be easily functionalized, namely aiming the immobilization of fucoidan.  For the activation of the nanofibers surface, an ultraviolet−ozone (UV−ozone) cleaner system was used (ProCleaner 220, Bioforce Nanoscience, USA). The UV-O method is a photo-sensitized oxidation 



Chapter II – Materials and Methods  

 42 

process in which the molecules are excited and/or dissociated by the absorption of short-wavelength UV radiation [28]. The products of this excitation reaction with the atmospheric oxygen are simpler volatile molecules which desorbs from the surface. When both UV wavelengths (184.9 nm and 253.7 nm) are presented, atomic oxygen (O) is continuously generated, as well as ozone is formed and destroyed, simultaneously.  This is a versatile technique used to sterilize, activate and clean samples, increasing surface wettability. In chapter V, both sides of the electrospun NFMs were exposed for 90 seconds to UV− ozone irradiation.  After this, the insertion of amine groups (NH2) was performed by aminolysis (Figure II-5). This chemical reaction can modify the surface charge, chemical groups and wettability of the NFM. PCL contains ester groups (-COO-) that can be hydrolyzed to carboxylic acid groups under environmental alkaline conditions. Moreover, it is possible that amino groups can be introduced at the polyester surface by a reaction with hexanediamide (HMD; Sigma Aldrich), providing that one amino group reacts with the - COO- group to form a covalent bond (-CONH-), while the other amino group is unreactive and free. The addition of amine groups can provide a non-toxic platform for cells and decreases the surface hydrophobicity. It also allows an easier functionalization, since it will provide active sites for the linkage of other biomolecules and polymers. Methodologically, electrospun nanofibers were immersed in a 1 M HMD solution for 1h at 37ºC. After this process, nanofibers were washed 3 times to remove all unreactive HMD solution.  For the fucoidan immobilization, the polysaccharide was dissolved in 0.1 M NaCl. Different concentrations of fucoidan were prepared (Fu 2.5; Fu 5; Fu 7.5 and Fu 10 mg mL-1) and 200 µL of each solution was added over each NFM sample in a 24 well-plate. The reaction was performed during 8h and after that the solutions were removed and the NFM were left to dry overnight. In the following day, NFM were washed twice. All those steps were performed under sterile conditions. 
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 Figure II-5 Schematic representation of NFMs activation, aminolysis and fucoidan immobilization. II-3.1.3. Quantification of immobilized fucoidan  Toluidine blue (TB) was discovered by William H. Perkin in 1856 and is used to detect glycosaminoglycans (GAGs) [29]. TB staining is based on metachromasia, a principle in which the dye reacts with electronegative groups in tissues to produce colors of different wavelengths according to the GAG concentration. The negatively charged sulfates in the GAGs neutralize the positive charge of toluidine blue, leading to dye aggregation by hydrophobic bonding and van der Waals interactions [30]. In the case of this work, and since toluidine blue is often used to quantify sulfated polysaccharides, it was chosen to quantify the amount of fucoidan immobilized on the NFMs developed in Chapter V. Briefly, each sample was immersed in 500 µL of TB solution (0.1 M HCl, 20 mg NaCl and 4 mg toluidine blue O chloride) for 4 h at room temperature (Figure II-6). This solution was removed and the biofunctionalized NFMs were washed to ensure the removal of unreacted TB solution. Afterwards, the biofunctionalized NFMs were immersed in 500 µL of a solution containing 0.1M NaCl and ethanol (1:4) until complete decoloration. The amount of TBO was assessed by measuring the absorbance at 530 nm using a microplate reader. The amount of fucoidan immobilized at the surface of each NFM was calculated by performing a standard curve with fucoidan. For that, different concentrations of fucoidan (Fu 2.5; Fu 5; Fu 7.5 and Fu 10 mg mL -1) were quantified by the method described above, with little modifications. After the incubation with TB, the solutions were centrifuged and the unreacted TB was removed. The pellet was then resuspended with the above mentioned 0.1M NaCl and ethanol solution, and read at 530 nm. Each condition was read in triplicate. 
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 Figure II-6 Schematic representation of the TB quantification. II-3.2. Drug delivery systems  II-3.2.1. Nanoparticles production Marine-origin polymeric nanoparticles were prepared by polyelectrolyte complexation. Polyelectrolyte complexes (PECs) are formed due to electrostatic interactions between oppositely charged molecules (e.g. polymer-polymer, polymer-drug and polymer-drug-polymer) [31]. This is a cost-effective and easy method to produce nanoparticles, which avoids the use of chemical cross-linking agents that may present unwanted cytotoxic effects. Different parameters are known to influence the formation of PECs, namely charge density, polyelectrolytes concentration, pH, ionic strength and solvents [32]. The use of PECs for the development of drug delivery systems has been extensively described during the last couple of decades. These drug delivery systems are able to encapsulate different compounds, like chemotherapeutic drugs, into the polymer matrix at the molecular level. This DDS offer great advantages by improving drugs’ stability and protecting them from enzymatic degradation, a controlled release profile of the drug, as well as an higher surface area that allows an easier functionalization. However, some limitations may be also present, related with a limited drug-loading capacity, drug loss during nanoparticles’ circulation and poor-site specific accumulation  [33].  
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In Chapter VI and VII, fucoidan (negatively charged) was complexed with chitosan (positively charged), with a polymeric solution being added drop-by-drop into the other solution and a spontaneously formation of the nanoparticles occurs (Figure II-7).   Figure II-7 Fucoidan/chitosan nanoparticles production.  Different parameters were evaluated regarding nanoparticles production to assess the optimal production conditions, both in terms of size and polydispersive index (Pdi) (Table II-3). Each parameter was evaluated separately while all the others were kept constant. After all the optimization steps, nanoparticles parameters were maintained for all further assays. Table II-3 Parameters optimization for nanoparticles production. Parameter Fu/CH conc (mg mL -1) Ratio pH (solutions) Solvents EDC/NHS conc (mM) Tested conditions 0.25/0.25 0.5/0.5 0.75/0.75 1/1 1:2 1:1 2:1 3 5 7 9 UPW  Osmotized W 0.9% NaCl 600/240 300/120 150/60 Fu: fucoidan; CH: chitosan; UPW (ultra-pure water); W (water); NaCl (sodium chloride) 
Fucoidan

Chitosan
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Nanoparticles final formulation resulted from chitosan dissolved in 1% v/v acetic acid solution at 0.5 mg mL 1 concentration, whereas the polyanion (fucoidan) was prepared in ultra-pure water to reach a final concentration of 0.5 mg mL -1. Chitosan and fucoidan solutions acidity adjusted by the addition of 1M HCl and/or 1 M NaOH, depending on the desired pH. Chitosan solution was adjusted to pH=5, whereas the pH of fucoidan solution was adjusted if it was not as expected (pH=9).  The solutions were kept at a final theoretical ratio (v/v) of 1:1 and a spontaneous formation of nanoparticles occurs. Right after, 300 mM EDC + 120 mM NHS was added to the nanoparticles solution and left under stirring for 2 hours at 600 rpm. After that, nanoparticles were collected using 300 kDa vivaspin filters for 15 minutes at 4000 rpm. Nanoparticles were washed twice with ultra-pure water and, finally, were filtered with 0.22 
µm filters. Glucose was added in all centrifugation steps to avoid nanoparticles aggregation. For gemcitabine (Gem) encapsulation, all the previous steps were performed, but with Gem being added to the CH solution, maintaining the same production conditions (CH:Fu:Gem ratio 1:1:0.3). The entrapment efficiency (EE) was calculated by measuring the initial concentration and non-encapsulated Gem, according to the following formula: Equation II-1 Equation for the determination of the entrapment efficiency. %EE= (initial concentration-non-entrapped drug)initial concentration x100 II-3.2.2. Production of the ErbB-2 targeting system Antibodies have two different regions: a variable region that is specific of each antibody and a non-variable region that is common for each type of antibody. The specific and variable region is also known as the antigen binding site where only a specific antigen can be linked. Typically, there is a carboxyl group (-COOH) in the antibodies structure at the end of their non-variable region. This antibody group can react with free amine groups (-NH2), as the ones present on chitosan (Figure II-9).  For the functionalization of the previously developed NPs with an ErbB-2 antibody (clone 7H3L20, Thermo Fisher, USA), some additional steps were performed. After centrifugation and purification, the nanoparticles were re-suspended in Ultra-pure water (UPW) and added to the antibody solution, previously activated with EDC/NHS (50 mM/200 mM). Nanoparticles were left under stirring for 2 h, followed by a washing step to remove unbound antibody. A wide range of ErbB-2 antibody concentrations (from 0 to 20 μg mL−1) were tested to determine the maximum immobilization capacity of the nanoparticles. In order 
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to determine the degree of immobilization, an indirect method was used to quantify the fluorescence of unbound secondary antibody solution (n = 3 samples, read in triplicate). Alexa Fluor 488 (1:100; Molecular Probes, USA) was added for 1 h at RT, with the reading parameters of 495 nm for the absorption and 519 nm for the emission. Negative control samples were also prepared, where all the antibody immobilization steps were performed with the exception of the primary antibody incubation, which was substituted with UPW.  Figure II-8 Schematic representation of ErbB-2 antibody immobilization. II-3.2.3. EDS/NHS chemistry EDC is a crosslinking agent used to couple carboxyl groups to primary amines. Although NHS (N-hydroxysuccinimide) is not required for carbodiimide reactions, its use greatly enhances the coupling efficiency, leading to a two-step reaction (Figure II-9) [34]. Since EDC/NHS is a zero-length cross-linker (do not become part of the final crosslink), this chemical reaction does not present cytotoxic concerns. With the combination of EDC/NHS, amine reactive NHS esters can be available to react with any carboxyl-containing molecule (-COOH). This reaction was performed in Chapter VI and VII, namely for the production and stabilization of the NPs and the immobilization of the ERbB-2 antibody ate the surface of the developed NPs. EDC/NHS was dissolved in 0.1 MES(2-N-morpholino) ethanesulfonic acid) buffer with 0.9% (wt/wt) NaCl, following pH adjustment to pH=4.7. The concentration for NPs has been optimized as described above. The concentration used for the activation of the antibody has been already reported by our group and used accordingly [35]. 
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 Figure II-9 EDC/NHS chemistry [34]. II-3.2.4. Gemcitabine  Gemcitabine (Gem) is a chemotherapeutic drug often used in the treatment of different types of cancer such as lung, ovary, pancreatic and breast, being used as a single agent or in combination with other chemotherapeutic drugs (Figure II-10) [36-38]. This chemotherapeutic drug is a nucleoside analog and incorporates into DNA, inhibiting DNA synthesis, blocking cell proliferarion at G1/S-phase. It presents a rapid metabolization and short-half-life that requires increased levels of Gem to get higher therapeutic efficacy, but consequently associayed to severe side effects [39, 40]. In the work herein presented, Gem was selected due to its usage in the treatment of breast cancer making it a good candidate for the development of drug delivery and targeting systems. Its hydrophilic nature is of great interest to allow an easier encapsulation into the developed marine-origin polymeric nanoparticles. The Gem used in Chapters VI and VII of this thesis (Gemcitabine (2'-Deoxy-2',2'-difluorocytidine)) was purchased from Carbosynth (United Kingdom).  
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 Figure II-10 Gemcitabine chemical structure. II-3.2.4.1 Gemcitabine Release Studies  By using Beer-Lambert law, it is possible to determine concentrations of an absorbing chemical in solution. This is based in the principle that the absorbance of a solution is directly proportional to the concentration of the absorbing species in the solution and the light path length. The concentration of the chemical can be determined using a calibration curve. The release kinetics of Gem, in Chapter VI, was measured by placing 1.5 mL of drug-loaded NPs into dialysis membranes, and this system into 50 mL of 0.9% NaCl at 37°C under 60 rpm stirring. At predetermined time periods (0, 5, 15, 30, 45 min; 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 24, 48 and 72 h), an aliquot of 2 mL of the release solution was taken and immediately analyzed to measure the maximum absorbance at 268 nm by Ultra-violet-visible spectroscopy (UV-Vis) (Shimadzu). UV-Vis spectrophotometry refers to absorption or reflectance spectroscopy of photons in the UV-visible region. This spectroscopic technique uses light in the visible and adjacent regions near ultraviolet (UV) and near infrared (NIR) ranges [41].  II-4. PHYSICOCHEMICAL CHARACTERIZATION  II-4.1. Chemical characterization II-4.1.1. Proton-Nuclear Magnetic Resonance analysis (1H-NMR) Proton-Nuclear Magnetic Resonance (1H-NMR) is widely used to identify polymers and analyze their chemical modifications [42]. The magnetic resonance of protons, which is obtained by the small magnetic 
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fields produced by the movement of electrons, is measured and the distribution of electrons in molecules is distinct for different chemical groups. If a chemical group is modified it results in the modification of its magnetic resonance and a new peak or chemical shift appears in the 1H-NMR spectrum.  This technique was used to observe chemical differences between the different fucoidan extracts in Chapter III. Briefly, NMR experiments were acquired on a Bruker AVANCE 400 (Bruker, USA) spectrometer using D2O as solvent. The residual HOD signal was used as reference for the chemical shifts that are reported in ppm. Mnova Software 9.0 (Mestrelab Research) was used for spectral processing. Sulfation position and branching was qualitatively analyzed based on the chemical shifts previously described [43, 44].  II-4.1.2. Gel permeation chromatography  Gel Permation Chromatography (GPC) is used to determine the distribution of the molecular weight of a polymer [45]. This type of exclusion chromatography involves the use of a stationary phase column, enabling the separation of analytes dispersed in the mobile phase from a sample according to their size (smaller analytes are retained for longer periods of time). When compared to standard samples with known molecular weight, the molecular weight of the analytes can be determined. This technique was performed to compare the molecular weights of different fucoidan extracts in Chapter III. GPC measurements were performed with a Malvern Viscotek TDA 305 (Malvern, UK) with refractometer, right angle light scattering and viscometer detectors on a set of four columns: pre-column Suprema 5 µm 8x50 S/N 3111265, Suprema 30 Å 5 µm 8x300 S/N 3112751, Suprema 1000 Å 5 µm 8x300 S/N 3112851 PL and Aquagel-OH MIXED 8 µm 7.5x300 S/N 8M-AOHMIX-46-51, with refractive index detection (RI-Detector 8110, Bischoff). The system was kept at 30 °C using a solution of 0.1 M NaN3 and 0.01 M NaH2PO4 (pH = 6.6) as eluent at rate of 1 mL min-1. The elution times from the RI detector signal were calibrated with a commercial polysaccharide set from Varianâ that contains 10 Pullulans with narrow polydispersity and Mp (molecular mass at the peak maximum) ranging from 180 Da to 708 kDa. 
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II-4.1.3. Depolymerization of fucoidan extract FE1 by acid hydrolysis  Hydrolyzed fucoidan has been described to present increased cytotoxicity over cancer cells [46]. Different methods can be applied, namely by hydrolyzing fucoidan under mild (boiling water with HCl) or harsh conditions (microwave) [47]. Since mild conditions have been reported to yield hydrolysates presenting increased cytotoxic effects over cancer cells, this was the chosen method to depolymerize fucoidan, aiming to obtain lower molecular weight fucoidan in Chapter III (Figure II-11).   Briefly, hydrolyzed fucoidan was obtained by dissolving 20 mg of fucoidan in 1 mL of 0.01 M HCl at 100 °C for 10 min, followed by neutralization with 1 mL of 0.01 M NaOH. A control was performed by dissolving 20 mg of fucoidan in 1 mL of 0.01 M HCl without heat treatment, followed by neutralization with 1 mL of 0.01 M NaOH. The depolymerization was confirmed by measuring the molecular weight as described in the previous section.  Figure II-11 Schematic representation of fucoidan depolymerization II-4.1.4. Carbohydrates composition by Gas chromatography Fucoidan composition was assessed to understand whether its monosaccharides could be related with the antitumor behavior. The neutral monosaccharides composition can be determined by first hydrolyzing the polysaccharides to their constituent monosaccharides with strong acid and, then, converted to alditol acetates by reduction with sodium borohydride to the corresponding aditol, followed by acetylation of the hydrolysis on each aditol. The resultant aditol acetates are volatile, and can be identified and quantified by gas chromatography (GC). GC is a common type of chromatographic technique commonly used in analytical chemistry for separating and analyzing compounds that can be vaporized without decomposition [48]. Typical uses of GC include testing the purity of a particular substance, or separating the different components of a mixture (the relative amounts of such components can also be determined).  
FE 1 in 0.01M HClFE 1 in 0.01M HClFE 1 in 0.01M HCl90 Kda After 10 min in boiling water Neutralization reactionwith 0.01M NaOH40 Kda
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In Chapter III, neutral monosaccharides were determined as alditol acetates as described elsewhere [49]. Briefly a pre-hydrolysis of fucoidan was performed, with 72% sulfuric acid for 3 h at RT. Afterwards, the fucoidan extracts were submitted to a hydrolysis with sulfuric acid 1 M at 100ºC for 2.5 h. 2-Deoxyglucose was used as an internal standard. Monosaccharides were reduced with sodium borohydride and acetylated by acetic anhydride using methylimidazole as a catalyst. The formed alditol acetate derivatives were analyzed by GC with a 30 m column DB-225 (J&W Scientific, Folsom, CA, USA) (0.25 mm internal diameter, and 0.15 mm film thickness), and using a flame ionization detector (Perkin Elmer, Clarus 400). The hydrolysis of all samples was performed in duplicate and each one was injected twice. A third analysis was done for the few samples with higher variability. Uronic acids were quantified by a modification of the 3-phenylphenol colorimetric method [49]. Samples were prepared by hydrolysis with 72% sulfuric acid for 3h at RT followed by 1 h in sulfuric acid 1 M at 100ºC. A calibration curve was made with D-galacturonic acid. The hydrolysis and analysis of the samples was done in triplicate. II-4.1.5. Sulfation Degree: ester sulfate determination One of the most significant parameters reported to influence fucoidan antitumor behavior is the sulfation degree [50]. Higher sulfation has been related with enhanced biological properties. Having this in mind, this parameter was studied in Chapter III, to compare the different fucoidan extracts.  The content of ester sulfates in the fucoidan extracts was determined by the turbidimetric method proposed by Dodgson and Price [51, 52].  The fucoidan extracts were accurately weighed (usually 2-4 mg) and dissolved in the respective amount of N-hydrochloric acid 1 M. The mixture was submitted to a hydrolysis at 105-110 °C for 5 h. A portion (0.2 mL) was transferred to a tube containing 3.8 mL of 3% (w/v) trichloroacetic acid. Barium chloride-gelatin reagent (1 mL) was added and, after mixing, the whole was kept at RT for 15-20 min. The barium chloride-gelatin reagent was previously prepared by mixing gelatin (1 g) with 200 mL of hot water (60-70°C) and allowed to stand at 4°C overnight. Barium chloride (1 g) was dissolved in the semi-gelatinous fluid and the resultant cloudy solution was allowed to stand for 2-3 h before use. The solution was then analyzed at 360 nm (Jenway 6405 UV/Vis) against reagent blank containing distilled water instead of the sample.  A second 0.2 mL portion of the hydrolysate was mixed with 3.8 mL of trichloroacetic acid, as described above, and with 1 mL of gelatin solution (i.e. containing no barium chloride). The extinction of this “control” solution was then measured at 360 nm against a reagent blank consisting on distilled water 
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instead of sample and 1 mL of gelatin solution. The concentration of sulfate esters was determined from a calibration curve built with K2SO4 solutions, containing between 20 and 200 µg of SO42- ion. II-4.1.6. Desulfation and Methylation analysis by GC-qMS The same sulfation degree can correspond to different sulfates position, which may present different biological outcomes. Methylation analysis, before and after desulfation, allow to know the substitution of sugar residues, corresponding to branching points and the substitution by sulfate esters [53]. When a position is acetylated in the native polysaccharide and become methylated after desulfation, it is indication that this position contains a sulfate residue. However, when a position is acetylated even after desulfation of the polysaccharide, it can be inferred that it is a branching point. These important parameters, the sulfates position and polymer branching, were both analyzed in Chapter III.  The glycosidic-substitution analysis was determined by gas chromatography-quadrupole mass spectrometry (GC-qMS) of the partially methylated alditol acetates, based on Ciucanu and Kerek [54] and Coelho, Rocha, and Coimbra [55]. The native and desulfated samples (1–2 mg) were dissolved in 1 mL of anhydrous dimethylsulfoxide (DMSO) and, then, powdered NaOH (40 mg) were added under an argon atmosphere. For polysaccharide desulfation, 10 mg were dissolved in 1.8 mL of dried dimethyl sulfoxide. Then, 0.1 mL pyridine was added, followed by 13 mg of pyromellitic acid, 12 mg of NaF, and 0.2 mL of pyridine. The mixture was stirred at 120 °C for 3 h, cooled and poured into 1 mL of 3% of NaHCO3 aqueous solution. The solution containing the desulfated polysaccharide was dialysed and freeze-dried. The procedure was repeated in order to guarantee the complete desulfation.  Afterward, the desulfated polysaccharide was submitted to methylation analysis. The samples were methylated with CH3I (80 µL) during 20 min with stirring, followed by a second and third addition of 80 µL CH3I and stirred for another 20 min. CHCl3/MeOH (1:1, v/v, 3 mL) was added, and the solution was dialyzed (membrane with a pore diameter of 12–14 kDa) against 50% EtOH. The dialysate was evaporated to dry and the material was remethylated using the same procedure. The remethylated material was hydrolyzed with 2 M TFA (1 mL) at 120°C for 1 h and, then, reduced and acetylated as previously described for neutral sugar analysis (using NaBD4 instead of NaBH4). The partially methylated alditol acetates (PMAA) were separated and analyzed by GC–qMS (GC-2010 Plus, Shimadzu, Japan). The GC was equipped with a DB-1 (J&W Scientific, Folsom, CA, USA) capillary column (30 m length, 0.25 mm of internal diameter, and 0.10 µm of film thickness). The samples were injected in “split” mode with the 
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injector temperature at 250°C. The temperature program used was the follow: 1) an initial temperature of 80°C; 2) an increase of 7.5°C/min until 140°C and a holding time of 5 min; 3) an increase of 0.2°C/min until 143.2°C; 4) an increase of 12°C/min until 200°C; 5) an increase of 50°C/min until 250°C and a hold time of 5 min. The helium carrier gas was settled at a total flow rate of 8.5 mL/min. The GC was connected to GCMS-QP 2010 Ultra Shimadzu mass quadrupole selective detector, operating with an electron impact mode at 70 eV and scanning the range m/z 50–700 in a 1 s cycle in a full scan mode acquisition. II-4.1.7. X-ray Photoelectron Spectroscopy X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique that allows to measure the surface energy of a substrate by assessing its surface chemistry, based in photoelectric effct [56]. XPS spectra are obtained by irradiating the sample with a beam of X-rays that measure the kinetic energy and the number of electrons that scape from the top 0 to 10 nm of the material surface.  The chemical state of the different elements present in the material can be detected through this analysis, before and/or after surface treatments. Therefore, to confirm fucoidan immobilization at the surface of NFMs, XPS analysis was performed in Chapter V. It was expected that by the immobilization of fucoidan, a sulphur peak would be detected due to the sufate groups from fucoidan and not present on the other materials. A Kratos Axis-Supra instrument equipped with aluminium Kα monochromatized radiation at 1486.6 eV X-ray source, within ESCApe software was used. The residual vacuum in the X-Ray analysis chamber was maintained at around 4.5x10-8 torr. The samples were fixed to the sample holder with double sided carbon tape.Due to the non-conductive nature of the samples it was necessary to use a co-axial electron neutralizer to minimize surface charging due to the removal electrons from the susbtrate. The XPS measurements were carried out using monochromatic Al-Kα radiation (1486.6 eV). Photoelectrons were collected from a take-off angle of 90º relative to the sample surface. The measurement was done in a Constant Analyser Energy mode (CAE) with a 160 eV pass energy and 15 mA of emission current for survey spectra and 40 eV pass energy for high resolution spectra, also using and emission current of 15 mA. The binding energies (BEs) positions were referenced to the C1s on unsputtered surfaces. Charge referencing was done by setting the lower binding energy C1s photo peak at 285.0 eV C1s hydrocarbon peak and the survey spectra of C1s, O1s, S2p were recorded [57].   
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II-4.2. Physical characterization  II-4.2.1. Contact angle Contact angle (θ) measurements were performed to evaluate the wettability of NFMs with or without fucoidan immobilized at their surface, in Chapter V. The contact angle refers to the angle formed when a liquid interacts with the solid surface (Figure II-12) [58]. If the water contact angle is <90º, the surface is considered hydrophilic (high wetting), whereas if it is >90º the surface is considered hydrophobic (low wetting). The contact angle depends on several interrelated parameters, such as, surface chemistry, roughness/topography and crystallinity.  Figure II-12 Schematic representation of an hydrophiid and hydrophilic surface. Surface hydrophilicity of NFM with and without fucoidan was measured as the static contact angle of a standard liquid (ultra-pure water, 3 μL), at room temperature, using a Contact Angle Equipment (OCA 15plus equipment, Germany and SCA-20 software). During every determination, a motor driven syringe was used to deposit a drop of water over the NFM surface. Measurements were recorded for each sample and the determinations were performed in triplicate.  II-4.2.2. Dynamic light scattering Dynamic light scattering (DLS) is a technique for measuring the size of particles, typically at the submicron range. This technique presents the ability to make measurements in native environments, it is sensitive to small sample volumes and user friendly commercially available operating instruments are availble [59]. A typical DLS system comprises the following components: a laser that provides a light source to illuminate the sample contained into a cell, a detector (173°) used to measure the scattered light; and an attenuator used to reduce the intensity of the laser source and hence reduce the intensity of scattering. The DLS analysis relies on the follow functioning: when a particle is suspended in a solution 
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and is illuminated by light, it scatters light providing that its refraction index differs from that of the suspending solvent. DLS measures Brownian motion and relates this to the size of the particles. Brownian motion is the random movement of particles in relation to the solvent molecules that surround them [60]. The larger the particle, the slower the Brownian motion will be. The average size and distribution (measured as the polydispersive index, Pdi) of the nanoparticles produced in this work were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK), in Chapters VI and VII (Figure II-13 A). Samples were diluted in UPW and the size analysis lasted 180 s and performed at 25°C, in triplicate. The zeta potential measurements were performed by a dip cell in automatic mode (Figure II-13 B).   Figure II-13 Cuvette used for size measurements A) and Dip cell used for zeta-potential analysis B). The zeta-potential is an essential and easily measurable physical property related to the surface charge of materials in solution and to their electrophoretic mobility [61]. The magnitude of the zeta-potential gives an indication of the potential stability of the NPs, in the case of this thesis. If all the particles in suspension have a high negative or positive zeta potential, then they tend to repel each other. If the particles have low zeta potential values, the particles tend to aggregate. The defined stability of the nanoparticles in relation to the zeta-potential is stated in Table II-4.  Table II-4 Zeta-potential values and stability [61] Values (mV) Stability ± 0 - 10 Highly unstable ± 10 - 20 Relatively stable ± 20 - 30 Moderately stable > ±30 Highly stable 
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II-4.2.3. Nanoparticle Tracking Analysis (NTA) NP tracking analysis (NTA) experiments were performed using a NanoSight NS500 instrument (Malvern Panalytical, UK). Nanosight is an easy-to-use and reproducible technique for nanoparticles characterization. In addition to measuring the size, nanosight can also calculate NPs concentration, reason why this equipment was used in Chapter VI. It allows the visualization of the NPs motion in solution, which is registered by CCD camera, due to scattering of a laser beam [59]. This system includes a charge-coupled device camera that allows visualization and tracking of Brownian motion of laser-illuminated particles in suspension. Video images were analyzed using NTA analytical software version 2.3. The measurements were made at room temperature and each video sequence was captured over 60 s. Despite these interesting features, the referred techniques based on light scattering do not provide information regarding NPs morphology, reason why additional techniques were considered, as assessed in the following sections. II-4.2.4. Scanning electron microscopy and scanning transmission electron microscopy Scanning Electron Microscopy (SEM) is a precise imaging technique to acquire high-resolution 2D images of a sample [62]. This is an interesting microscopic technique that uses high magnifications to study the morphology and topography of different materials and structures, allowing the observation of the details at the sub-micron level. A focused beam of electrons scans the samples’ surface by interacting with its atoms, producing several signals which are detectable by the SEM equipment, and transformed into a 2D image [63]. Since the electron beam can be scattered only on conductive samples, polymeric samples are usually sputtered with a thin layer of conductive materials, such as gold, platinium or carbon. Scanning transmission electron microscopy (STEM) combines the principles of transmission electron microscopy (TEM) and SEM. TEM uses the electrons which are passing through the sample (transmitted electrons) before they are collected. As a result, TEM offers information on the inner structure of the sample, while SEM provides information on the sample’s surface and composition. One advantage of STEM over conventional SEM images is the improvement in spatial resolution. Measurement of particles’ size and morphology observation were obtained using High Resolution-SEM (Auriga, Carl Zeiss, Germany), in Chapter VI. A drop of nanoparticles solution was placed in a glass 
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slide glued to the stub and left to dry overnight. Afterwards, the samples were vacuum-coated with a gold-platinum mixture. STEM analysis was also performed with the same equipment. II-4.2.5. Atomic Force Microscopy Atomic Force Microscopy (AFM) technique allows the analysis of the samples’ surface with high resolution and accuracy [64]. Unlike electron or optical microscopy, AFM does not acquire images by focusing the light or electrons onto the surface. Instead, approaches the height and topography of the samples surface with a sharp probe or cantilever, which deflection due to force interaction between the sample surface and the cantilever allows the evaluation of suface roughness and (nano)topography.  Furthermore, besides being an imaging tool, AFM has several spectroscopic modes that measure other samples properties, such as the height, at the nanoscale. Morphological analysis of the develop targeting NPs, in Chapter VII, was obtained using a MultiMode STM microscope controlled by a NanoScope III from Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. Prior to the analysis, a drop of NPs solution was placed in a glass slide and left to dry overnight.  II-5. IN VITRO BIOLOGICAL CHARACTERIZATION  II-5.1. Cell sources – The tumor microenvironment The tumor microenvironment (TME) comprises not only cancer cells but also normal cells and tissues (Figure II-14) [65]. Despite the cancer cells, cells of the immune system, cells characteristic of the tissue, fibroblasts, as well as endothelial cells are part of the TME. It is also known that, when a therapeutic strategy aims to be intravenously injected, the first biological barrier will be the blood vessels endothelium [66]. As so, the effect of potentially antitumor compounds over normal cells should always be studied, an aspect that is missing in most reported studies regarding fucoidan usage. In the context of this thesis, besides breast cancer and melanoma cells, as models of cancer cells, different normal cells were always used depending on the targeting tumor and final application. 
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 Figure II-14 The different cell types of the tumor microenvironment. Regarding the chosen cell sources for the development of these studies, only cells from human origin were used. Primary cells are directly isolated from human or animal tissues using enzymatic or mechanical methods. The primary cells are sensitive and often require additional supplementation of the culture medium, having a limited lifespan. Despite some difficulties in working with primary cells, the results obtained with this type of cells can be more representative of the in vivo environment [67]. By its side, cell lines are immortalized cells that present the ability to proliferate indefinitely either due to a genetic mutation or artificial modification [68]. Cell lines are easy to culture and useful cell models, presenting reliable experimental results. Therefore, cell lines were the most used type of cells in this thesis. There were two exceptions: human dermal fibroblasts and keratinocytes, since there are no well-established cells lines in these two cases. II-5.1.1. Breast cancer cells Like most cancers, breast cancer is a complex and heterogenous disease. It can be divided in different sub-types namely, luminal A (around 40%), luminal B (around 20%), triple negative (15-20%)  and HER2-positive (10-15%), according to their immunoprofile [69]. The cell sub-types studied and the corresponding cell lines used in this work are summarized in Table II-5, trying to address breast cancer heterogeneity.  

Blood vessel Normal cellsCancer cells Fibroblast
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Table II-5 Breast cancer cell lines immuneprofile used in the different studies Molecular Subtype Immuneprofile Studied Cell Lines Prognosis Chapter Luminal A ER+, PR+/-, HER2- MCF-7 Good III Her2+ ER-, PR-, HER2+ SKBR3 Medium VII Triple negative ER-, PR-, HER2- MDA-MB-231 Poor III and VI  II-5.1.1.1 MCF-7 cell line One of the most common used breast cancer cell line is MCF-7. It was established in 1973 at the Michigan Cancer Foundation [70]. MCF-7 cells were isolated from the pleural effusion of a 69-year-old woman with metastatic disease. It proves to be a suitable model cell line for breast cancer investigations worldwide, including those regarding anticancer drugs. It is ER-positive and progesterone receptor (PR)-positive and belongs to the luminal A molecular subtype. MCF-7 is a poorly-aggressive and non-invasive cell line, normally being considered to have low metastatic potential [71]. This cell line was used as model of breast cancer cell line when studying the effects of different fucoidans over cancer and non-cancer cells in Chapter III. II-5.1.1.2 SKBR3 cell line This cell line was established in 1970 from the pleural effusion of a 43-year-old Caucasian female with malignant adenocarcinoma of the breast [72]. SK-BR-3 is a human breast cancer cell line that overexpresses Her2 (ErbB-2).  Her-2 is overexpressed in about 30% of breast cancer cells and poorly expressed in normal cells offering an opportunity to use this gene expression as biomarker of breast cancer [73]. In addition, this cell line is also a useful preclinical model to screen for therapeutic agents targeting Her2 and to delineate mechanisms of resistance to Her2-targeted therapies. In this sense, this cell line was used as model to assess nanoparticles targeting efficiency in chapter VII. 
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II-5.1.1.3 MDA-MB-231 cell line MDA-MB-231 cell line is one of the most commonly used breast cancer cell lines and was established from a pleural effusion of a 51-year-old Caucasian female with a metastatic mammary adenocarcinoma [74]. This is an highly aggressive and invasive cell type, being designated as triple-negative since it lacks estrogen and progesterone receptors, as well as Her2 expression. Triple-negative breast cancer are the most aggressive and the ones with poorest diagnosis, with limited treatment options [75]. Since this cell line represents the most aggressive type of breast cancer it was the most studied in this thesis. In Chapter III, it was used to assess the effects of different fucoidans over different cancer cells. In Chapter IV, it was used to study the anti-tumor and anti-angiogenic potential of fucoidan. In another study, and trying to develop more effective treatments for this type of breast cancer, the nanoparticle drug delivery system efficiency was assessed over this cell line in Chapter VI.  All these breast cancer cell lines were cultured in D‐MEM high glucose medium supplemented with 10% Fetal Bovine Serum (FBS) (Biochrom, Germany), 1% Pen/Strep (100 U/100 g mL−1; Life Technologies, USA) and 1% of MEM sodium pyruvate solution (Life Technologies, USA). Cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. The medium was changed every 2-3 days, until cells reached a 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies, USA) for 5 minutes at 37ºC, centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). II-5.1.2. Melanoma cells WM115, a human metastatic melanoma cell line derived from the primary tumor, was  purchased from ATCC (USA) [76]. This cell line was used in Chapter V to assess the efficacy of the developed nanofiber meshes comprising fucoidan to treat melanoma. WM115 cells were cultured in Eagle's Minimum Essential Medium (EMEM 30-2003, ATCC) with 10% FBS (Biochrom, Germany), Pen/Strep (100 U/100 g mL−1; Life Technologies, USA) and 1% 100 mM MEM sodium pyruvate solution (Life Technologies, USA). Cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. The medium was changed every 2-3 days, until cells reached 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies, USA) for 5 minutes at 37ºC and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). 
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II-5.1.3. Endothelial cells II-5.1.3.1 HPMEC-ST1.6R cell line A human pulmonary microvascular endothelial cell line (HPMEC-ST1.6R) was used to study the angiogenic potential of fucoidan, in Chapter IV. This cell line is commonly used to study the angiogenic process in vitro [77]. Cells were cultured in M199 medium supplemented with 20% FBS (Biochrom, Germany), 2 mM Glutamax (Life Technologies), Pen/Strep (100 U/100 g mL-1; Life Technologies) and endothelial cell growth supplement (ECGS - 25 μg mL-1; Becton Dickinson). Cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. Medium was changed every 2-3 days, until cells reached a 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies) for 5 minutes at 37ºC and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). II-5.1.3.2 EA.hy.926 cell line The human umbilical vein cell line, EA.hy926, was established by fusing primary human umbilical vein cells with a thioguanine-resistant clone of A549 by exposure to polyethylene glycol (PEG) [78]. This cell line was used as model of normal cells in Chapter VI and VII. These endothelial cells were cultured in D-MEM Low Glucose medium supplemented with 10% FBS (Biochrom, Germany) and 1% Pen/Strep (100 U/100 g mL-1; Life Technologies, USA). Cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. The medium was changed every 2-3 days, until cells reached a 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies, USA) for 5 minutes at 37ºC and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). II-5.1.4. Fibroblasts II-5.1.4.1 MRC-5 cell line The MRC-5 cells (Medical Research Council cell strain 5) were isolated in 1966 by J.P. Jacobs from lung tissue of a 14 week old aborted caucasian male fetus [79]. It is a fibroblast-like cell line and was 
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used in Chapter III of this thesis as a model of normal cells. Fibroblast cells were cultured in D-MEM Low Glucose medium supplemented with 10% FBS (Biochrom, Germany) and 1% Pen/Strep (100 U/100 g mL-1; Life Technologies, USA). Cells were incubated at 37ºC in a humidified 5% CO2  atmosphere. The medium was changed every 2-3 days, until cells reached 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies, USA) for 5 minutes at 37ºC and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). II-5.1.4.2 Primary Human Dermal Fibroblasts Primary Human Dermal Fibroblasts (hDFs) were purchased from Gibco, Thermo Fisher (USA). hDFs were used in Chapter V since fibroblasts are the most abundant cells in the dermal layer of the skin. Cells were cultured in Medium 106 (Gibco, USA) supplemented with 10% FBS (Biochrom, Germany), 1% Pen/Strep (100 U/100 g mL−1; Life Technologies, USA) and 2% Low Serum Growth Supplement (Life Technologies, USA). Cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. Medium was changed every 2-3 days, until cells reached a 80-90% confluence. Cells were trypsinized with TripLE express (Life Technologies, USA) for 5 minutes at 37ºC and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). II-5.1.5. Isolation of Human Keratinocytes Human primary keratinocytes (hKCs) were obtained from samples from the Hospital da Prelada (Porto, Portugal), under an established protocol. Skin tissues were cut into small fragments (1-2 cm2) and incubated overnight at 4ºC with 2.5 U/mL dispase (BD Biosciences, USA). Epidermis was peeled off and digested at 37ºC for 8 minutes using 0.05 % w/v Trypsin-EDTA (Invitrogen, UK). After inhibiting the digestion with an equal amount of FBS, cells were scraped, ant the digested epidermis was filtered through a sterile 100 µm cell strainer. After centrifugation (300 g, 5 minutes), the cells were resuspended in Keratinocyte Serum free medium (Life Technologies, Scotland), supplemented with Bovine Pituitary Extract (Life Technologies, Scotland), recombinant EGF (Life Technologies, Scotland) and 1% Pen/Strep solution (100 U/100 g mL−1; Life Technologies, USA) and maintained at 37ºC in a humidified tissue culture incubator with 5% CO2 atmosphere. hKCs were trypsinized with TryplE Express (Life Technologies, 
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USA) for 2-4 minutes at 37ºC, incubated for further 5 min without TryplE Express and centrifuged at 300 g for 5 minutes (Eppendorf 5810R centrifuge equipped with an A-4-62 rotor), and re-suspended in cell culture flasks (BD Biosciences, USA). Keratinocytes are the main component of the epidermis layer of the skin and were used in Chapter V as model of normal cells. II-5.2. Cell seeding procedures II-5.2.1. Seeding on the bottom of well-plates 2D cultures are important assays, as a first screening, to study the  cytotoxicity of drugs/compounds [80]. In the context of this thesis, and to assess the cytotoxic effects of the different fucoidan extracts, mono-cultures were established for normal and cancer cells. The different cells were harvested, and 15 000 cells were cultured per well in 24-well Clear Flat Bottom TC-treated Multiwell Cell Culture Plates (Corning, USA). The cells were left to adhere for 4h and, after that, fucoidan extracts or nanoparticles were to the culture. Fucoidan extracts were dissolved in the corresponding culture medium at different concentrations (ranging from 0 to 1 mg mL-1).  For all the assays a positive control was performed (no fucoidan or NPs in the culture medium). After 1, 2 and 3 days of culture, a cell viability assay was performed. Each experimental condition was tested in triplicate and three independent assays were performed for each type of cells. II-5.2.2. Seeding on top of electrospun nanofibrous mehes The efficacy of the developed nanofiber meshes systems was assessed by testing different cell types, namely keratinocytes, fibroblast and melanoma cells (Chapter V). Cells were harvested and seeded onto fucoidan immobilized electrospun NFMs. Cell seeding was performed by dropping a 50 μL suspension containing 50 000 cells per NFM, and the cells were left to adhere for 4h. After cell attachment, culture medium was added. NFMs subjected to surface activation, and aminolysis, but no fucoidan immobilization were used as control condition. After 1, 3 and 7 days of culture, samples were collected for the cell viability assay and SEM observation. Triplicates of each condition were used in three independent assays. 
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II-5.2.3. Co-culture system To validate the targeting capability of the ErbB-2 nanoparticles, a co-culture system was established with EA.hy.926 and SKBR3 cell lines (Chapter VII). Co-culture systems are more informative than 2D mono-cultures, since it can better represent the tumor microenvironment that comprises not only cancer cell but also healthy tissues [65]. The co-culture system was established using Nunc Polycarbonate Cell Culture Inserts in Multi-Well Plates (Thermo Fischer, USA) (Figure II-15). Endothelial cells were seeded at 3x104 cells/insert and cultured for 3 days to allow cells proliferation and the formation of an endothelial monolayer. After that, the ErbB-2 positive breast cancer cells (SKBR3 cell line) were cultured as 1.5x104 cells at the bottom of 24 well-plates. The culture medium of each cell type was maintained separatly. In the following day, the developed targeting system (NPs+Gem+Ab) and the control conditions (NPs+Gem or free Gem) were added over the endothelial cells layer, at a previously defined concentration (50 µl NPs mL-1) [81]. MTS assay and live/dead stainning was performed 1, 2 and 3 days after co-culture establishment.   Figure II-15 Schematic representation of the co-culture system setup with endothelial (EA.hy.926) and ErbB-2 positive breast cancer cells (SKBR3)  Day -4EA.hy.926 cells Day -1SKBR3 Day 0Add NPs and free Gem Day 1, 2 and 3
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II-5.3. Metabolic activity and cell viability  II-5.3.1. Metabolic activity assay The cytotoxicity of a material/compound can be evaluated by changes in the cell’s metabolic activity, which is assessed by the overall metabolic activity of the cell through enzymatic cleavage of colorimetric of fluorescent substrates. MTS is a colorimetric assay that quantifies cell metabolic activity and is generally used to study the cytotoxicity of a compound [82]. The principle of this assay is based on the reduction of a tetrazolium compound (MTS) into colored formazan by cells in culture, presumably by the action of NADH or similar reducing molecules that transfer electrons to MTS. The color intensity reflects the number of viable cells, as dying cells lose the capacity to reduce MTS. The CellTiter 96 AQueous One Solution cell proliferation assay (Promega, USA) was performed at the previously defined time points. The culture medium was removed from each well and the samples rinsed with sterile phosphate-buffered saline (PBS). A mixture of culture medium (without Fetal Bovine Serum and phenol red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3 h, at 37◦C, in a humidified 5% CO2 atmosphere. Thereafter, the absorbance of the MTS reaction medium from each sample was read in triplicate at 490 nm in a microplate reader (Synergy HT, Bio-TEK; USA). All experiments were performed three times, independently. MTS assay was perfomed in Chapters III, IV, V, VI and VII of this thesis. II-5.3.2. Cell viability assay  Calcein-AM/Propidium iodide (PI) staining is a qualitative method for the visualization of cells’ viability and death [83]. Calcein acetoxymethyl (Calcein AM), which is a non-fluorescent reagent that is a derivative of calcein, is transported through the cellular membrane inside the cells. It is converted to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular esterases, in live cells. This process does not occur in dead cells, where intracellular esterases are inactive and the acetoxymethyl ester stays intact. Fluorescent propidium iodide (PI) is used for the visualization of dead cells. PI is a red-fluorescent nuclear and chromosome counterstain, which only binds to cytoplasmatic DNA of dead cells (whre the cellular membrane is disrupted)  In Chapter VII, the cell viability of the established co-culture system was assessed by staining the cells with calcein-AM (1 μg mL-1, 1:500, Invitrogen, USA) and PI (2 μg mL-1, 1:1000, Invitrogen, USA). Briefly, cells were immersed in a calcein AM/propidium iodide (PI) solution in culture medium for 10 minutes and incubated at 37 °C in an atmosphere of 5% CO2, protected from light. Viable cells metabolize calcein 
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AM into green fluorescent calcein (Ex/Em ≈ 495/515 nm), while dead cells find their DNA stained red by PI (Ex/Em ≈ 493/636 nm). Samples were imaged using a Transmitted and Reflected Light Microscope (Zeiss Axio Imager.Z1m, Zeiss, Germany) at 5x magnification. II-5.3.3. Tube formation assay Tube formation assay is a well-established method used to screen the angiogenic activity of compounds/drugs [84]. It is a quick, easy to set up, and highly reproducible assay. Briefly, when cultured on top of Matrigel, a natural ECM-based hydrogel, endothelial cells are induced to differentiate and form tube-like structures [85]. If a compound presents anti-angiogenic behavior, it disrupts the tubular-like structures, whereas if it is angiogenic it maintains or enhances the tubular-like network. The tube formation occurs quite fast, within 2-6 h, depending on the quantity and type of angiogenic stimuli. Different types of endothelial cells can be used for this assay, from primary cells to cell lines.  In Chapter IV, human endothelial cells (HPMEC-ST-1.6R) were used to perform the tube formation assay. Briefly, the bottom of 96 well-plates were pre-coated with 100 μL of Matrigel (Corning Matrigel Basement Membrane, Corning, USA) and left to solidify for 1 h at 37°C (Figure II-16). Afterwards, 15 000 cells were seeded on top of it. Two different assays were conducted: one where fucoidan was added at the time of cell seeding and another where fucoidan was only added 4 h after endothelial cells organization. These two assays allowed to see whether fucoidan inhibited the formation of new blood vessels and/or was able to destroy a pre-formed network. Samples were analyzed in an inverted microscope (Axiovert 40–Zeiss, Germany) and photos were acquired using a digital camera (G11, Canon, Japan) at different time points: 0, 4, 8, 12 and 16 h. 
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 Figure II-16 Schematic representation of the tube formation assay. II-5.3.4. Enzyme-Linked Immunosorbent Assay  ELISA (enzyme-linked immunosorbent assay) is a versatile, simple and sensitive assay designed for the quantification of specific antigens (peptides, proteins, antibodies and hormones). ELISAs operate on principles similar to other immunoassays. Basically, ELISA relies on the specific binding between the antibody and the target antigen, and a detection system that allows to indicate the presence and quantity of binding antigen. Usually, a specific primary antibody is attached to the surface of a 96 well-plate that will bind to the antigen. This step is followed by the addition of a secondary antibody, an enzyme that binds this primary antibody and a substrate that links the enzyme. Color changes occurs and is measured using a spectrometer. The antigen concentration is determined by using a standard calibration curve. In the herein thesis, ELISA was used to quantify the amount of endothelial cells-related growth factors, regarding the tube formation assay (Chapter IV). At first, the culture medium was collected at the 
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end of the assay and frozen at -80ºC, until analysis. For the quantification of the secreted growth factors, human PDGF and VEGF development kits were both purchased from Prepotech (USA). The quantification was performed according to manufactures’ protocol and the main steps can be observed in Table II-6. Briefly, the primary antibodies were incubated overnight in a 96-well plate (Nunc-Immuno MicroWell 96-well solid plates). Then, a blocking step was performed to assure that the antigen would specifically bind the immobilized antibody. Both the standards and the samples were incubated for 2 h at room temperature. In the last step, 100 μL of ABTS liquid substrate was added to each standard and sample, and each plate was read at 405 and 650 nm. Table II-6 Main steps of the ELISAs procedures   VEGF PDGF Capture antibody 0.50 μg mL-1 100 μL/well overnight at RT 1.0 μg mL-1 100 μL/well overnight at RT Block buffer 1% BSA in PBS, 1h at RT Standard/Sample 100 μL, 2h at RT Detection antibody Biotinylated Rabbit Anti-Human VEGF + 2.5mg D-mannitol Biotinylated Rabbit Anti-Human PDGF-BB + 2.5mg D-mannitol Avidin-HRP Conjugate 1:2000, 30 min at RT ABTS 100 μL of substrate Absorbance 405nm with wavelength correction set at 650nm Sensitivity 16–1000 pg mL-1 



Chapter II – Materials and Methods  

 70 

II-5.4. Internalization studies II-5.4.1. DTAF-labeled fucoidan  To allow the visualization of fucoidan internalization, 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF) was used as a green fluorescent probe in Chapter III. Dichlorotriazines are among the few reactive groups that are reported to react directly with polysaccharides and other alcohols in aqueous solution [86]. DTAF is a reactive dye with absorption/emission maxima of 492/516 nm. DTAF-labeled fucoidan was prepared as previously described [86, 87]. Briefly, DTAF was reconstituted in methanol and kept at 4 °C until further use. A 0.2 mg mL−1 solution of fucoidan was left to stir with DTAF 20 µg mL−1 for 3 h. The DTAF-labeled fucoidan was added to the cells in culture and, at days 1, 2, and 3, the samples were washed with PBS, fixed for 30 min with 10% formalin, washed again with PBS and kept in PBS at 4°C. To evaluate whether and where fucoidan has been internalized by the different cell types, the nucleus and cytoskeleton were also fluorescently labeled. Firstly, a blocking step was performed with 3% Bovine Serum Albumin (BSA) in PBS for 30 min. Then, the BSA solution was removed and the cells washed with PBS. After that, Phalloidin-Tetramethylrhodamine B isothiocyanate (1:200 in PBS) was added and left incubating for 45 min. Another washing step was performed and the same samples were incubated with 4,6-Diamidino-2-phenyindole, dilactate (1:1000 in PBS) for 15 min. Cell were washed with PBS and observed in a transmitted and reflected light microscope with Apotome 2 (Axio Imager Z1m, Zeiss, Germany). II-5.4.2. NPs cellular uptake The ErbB-2 nanoparticles were fluorescently labeled to allow the observation of nanoparticles internalization by endothelial and breast cancer cells in Chapter VII. Fluorescein isothiocyanate (FITC) is the most widely used fluorescent probe for the preparation of conjugates with biological molecules. FITC was added to the chitosan solution at 2 mg mL-1 and the nanoparticles were produced as described in a previous section. Three different cell types (MDA-MB-231, SKBR3 and EA-hy926) were seeded in tissue culture coverslips at a density of 1.5x104. After cells’ adherence, NPs (NPs+FITC) and NPs with immobilized ErbB-2 antibody (NPs+FITC+Ab) were added to the culture; a negative control with only cells was performed for each cell type. After 24h, the different conditions were rinsed with PBS and the cells were fixed with 10% formalin (Bio-optica, Italy). To evaluate whether and where the NPs have been 
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internalized, the cytoskeleton and nucleus of those cells were also fluorescent labeled. For that, phalloidin (1:250 in PBS) was added and left to incubate for 45 min. Another washing step was performed and the same samples were incubated with DAPI (1:1000 in PBS) for 15 min. Cell were washed with PBS and observed in an Inverted Confocal Microscope with Incubation (TCS SP8, Leica, Germany) at 20x magnifications. II-6. IN VIVO STUDIES Animal manipulation for in vivo studies was performed only by qualified personnel and following the Principle of the 3Rs. The host institution is authorized by the DGVA (Direção Geral de Alimentação e Veterinária) to perform animal experimentation. All animal protocols were conducted in accordance with the Portuguese legislation (Portaria no1005/92) and international standards on animal welfare as defined by the EC Directive 2010/63/EU. II-6.1. CAM Assay The chick chorioallantoic membrane (CAM) assay is a simple, fast and cost-effective minimally invasive in vivo assay to screen compounds regarding its angiogenic potential [88]. The CAM assay has also been used as a model for tumor microenvironment [89]. The CAM is composed of a multilayer epithelium, including the ectoderm at the air interface, the mesoderm or stroma and the endoderm at the interface with the allantoic sac. This membrane contains ECM proteins such as fibronectin, laminin, collagen type I and integrins, and the presence of such proteins mimics the physiological cancer environment. For that reason, the CAM assay have been widely used to study tumor cell invasion and angiogenesis. Indeed, in the CAM assay, the development of the tumor is much faster being possible to observe a tumor xenograft 2-5 days after onplantation, whereas in mammal’s it usually takes between 3 to 6 weeks [89]. This assay was implemented in the study reported in Chapter IV, aiming to assess the angiogenic potential of a specific fucoidan extract. Two different assays were performed: one without the tumor (CAM I) and the other with a tumor onplanted on the membrane (CAM II). The timeline of both assays is presented in Figure II-17. Briefly, white fertilized chicken eggs (Pintobar, Portugal) were incubated at 37 ºC for 3 days. After this, a window was opened into the shell in order to evaluate embryo viability. For CAM I, a silicon ring was onplanted on the CAM at day 9 of embryo development, to define the area where 
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fucoidan would be injected (in the following day). Regarding CAM II, the tumor was onplantated at day 9 and fucoidan was injected at day 13. At day 17, the CAM was photographed in ovo and the embryos were sacrificed by incubation at -80°C for 10 min. After fixation with paraformaldehyde at 4% ex ovo images were captured directly from the plate. Three independent assays were performed, resulting in n =15 eggs per condition.  Figure II-17 Timeline of the two CAM assays performed in this study reported in Chapter IV: CAM I without tumor onplatation and CAM II with a breast cancer tumor onplanted on the membrane. II-6.2. Early tumor animal model  In vitro studies were a powerful tool to study and validate the efficacy of the proposed compounds and developed systems. Nevertheless, they have limitations (namely regarding complexity) and the next step was to assess the efficacy of the targeting system in an in vivo model that mimics the tumor microenvironment. In this sense, immunocompromised mice where human cancer cells can be injected, were the chosen animal model. These are well-established models in the study of tumor growth and metastasis [90, 91]. Despite the fact that these models may also present some limitations, due to the differences in tumor histopathology between human and mice, they are a valuable and useful approach to study breast cancer genetics, biological processes, and metastatic potential.  In Chapter VII the efficacy of the developed targeting system was assessed in an early tumor mice model (Figure II-18). NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) immunosupressed female mice (n =12; 6 per group) were injected with 1x106 breast cancer cells (SKBR3 cell line) suspended in PBS and matrigel (Corning, USA; 1:1) into the mammary fat pad (total volume of 50 µL). Mice were maintained under standard laboratory conditions, as previsously described, which included an artificial 12 h light/dark cycle, controlled ambient temperature (21 ± 1 °C) and a relative humidity of 50-60% [92]. The confirmation of specified pathogen-free health status of sentinel mice maintained within the same animal room was performed according to FELASA guidelines. Experimental mice were always manipulated in a flow hood chamber, except during the surgery. 
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After 5 days post-implantation, the developed targeting system (NPs+Gem+Ab) and a saline solution (control conditions) were admnistered into each animal group, every week (day 5, 12, 19 and 26). First measurement of the tumor size was possible 26 days after breast cancer cells’ injection, being measured at day 29 and 32 (end of experiment). Animal body weight and tumor size (calculated by measuring the two largest side and applying the Equation II-2, being L1 the largest side, and L2 the other one) was measured and recorded once a week. Equation II-2 Equation for the tumor volume measurements. V= 3.14xL1xL1xL26  At day 32, animals were sacrificed using CO2 due to the tumors’ size. Tumors were excised, as well as other organs of interest like lungs, liver and kidneys to assess possible metastasis. Afterwards, the tumor and organs were fixed in 4% formaldehyde and subsequently embedded in paraffin for further histological analysis. All animal procedures were conducted in accordance with the guidelines for the care and use of laboratory animals (European Directive 2010/63/EU) and approved by DGAV (reference 017761), the competent national authority for animal protection.  Figure II-18 Steps of the in vivo assay using immunosuppressed mice to test the efficiency of targeting on a cancer model. II-7. HISTOLOGICAL PROCEDURES  In Chapter IV and VII, histological analysis was performed to the samples from CAM assay and from the in vivo mice models. After retrieving the samples, they were fixed with 10% (v/v) formalin, dehydrated in a graded series of ethanol baths and xylene, in a Spin Tissue Processor (STP120-2, Thermo Fisher, USA) and embedded in paraffin. Sections of 4 µm thick were cut using a microtome (HM355S, Thermo Fisher, USA). Paraffin-embedded sections were deparaffinized in xylene and rehydrated in an automatic 
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stainer (HMS740, Microm, Germany) and stained following the protocols described below. As last step, sections were washed in distilled water, dehydrated and mounted. The histological sections were analyzed under Leica DM750 microscope. II-7.1. Hematoxylin & eosin staining Hematoxylin and eosin (H&E) is one of the most used staining in histology. This staining allows the visualization of different cell components [93]. Hematoxylin is a base that preferentially stains the acidic components of cells in blue, including some proteins, nuclei, DNA and RNA, or the endoplasmic reticulum. Eosin, as an acid, dyes the basic components of cells with a pink color, such as, the cytoplasm or collagen fibrils. H&E staining was used in Chapter IV and VII to analyze representative CAM sections and tumor and other organs, respectively.  II-7.2. Immunohistochemistry – Lectin Immunohistochemistry (IHC) is a method for the detection and visualization of specific antigens. The principle of this technique relies in the specific binding of an antibody to an antigen. IHC detection methods vary and can be based on the nature of reporting and binding chemistry [94]. 3,3'-diaminobenzidine (DAB) is often used in IHC staining as a chromogen. DAB is oxidized in the presence of peroxidase and hydrogen peroxide resulting in a dark brown reaction product at the site of enzymatic activity.  Herein, immunohistochemistry was used to stain lectins in the CAM sections (Chapter IV). Sambucus Nigra Lectin (SNA, EBL; Vector Labs, USA) has been used to identify vascular beds in chick CAMs. It specifically binds to the endothelial cells that surround and infiltrate the CAM implants, being useful for angiogenesis assays. Sections of 4 µm thickness were deparaffinized and rehydrated in an automatic stainer. Immunohistochemical analysis was performed according to the streptavidin-biotin peroxidase complex system (UltraVision Large Volume Detection System Anti-Polyvalent, HRP; LabVision Corporation, UK). Briefly, after rehydration, slides were subjected to heat-induced antigen-retrieval with 10 mM citrate buffer at pH=6 for 20 min at 98 ºC. The slides were washed with PBS and then incubated with 3% (v/v) hydrogen peroxide (H2O2) for 10 min at RT to inactivate endogenous peroxidases, which may induce a non-specific background when using HRP conjugated antibodies. Another washing step with PBS was performed and slides were incubated with an UV block solution for 10 min, before incubation with biotinylated primary 
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antibody (anti-lectin 1:500) for 1h at RT. The sections were washed with PBS and incubated with streptavidine-peroxidase from the UltraVision Detection System kit, for 10 min at RT. The DAB (Vector Labs, USA) solution was prepared according to the manufactures’ indications (DAB Solution: 5 mL of distilled water, 2 drops of buffer stock solution, 4 drops of DAB stock solution, 2 drops of H2O2) and incubated for 2-3 minutes at RT. Then, the sections were washed for 5 minutes in running water, to completely remove the DAB solution, and counterstained with Gill-2 hematoxylin (dilution 1:1 in distilled water; Merck, Germany). As negative control, the primary antibody incubation step was replaced by the antibody diluent solution alone. Images were acquired using Leica DM750 (Leica, Germany) at different magnifications 4´, 10´ and 40´. II-8. STATISTICAL ANALYSIS Statistical analysis was performed using a GraphPad Prism 5.0 software (GraphPad Software, USA) where statistical significance was set to * (p < 0.05). Data was analyzed by a Shapiro-Wilk test to assess data normality. Data that followed a normal distribution was analyzed using a one-way analysis of variance, followed by Turkey multiple comparison test, when more than two groups were compared. Data that did not follow a normal distribution was analyzed using the Kruskal-Wallis test, followed by Dunn’s multiple comparison test, when more than two groups were compared. The quantitative results are presented as mean ± standard deviation. II-9. REFERENCES  [1] M.T. Ale, A.S. Meyer, Fucoidans from brown seaweeds: an update on structures, extraction techniques and use of enzymes as tools for structural elucidation, RSC Advances 3(22) (2013) 8131-8141. [2] B. Li, F. Lu, X. Wei, R. Zhao, Fucoidan: Structure and Bioactivity, Molecules 13(8) (2008) 1671-95. [3] H.J. Fitton, N.D. Stringer, S.S. Karpiniec, Therapies from Fucoidan: An Update, Marine Drugs 13(9) (2015) 5920-5946. [4] M.H. Periayah, A.S. Halim, A.Z.M. Saad, Chitosan: A Promising Marine Polysaccharide for Biomedical Research, Pharmacognosy reviews 10(19) (2016) 39-42. [5] Martins A., ML, Costa-Pinto A. R., Reis R. L., and Neves N. M., Bio-Inspired Integration of Natural Materials, in: a.C.K.M. Anthony B. B. (Ed.), Bio-Inspired Materials for Biomedical Engineering, Wiley Library2014 125-150. 
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Chapter III Chapter III -  The key role of sulfation and branching on fucoidan antitumor activity †  ABSTRACT  There is an urgent need for antitumor bioactive agents with minimal or no side effects over normal adjacent cells. Fucoidan is a marine-origin polymer with known antitumor activity. However, there are still some concerns about its application due to the inconsistent experimental results, specifically its toxicity over normal cells and the mechanism behind its action. Herein we have tested three fucoidan extracts (FEs) over normal and breast cancer cell lines. From cytotoxicity results, only one of the extracts showed selective antitumor behavior (at 0.2 mg mL-1), despite similarities in sulfation degree and carbohydrates composition. Although the three FEs present different molecular weights, depolymerization of selected samples discarded Mw as the key factor in the antitumor activity. Significant differences in sulfates position and branching were observed, presenting FE 2 the higher branching degree. Based on all these experimental data, we believe these last two properties are the ones that influence the cytotoxic effects of fucoidan extracts.                                                   † This chapter is based on the following publication: Oliveira C., Ferreira, A. S., Novoa‐Carballal R., Nunes C., Pashkuleva I., Neves N. M., Coimbra M. A., Reis R. L., Martins A., Silva T. H. The Key Role of Sulfation and Branching on Fucoidan Antitumor Activity. Macromolecular Bioscience, 2017, 17, 1600340. doi:10.1002/mabi.201600340 . 
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III-1. INTRODUCTION Cancer can have various origin-factors, being characterized by uncontrolled cell growth and spread [1]. Cancer therapeutics aim to increase the survival time and the quality-of-life of the patients. The goal of cancer treatment is the extinction of tumor cells, ideally with minimal damage to healthy tissues. The toxic effects over normal cells often limit the current chemotherapeutic agents used in cancer treatments, which conduct to reduced dosage and, consequently, efficacy of the treatment [2, 3].  Breast cancer is the second most frequent diagnosed cancer and the first among females [4]. If breast cancer is detected in an early stage, there is a possibility to be treated and removed surgically. However, the treatment of the advanced stage breast cancer is often followed by reoccurrence and can become fatal, even when chemotherapeutic agents are administered. There are several factors like tumors heterogeneity, drug resistance, side effects and toxicity to healthy tissues, that diminish the efficacy and usefulness of this treatment [5, 6].Therefore, there is a strong interest in developing better-tolerated anti-cancer agents and treatment modalities [7]. Because of the side effects of many current treatments, the use of natural substances with low toxicity is of great interest [8]. Natural-derived polymers are of special interest due to their biological and chemical similarities to natural tissues composition. Marine organism are valuable sources of materials with intriguing properties and characteristics [9]. Among marine-origin materials, fucoidan is a polysaccharide that consists of sulfated fucose residues and is possible to be extracted from brown seaweeds of different species such as Fucus vesiculosus, Laminaria japonica, Undaria pinnatifida [10-12].Fucoidan has been reported to have various biological activities including antibacterial, antioxidant, antiviral, and antitumor [13, 14]. Fucoidan antitumor behavior has been demonstrated in vitro and in vivo for different type of cancers such as breast, lung, prostate, colon, and melanoma [7, 15-18]. It retards tumor development, eradicating tumor cells by targeting key apoptotic molecules. Furthermore, the synergistic effect of fucoidan with current anticancer agents has also been reported [8, 19]. Despite the promising results about its anticancer effects, the fucoidan mechanism of action is not clearly understood and thus, fucoidan has not yet been developed as a regulated therapeutic agent [20, 21]. The main barriers to its utilization in clinic are: i) its toxicity to normal cells, and ii) the variable and contradictory results in fucoidan usage [8, 22]. In addition, there are a huge variety of algae fucoidan sources, which implies various extraction and purification methods that may influence fucoidan’s intrinsic properties and its bioactivity 
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such as molecular weight, carbohydrates composition and sulfation. Molecular weight has been reported as one of the main factors influencing fucoidan antitumor behavior. From previously reported works, lower molecular weight fucoidan presents higher antitumor effects whereas higher sulfation degree has been related with enhanced bioactivity responses [8, 23]. However, most studies analyzing antitumor activity did not characterize in detail the composition of the used fucoidan and this is probably the cause of some contradictory findings [10, 13, 14]. An effective cancer therapeutic strategy is characterized by the ability to eliminate tumors without damaging healthy tissues. Due to the different properties affecting fucoidan bioactivity, there is the need to evaluate the antitumor effects of a certain extract and characterize which feature(s) is (are) playing the major role. For that purpose, herein, three different extracts from the same species (i.e. F. vesiculosus) were tested with human breast cancer cells, and normal endothelial and fibroblastic cells. From these biological data we were able to observe three completely different bioactive responses and, in that sense, we decided to carry out structure-activity relationship (SAR) studies. III-2. EXPERIMENTAL SECTION III-2.1. Materials Fucoidan Extract 1 (FE 1) was purchased from Marinova, whereas Fucoidan Extract 2 (FE 2 – batch SLBC6348V) and Fucoidan Extract 3 (FE 3 – batch 081M7672V), were purchased from Sigma-Aldrich, all used as received. The human vascular endothelial growth factor (VEGF) ELISA kit was purchased from Peprotech (Rochy Hill, USA) and kept at 4ºC until used. Phalloidin–Tetramethylrhodamine B isothiocyanate (Texas Red - Phalloidin), 5-([4,6-Dichlorotriazin-2-yl]amino)fluorescein hydrochloride (DTAF) were both purchased from Sigma. 4,6-Diamidino-2-phenyindole, dilactate (DAPI) was purchased from Biotium (Hayward, CA; USA). III-2.2. Biological assays  III-2.2.1. Cell expansion Human fibroblasts (MRC-5 cell line) and pulmonary microvascular endothelial cells (HPMEC-ST1.6R cell line) were used as non-cancer cells. Fibroblast cells were cultured in D-MEM low glucose medium 
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(Sigma Aldrich) supplemented with 10 % FBS (Alfagene) and Pen/Strep (100 U/100 g mL-1; Life Technologies). Fibroblasts were used at passages 14-16. Endothelial cells were cultured in M199 medium (Sigma Aldrich) supplemented with 20% FBS (Alfagene), 2 mM Glutamax (Life Technologies), Pen/Strep (100 U/100 g mL-1; Life Technologies), endothelial cell growth supplement (ECGS - 25 µg mL-1; Becton Dickinson). Endothelial cells were used at passages 38-40.  Human breast adenocarcinoma cells (MCF-7 and MDA-MB-231 cell lines) were used to assess the effect of different fucoidan’s concentrations over these cancer cells models. Both cell lines were cultured in D-MEM high glucose medium (Sigma Aldrich) supplemented with 10% FBS (Alfagene), Pen/Strep (100 U/100 g mL-1; Life Technologies) and 1% MEM sodium pyruvate solution 100 mM (Alfagene). The MCF-7 cell line was used at passages 16-18, whereas the MDA-MB-231 cell line was used at passages 42-44. The four types of cells were incubated at 37ºC in a humidified 5% CO2 atmosphere. Media were exchanged every 2-3 days until cells reached a 90% confluence. III-2.2.2. Cell Culture Non-cancer and cancer cells were harvested and 15 000 cells were cultured in 24 well-plates. The cells were left to adhere for 4 hours and, after that, fucoidan extracts were added to adherent cells. Fucoidan extracts were dissolved in the culture medium at different concentrations: for FE 1 the concentrations tested were 0.1 mg mL-1, 0.5 mg mL-1, 1 mg mL-1, 2 mg mL-1, 3 mg mL-1, 4 mg mL-1 and 5 mg mL-1, whereas for FE 2 and FE 3 the concentrations were 0.1 mg mL-1, 0.2 mg mL-1, 0.3 mg mL-1, 0.4 mg mL-1 and 0.5 mg mL-1. For all the assays a positive control was performed (no fucoidan in the culture medium). Each experimental condition was tested in triplicate and two independent assays were performed for each type of cells and fucoidan extracts. III-2.2.3. Cell Viability  The metabolic activity of non-cancer and cancer cells, cultured at different fucoidan extracts’ concentrations and time points, was determined by the MTS assay (CellTiter 96 ® AQueous One Solution, Promega). The MTS assay is a colorimetric method commonly used for cytotoxicity assays or for determining the number of viable cells in proliferation. Basically, the quantity of formazan product is directly proportional to the number of living cells in culture [24]. At days 1, 2 and 3, the culture medium was removed and the testing conditions were rinsed with sterile PBS. A mixture of culture medium 
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(without FBS and phenol red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3 h, at 37 ºC, in a humidified 5% CO2 atmosphere. Thereafter, the absorbance of the MTS reaction medium from each sample was read in triplicate at 490 nm in a microplate reader (Synergy HT, Bio-TEK). All experiments were performed in triplicate. III-2.2.4. DTAF-labeled fucoidan and morphological observation DTAF-labeled fucoidan was prepared as described elsewhere [25, 26]. Briefly, DTAF was reconstituted in methanol and kept at 4 ºC until further use. A 0.2 mg mL-1 solution of FE 1 and FE 2 was left to stir with DTAF for 3 h (20 µg/ml). The procedure described in sections 5.2.2 and 5.2.3 were followed, but was added DTAF-labeled FE 1 and FE 2 instead of the pure FE. At days 1, 2 and 3, samples were washed with PBS, fixed for 30 min with 10% formalin, washed again with PBS and kept in PBS at 4ºC. To evaluate whether and where fucoidan has been internalized by the different cell types, the nucleus and cytoskeleton of those cells were also fluorescent labeled. First, a blocking step was performed with 3% BSA in PBS for 30 min. Then, the BSA solution was removed and cells were washed with PBS. After that, Phalloidin-Tetramethylrhodamine B isothiocyanate (1:200 in PBS) was added and left incubating for 45 min. Another washing step was performed and the same samples were incubated with 4,6-Diamidino-2-phenyindole, dilactate (1:1000 in PBS) for 15 min. Cell were washed with PBS and observed in a Transmitted and Reflected Light Microscope with Apotome 2 (Axio Imager Z1m, Zeiss).  III-2.3. Fucoidan characterization III-2.3.1. Molecular weight determination by Gel permeation chromatography (GPC) GPC measurements were performed with a Malvern Viscotek TDA 305 with refractometer, right angle light scattering and viscometer detectors on a set of four columns: pre-column Suprema 5 µm 8x50 S/N 3111265, Suprema 30 Å 5 µm 8x300 S/N 3112751, Suprema 1000 Å 5 µm 8x300 S/N 3112851 PL and Aquagel-OH MIXED 8 µm 7.5x300 S/N 8M-AOHMIX-46-51, with refractive index detection (RI-Detector 8110, Bischoff). The system was kept at 30 °C using 0.1 M NaN3, 0.01 M NaH2PO4 (pH = 6.6) as eluent at rate of 1 mL min-1. The elution times of the RI detector signal were calibrated with a 
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commercial polysaccharide set from Varian that contains 10 Pullulans with narrow polydispersity and Mp (molecular mass at the peak maximum) ranging from 180 Da to 708 kDa. III-2.3.2. Depolymerization of fucoidan extract FE1 by acid hydrolysis  FE 1 was hydrolyzed to obtain lower molecular weight fucoidan, following  a  procedure described previously [38]. Briefly, partially hydrolyzed fucoidan was obtained by hydrolyzing FE 1 (20 mg) with 1 mL of 0.01 M HCl at 100 °C for 10 min, followed by neutralization with 1 mL of 0.01 M NaOH. The resulting hydrolyzed fucoidan FE1* was analyzed by GPC. A control was performed by dissolving FE 1 (20 mg) in 1 mL of 0.01 M HCl without heat treatment, followed by neutralization with 1 mL of 0.01 M NaOH. The procedures described in sections 5.2.2 and 5.2.3 were followed, but, instead of FE 1, hydrolyzed fucoidan was added at different concentrations (0.2 mg mL-1, 0.5 mg mL-1 and 1 mg mL-1). A positive control with untreated cells and controls with HCl and NaOH without fucoidan were also performed. III-2.3.3. Carbohydrates composition: determination of neutral and acidic monosaccharides Neutral monosaccharides were determined as alditol acetates as described elsewhere [27]. Briefly a pre-hydrolysis of fucoidans was performed, with 72% sulfuric acid for 3 h at room temperature (RT). Afterwards, the fucoidan extracts were submitted to a hydrolysis with sulfuric acid 1 M at 100ºC for 2.5 h. 2-Deoxyglucose was used as an internal standard. Monosaccharides were reduced with sodium borohydride and acetylated by acetic anhydride using methylimidazole as a catalyst. The formed alditol acetate derivatives were analyzed by gas chromatography (GC) with a 30 m column DB-225 (J&W Scientific, Folsom, CA, USA), internal diameter, and film thickness of 0.25 mm and 0.15 mm, respectively, and using a flame ionization detector (Perkin Elmer, Clarus 400). The hydrolysis of all samples was performed in duplicate and each one was injected twice. A third analysis was done for the few samples with higher variability. Uronic acids were quantified by a modification of the 3-phenylphenol colorimetric method [27]. Samples were prepared by hydrolysis with 72% sulfuric acid for 3h at RT followed by 1 h in sulfuric acid 1 M at 100ºC. A calibration curve was made with D-galacturonic acid. The hydrolysis and analysis of the samples was done in triplicate. 
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III-2.3.4. NMR spectroscopy NMR experiments were acquired on a Bruker AVANCE 400 spectrometer using D2O as solvent. The residual HOD signal was used as reference for the chemical shifts that are reported in ppm. Mnova Software 9.0 (Mestrelab Research) was used for spectral processing. Sulfation position and branching was qualitatively analyzed based on the chemical shifts described previously [28, 29].  III-2.3.5. Sulfation Degree: ester sulfate determination The content of ester sulfates in the fucoidan extracts was determined by the turbidimetric method proposed by Dodgson and Price [30, 31].  The fucoidan extracts were accurately weighed (usually 2-4 mg) and dissolved in the respective amount of N-hydrochloric acid 1 M. The mixture was submitted to a hydrolysis at 105-110 °C for 5 h. A portion (0.2 mL) was transferred to a tube containing 3.8 mL of 3% (w/v) trichloroacetic acid. Barium chloride-gelatin reagent (1 mL) was added and, after mixing, the whole was kept at RT for 15-20 min. The barium chloride-gelatin reagent was previously prepared by mixing gelatin (1 g) with 200 mL of hot water (60-70°C) and was allowed to stand at 4°C overnight. Barium chloride (1 g) was dissolved in the semi-gelatinous fluid and the resultant cloudy solution was allowed to stand for 2-3 h before use. The solution was then analyzed at 360 nm (Jenway 6405 UV/Vis) against reagent blank containing distilled water instead of sample. A second 0.2 mL portion of the hydrolysate was mixed with 3.8 mL of trichloroacetic acid, as described above, and with 1 mL of gelatin solution (i.e. containing no barium chloride). The extinction of this “control” solution was then measured at 360 nm against a reagent blank consisting on distilled water instead of sample and 1 mL of gelatin solution. The concentration of sulfate esters was determined by building a K2SO4 calibration curve, containing between 20 and 200 µg of SO42- ion. III-2.3.6. Desulfation For polysaccharide desulfation, 10 mg were dissolved in 1.8 mL of dried dimethyl sulfoxide. Then, 0.1 mL pyridine was added, followed by 13 mg of pyromellitic acid, 12 mg of NaF, and 0.2 mL of pyridine. The mixture was stirred at 120 °C for 3 h, cooled and poured into 1 mL of 3% of NaHCO3 aqueous solution. The solution containing the desulfated polysaccharide was dialysed and freeze-dried. The 
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procedure was repeated in order to guarantee the complete desulfation. Afterwards, the desulfated polysaccharide was submitted to methylation analysis [32, 33]. III-2.3.7. Methylation analysis Glycosidic-substitution analysis was determined by gas chromatography-quadrupole mass spectrometry (GC-qMS) of the partially methylated alditol acetates based on Ciucanu and Kerek [34] and Coelho, Rocha, and Coimbra [35]. The native and desulfated samples (1–2 mg) were dissolved in 1 mL of anhydrous dimethylsulfoxide (DMSO), and then powdered NaOH (40 mg) were added under an argon atmosphere. The samples were methylated with CH3I (80 µL) during 20 min with stirring, following by a second and third addition of 80 µL CH3I and stirring for another 20 min. CHCl3/MeOH (1:1, v/v, 3 mL) was added, and the solution was dialyzed (membrane with a pore diameter of 12–14 kDa) against 50% EtOH. The dialysate was evaporated to dryness and the material was remethylated using the same procedure. The remethylated material was hydrolyzed with 2 M TFA (1 mL) at 120°C for 1 h, and then reduced and acetylated as previously described for neutral sugar analysis (using NaBD4 instead of NaBH4). The partially methylated alditol acetates (PMAA) were separated and analyzed by GC–qMS (GC-2010 Plus, Shimadzu). The GC was equipped with a DB-1 (J&W Scientific, Folsom, CA, USA) capillary column (30 m length, 0.25 mm of internal diameter, and 0.10 µm of film thickness). The samples were injected in “split” mode with the injector temperature at 250°C. The temperature program used was as follows: 1) an initial temperature of 80°C; 2) an increase of 7.5°C/min until 140°C and a hold time of 5 min; 3) an increase of 0.2°C/min until 143.2°C; 4) an increase of 12°C/min until 200°C; 5) an increase of 50°C/min until 250°C and a hold time of 5 min. The helium carrier gas had a total flow rate of 8.5 mL/min. The GC was connected to GCMS-QP 2010 Ultra Shimadzu mass quadrupole selective detector operating with an electron impact mode at 70 eV and scanning the range m/z 50–700 in a 1 s cycle in a full scan mode acquisition. III-2.4. Statistical analysis  Statistical analysis was performed using Graph Pad Prism Software. Differences between the different conditions of the cellular assays were analyzed using non-parametric test (Kruskal-Wallis test) and a p<0.05 was considered significant. Data are presented as mean ± standard deviations. 
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III-3. RESULTS III-3.1. Cytotoxicity of fucoidan extracts III-3.1.1. FE 1 does not present toxic effects over cancer cells and shows toxicity for normal cells FE 1 presents cytostatic effects at day 2 and day 3 for MDA-MB-231 cell line as demonstrated by the inhibited cells growth when compared to the control and lower concentrations (Figure III-1 A). Regarding MCF-7 cell line, fucoidan presents toxic effects only at day 3 and at concentration of 5 mg mL-1 (Figure III-1 B). Cytotoxic assays for the normal cells showed cytotoxic effect at day 2 for concentrations above 2 mg mL-1 (Figure III-1- C and D).  
 Figure III-1 Cytotoxicity of FE 1, at different concentrations and time-points (1, 2 and 3 days), over human cell lines A) MDA-MB-231, B) MCF-7, C) HPMEC-ST1.6R and D) MRC-5. Data was considered statistically different if p < 0.05. * indicates significant differences when compared to CTR; +, when compared to 0.1 mg mL-1; x, when compared to 0.5 mg mL-1; o, when compared to 1 mg mL-1; &, when compared to 2 mg mL-1 and $, when compared to 3 mg mL-1. III-3.1.2. FE2 induces cancer cells death but does not affect the viability of normal cells at 0.2mg mL-1 We began to test FE2 at the same concentrations as the FE1. However, a significant effect of fucoidan over the breast cancer cell lines was revealed at low concentrations: at day 2 and at concentration of 0.2 

A) B)C) D)+ control 0.1 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 3 mg/ml 5 mg/ml0.00.61.21.8 Day 1Day 2Day 3$&ox+*$&ox+*Abs. 490 nm + control 0.1 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 3 mg/ml 5 mg/ml0.00.40.81.21.62.0 Day 1Day 2Day 3 &x*Abs. 490 nm
+ control 0.1 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 3 mg/ml 5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3ox+*x+* ox+ x+*ox+* ox+* ox+* &ox+*Abs. 490 nm + control 0.1 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 3 mg/ml 5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3+*+* ox+*+*+* +* ox+* ox+* ox+*Abs. 490 nmCTR          0.1 mg ml-1       0.5 mg ml-1        1 mg ml-1            2 mg ml-1             3 mg ml-1         5 mg ml-1
CTR          0.1 mg ml-1       0.5 mg ml-1        1 mg ml-1            2 mg ml-1             3 mg ml-1         5 mg ml-1

CTR          0.1 mg ml-1       0.5 mg ml-1        1 mg ml-1            2 mg ml-1             3 mg ml-1         5 mg ml-1
CTR          0.1 mg ml-1       0.5 mg ml-1        1 mg ml-1            2 mg ml-1             3 mg ml-1         5 mg ml-1
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mg mL-1, the fucoidan induces cell death for both MDA-MB-231 and MCF-7 cell lines (Figure III-2 A and B). This effect become more pronounced at higher fucoidan concentrations. The two types of normal cells show distinct behavior: cytostatic effect for the endothelial cells was observed at day 2 and at concentration of 0.5 mg mL-1 (Figure III-2 C), while, for fibroblastic cells this effect was seen above concentration of 0.3 mg mL-1 (Figure III-2 D).  These results demonstrated that FE2 induces apoptosis for the two types of tumor cells above 0.2 mg mL-1 and maintains the viability of normal endothelial and fibroblastic cells at the same concentration.   Figure III-2 Cytotoxicity of FE 2, at different concentrations and time-points (1, 2 and 3 days), over human cell lines A) MDA-MB-231, B) MCF-7, C) HPMEC-ST1.6R and D) MRC-5. Data was considered statistically different if p < 0.05. * indicates significant differences when compared to CTR; +, when compared to 0.1 mg mL-1; x, when compared to 0.2 mg mL -1; o , when compared to 0.3 mg mL-1 and &, when compared to 0.4 mg mL-1. III-3.1.3. FE3 is toxic to both cancer and normal cells Similar to FE2, FE3 induces cancer cells death at day 1 for concentrations above 0.2 mg mL-1 (Figure III-3 A and B). However, FE 3 affects also the normal cells at this concentration and thus, its effect differs from FE2. Stronger cytostatic effect was observed for endothelial cells (Figure III-3 C): significantly diminished proliferation was measured for the cells at 0.1 mg mL-1 concentration and significant cytotoxic effect is observed above concentration of 0.3 mg mL-1. Concerning the fibroblastic cells, fucoidan has 
A) B)C) D)+ control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.21.8 Day 1Day 2Day 3+* +* x+* ox+*+* +* +* +*+* x+* x+*Abs. 490 nm + control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.51.01.52.0 Day 1Day 2Day 3+* +* x+* ox+*+* +* +* x+*x+* x+* ox+*Abs. 490 nm

+ control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3 ox+*x+*Abs. 490 nm + control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3ox+*+* x+*+* x+* x+* x+* ox+* ox+*Abs. 490 nmCTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1
CTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1

CTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1            0.4 mg ml-1          0.5 mg ml-1
CTR               0.1 mg ml-1              0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1
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severe consequences over this cell type and the cytotoxic effect is observed for concentration above 0.2 mg mL-1 (Figure III-3 D).   Figure III-3.  Cytotoxicity of FE 3, at different concentrations and time-points (1, 2 and 3 days), over human cell lines A) MDA-MB-231, B) MCF-7, C) HPMEC-ST1.6R and D) MRC-5. Data was considered statistically different if p < 0.05. * indicates significant differences when compared to + control; +, when compared to 0.1 mg mL-1; x, when compared to 0.2 mg mL-1; o , when compared to 0.3 mg mL-1 and &, when compared to 0.4 mg mL-1. III-3.2. Physicochemical characterization of the different fucoidan extracts III-3.2.1. Molecular weight The GPC analysis showed that the three extracts have significantly different molecular weight. A smallest retention volume (longer chain) was determined for FE 1 (Figure III-4 B). The molecular weight of FE 1 is two times higher when compared with FE 3. All the three extracts have a very similar Mw/Mn (polydispersity) (Figure III-4 A). 
A) B)C) D)+ control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.21.8 Day 1Day 2Day 3* +* +* +* +* x+* +* x+* ox+* ox+*+**Abs. 490 nm + control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.40.81.21.62.0 Day 1Day 2Day 3+* +* +* +* x+* +* x+*+* +* +* +* +*Abs. 490 nm

+ control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3+* +* +** x+** x+* x+* ox+* ox+* ox+*Abs. 490 nm + control 0.1 mg/ml 0.2 mg/ml 0.3 mg/ml 0.4 mg/ml 0.5 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3+* +* +* x+* +* x+* +*x+* x+*+* +* +*Abs. 490 nmCTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1
CTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1

CTR                0.1 mg ml-1             0.2 mg ml-1             0.3 mg ml-1            0.4 mg ml-1          0.5 mg ml-1
CTR               0.1 mg ml-1              0.2 mg ml-1             0.3 mg ml-1             0.4 mg ml-1            0.5 mg ml-1
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 Figure III-4. A) Molecular weight (Mw) and Mw/Mn of FE 1, FE 2 and FE 3 measured by GPC, B) molecular weight chromatograms. III-3.2.2. DTAF-labeled fucoidans’ cellular internalization An internalization assay was performed to assess if cancer cells were able to internalize the FE based on its molecular weight. In that sense FE 2 (the one with selective bioactivity) was compared with FE 1 (no bioactive activity and higher molecular weight). No green labelling is observed for the positive controls and DTAF (Figure III-5) showing that DTAF alone is not internalized by breast cancer and endothelial cells. Endothelial cells cultured with labelled FE 1 and FE 2 do not present any green fluorescence, i.e DTAF-labeled fucoidan was not internalized by these cells. On the other hand, breast cancer cells internalized the labeled fucoidan: green staining localized near to the nucleus is visible in Figure III-5 for both FE 1 and FE 2.    
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 96  Figure III-5. Internalization of DTAF-labeled FE 1 and FE 2 by HPMEC-ST-1.6R and MCF-7 cell lines. In MCF-7 cultures, the nucleus staining by DAPI was omitted in face of the co-localization of internalized DATF-labeled fucoidans. III-3.2.3. FE 1 hydrolysis The above results (Figures III-4 and III-5) did not lead straightforward to any conclusions about the significance of molecular weights on fucoidans bioactivity. However, since many authors related the Mw with the antitumor activity we performed further analysis about its influence the FE 1 (the one with higher molecular weight) was hydrolyzed by an acidic reaction in boiling water to lower molecular weight polymer 
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and we further analyzed it. We obtained a polymer with molecular weight of 40 kDa (Figure III-6 A). This molecular weight is similar to the one of FE 3, that has toxic effect over both cancer and normal cells. The toxicity of this new polymer (FE 1*) was evaluated with breast cancer and endothelial cells and demonstrated no significant differences as compared with the initial FE1 (Figure III-6 C) and D) vs Figure III-1 B and C).    Figure III-6. A) molecular weight (Mw) and Mw/Mn measured by GPC, B) molecular weight chromatogram. Cytotoxicity of FE 1* over C) MCF-7 and D) HPMEC-ST-1.6R cell lines. No statistically significant differences were observed. III-3.2.4. Carbohydrates composition  The obtained results for the monomeric composition of the analyzed sulfated-polysaccharides showed that the predominant sugar was the fucose (71.2 - 79.1% mol), as expected. The following sugars are the uronic acids (9.8 – 15.3% mol), xylose (3.9 – 8% mol), galactose (3.5% - 5.5% mol) and minor amounts of mannose and glucose (Table III-1). It seemed that there are not many differences between the analyzed fucoidan extracts. When comparing one of the previous referred extracts with FE 1 (no toxicity over cancer cells) we often find comparable values, with at least one of the extracts (FE 2 and FE 3). The total sugar mass per extract mass is also very similar for the three extracts. Having a closer look into the quantification of neutral sugars and uronic acids, and having in mind that FE 2 and FE 3 are the 
MOLECULAR WEIGHT (Mw) Mw/MnFE 1 82 1.8FE 1* after 10 min hydrolysis 40 1.7A)B) C)D)FE 1FE 1*Ret. Vol.  (ml)15 17 19 21 23 25

+ control HCl + NaOH 0. 2 mg/ml 0.5 mg/ml 1 mg/ml0.00.40.81.21.62.0 Day 1Day 2Day 3Abs. 490 nm
+ control HCl + NaOH 0. 2 mg/ml 0.5 mg/ml 1 mg/ml0.00.61.11.72.2 Day 1Day 2Day 3Abs. 490 nm CTR                 HCL + NaOH 0.2 mg ml-1                0.5 mg ml -1 1 mg ml-1CTR                 HCL + NaOH 0.2 mg ml-1                0.5 mg ml -1 1 mg ml-1
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ones that present toxicity to cancer cells, it is not possible to find any correlation between these sugar components and the anti-cancer activity.  Table III-1 Carbohydrates composition of the three fucoidan extracts  III-3.2.5. NMR spectroscopy The differences in the biological activity observed in FE seems to be unrelated to the Mw and sugars composition therefore we decided to analyze in detail the sulfation and branching of the samples. The fastest way to compare the 3 extracts and obtain a general idea of the differences in composition is 1H NMR. The 1H NMR of the 3 samples at 400 MHz is included in Figure III-7. The spectra correspond to the previously described for fucoidan samples with the isolated regions of the fucose methyl protons (H6, 1-1.5 ppm), acetyl protons (at 2.2 ppm with a small proportion 0.5 to 1 acetyl groups per every 10 fucose residues) and anomeric (5.0-5.5 ppm) and a highly overlapped region corresponding to all other signals in the fucose 1H NMR [26]. The strong overlap hampers a very detailed information but the 3 extracts show enough differences to expect considerable different composition. Especially interesting was difference the region around 3.9-4.3 ppm that contains signals attributed to branched fucose [29]. In light of these results a detailed study of sulfation position and branching was performed by methylation analysis. 
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 Figure III-7 1H NMR spectra (400 MHz, D2O, 25 ºC) of the Fucoidan extracts: FE1 bottom, FE 2 middle and FE 3 top. III-3.2.6. Sulfation degree and methylation analysis Sulfation is another key factor in fucoidan bioactivity: higher sulfation degree is often associated with greater bioactivity [36]. Quantification results demonstrate that the studied extracts have a very similar total percentage of sulfates, which varies between 28.0 and 29.3%.  The analysis of partially methylated alditol acetates before (native) and after desulfation (desulfated) of fucoidans allow to know the substitution of sugar residues, corresponding to branching points and the substitution by sulfate esters. When a position is acetylated in the native polysaccharide and become methylated after desulfation, it is indication that this position contains a sulfate residue. However, when a position is acetylated even after desulfation of the polysaccharide, it can be inferred that it is a branching point. The results are shown in Table III-2.  In native fucoidan extracts, 2,3,4-Fuc was the major residue for the three extracts, followed by 2,4- and 2,3-Fuc (co-eluated peaks) residues, indicating a high percentage of substituted fucose. After desulfation it was observed the decrease of these specific residues (75-80% for 2,3,4-Fuc and 46-61% for 2,4-Fuc + 2,3-Fuc), meaning that part of the substituents was sulfate esters that were removed with the 
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desulfation procedure. An increase mainly of the 4-Fuc and 3-Fuc residues after desulfation allowed to infer that the fucoidan backbone was constituted by these linkages, which is in accordance with literature, reporting that F. vesiculosus fucoidan main chain is composed of alternating 4-O and 3-O fucose linkages [37, 38]. These results allowed also to conclude that sulfate esters were mainly linked in 2-O fucose. However, the observation of the 2-O linkage in the desulfated sample shows that this linkage should be also a characteristic of the fucoidan structure. The increase of 3,4-Fuc residues after desulfation, as well as the maintenance of about 10% of 2,3,4-Fuc, 2,4-Fuc, and 2,3-Fuc branched residues, corroborate the presence of a branched fucoidan structure mainly in 3-O or 4-O positions. As the sum of all branched residues is equal to the sum of terminal residues of Fuc, Xyl and UA (GlcA and GalA), it can be inferred that the fucoidan had a polymeric nature (no extra Fuc terminal residues), containing fucose, xylose, and uronic acids as side chains terminal residues. The branching degree (sum of branched Fuc/(total Fuc minus the terminal Fuc), indicates the frequency (%) of side chain residues present in the backbone. Therefore, this structural feature of the polysaccharides was determined for FE 1, FE 2, and FE 3 and allowed to show that FE 2 was more branched (83.4%) than FE 1 (67.5%) or FE 3 (60.4%) (Table 2).  The percentage of sulfate present in each fucose position (4-,3-, and 2-O linkage) was determined based on the increase of each fucose linkage after desulfation in relation to the native fucoidan (Table III-2). The major percentage of sulfate esters was present in the 2-O-Fuc for all extracts (51-60%), which is in agreement with literature [37, 38]. In addition, it is also possible to observe the presence of sulfates in 3-O position (28-35%) and 4-O position (27-36%). The FE 2 showed the presence of fewer sulfate esters in 4-O and 2-O positions when compared with the other extracts, in opposite to FE 3 that had a higher percentage of sulfates in 4-O and 2-O positions. FE 1 had a higher content of sulfate in 3-O position.        
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Table III-2 Sulfation degree (%), glycosidic-substitution composition (%) of fucoidan samples in fractions FE 1, FE 2, and FE 3, before and after desulfation.  FE 1 FE 2 FE 3 Sulfation Degree (% Sulfate mass/extract mass) 28.0 ± 1.4 29.3 ± 2.8 28.6 ± 1.9 Sugar residues and substitution positions Native Desulfated Native Desulfated Native Desulfated t-Fuc 5.5 14.2 4.2 13.1 4.7 13.4 4-Fuc 0.9 10.6 1.9 7.6 1.5 11.0 3-Fuc 1.5 9.3 1.2 7.3 1.5 13.6 2-Fuc 5.1 8.8 3.9 5.2 4.1 5.7 3,4-Fuc 3.9 12.3 7.3 11.2 5.8 9.2 2,4-Fuc + 2,3-Fuc 19.1 10.3 24.8 10.6 27.6 10.7 2,3,4-Fuc 42.8 9.1 42.9 11.3 34.8 6.8 Total Fuc 78.8 74.6 86.3 66.3 79.9 70.4 t-Xyl 6.8 9.1 3.3 7.7 4.4 8.2 t-GlcA + t-GalA 14.5 16.3 10.4 26.0 15.6 21.4 Branching degree (%) 67.5 83.4 58.9 Sulphate (%) 4-O linkage 30.5 27.4 38.5 3-O linkage 34.9 29.4 27.7 2-O linkage 55.6 50.9 60.3 III-4. DISCUSSION Fucoidan has been reported to inhibit the growth of cancer cells, having a great interest in the development of new cancer therapies [8]. When considering a cancer therapy, the ultimate goal is to affect cancer cells without damaging the surrounding healthy environment, having non or minimal side-effects [39]. The tumor microenvironment comprises not only the cancer cells but also the non-cancerous 
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cells which includes endothelial cells, fibroblasts and circulating immune cells [40, 41]. For this reason, it is of utmost importance to test whether fucoidan can only damage the tumor cells and not the healthy surrounding tissues. The three fucoidan extracts were tested with endothelial, fibroblastic and breast cancer cells. When designing a blood administered drug, there is a need to assure that its circulation will not affect the blood vessels. Therefore, we tested the cytotoxicity of fucoidan over human endothelial cells (HPMEC-ST-1.6R cell line).  The healthy tissue around the tumor should not be affected when the drug enters into the interstitial fluid. Therefore, fucoidan should not affect this type of cells as well, herein represented by human fibroblasts (MRC-5 cell line). Breast cancer is one of the most frequent cancers and, as many other types of cancer, presents heterogeneous behavior. We used two different breast cancer cells lines to depict this tumor heterogeneity. MCF-7 cell line is an ideal cell model to study hormone responsive tumors since it is estrogen receptor (ER)-positive cells and forms tumors in the presence of estrogen. On the other hand, MDA-MB-231 cell line is ER-negative and have been shown to be tumorigenic [42, 43]. As previously stated, the desired effect of a cancer therapeutic strategy is that fucoidan has toxicity over cancer cell and no or diminished effects over non-cancer cells. Some publications only show the effects of fucoidan over cancer cells [19, 44]. However, this can lead to some misinterpretation of fucoidans’ antitumor activity, since it could also have toxic effects over normal cells. In the present study, we denoted that not all fucoidan extracts present this desired behavior. Specifically, FE 1, despite the wide range of concentrations, showed toxicity to normal cells at lower concentrations than cancer cells, resulting in an extract without antitumor features and not suitable for cancer therapies. On the other hand, both FE 2 and FE 3 presented toxicity to cancer cells, although FE 3 also presented toxicity to normal fibroblast cells at the same concentrations. Therefore, FE 3 has to be used with extreme careful and in a more target and precise way to try to affect only the cancer cells and diminished the toxic effects over non-cancer cells, by not affecting the surrounding environment. The FE 2 is the one with the desired anti-tumor behavior, since it showed toxicity effects over cancer cells at 0.2 mg mL-1 and, at this concentration, neither endothelial nor fibroblastic cells were affected. From this first group of results, we conclude that not all fucoidans present desirable features, leading to different toxic profiles when in contact with the same cells.   After this biological screening, the next step was focused on the physicochemical characterization of the three extract, trying to understand which feature(s) play(s) a pivotal role in this antitumor behavior. As previously reported, the physicochemical factors that may influence fucoidan bioactivity are the 
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molecular weight, monosaccharide composition, sulfates degree and sulfates position. Nevertheless, despite not being directly related with fucoidan intrinsic structure the source and extraction method have also been described to influence its bioactive behavior. The effect of molecular weight has been reported as the crucial factor for the fucoidan bioactivity. Previous in vitro studies showed that lower molecular weight fucoidan significantly increased the anticancer activity of fucoidan [23, 44, 45]. Furthermore, it has been described that even with higher amounts of sulfation, molecular weight plays a more decisive role [8]. Among the fucoidans studied in the present work, FE 1 has the highest molecular weight when compared with FE 2 and FE 3, but the latter are the ones presenting toxicity to breast cancer cells. Molecular weight is known to be associated with cell internalization, among other factors, from which we hypothesized that when comparing FE 2 with FE 1, only FE 2 (lower molecular weight) would be internalized by cancer cells and exert its antitumor action [46, 47]. However, as illustrated in Figure III-5, no differences were observed in the cellular internalization of FE 1 and FE 2. Thus, these results do not give any conclusions regarding the relationship between cellular internalization and the molecular weight for the studied system. It has been described that hydrolyzed fucoidan exhibited a higher percentage of anticancer activity [8, 48]. In particular, hydrolyzed fucoidan under mild conditions (in boiling water with HCl) showed higher anti-tumor activity whereas hydrolyzed fucoidan generated under harsh conditions (microwave) slightly enhanced the anti-cancer effects [8]. In this sense, FE 1 was hydrolyzed by acidic reaction to assess if the resulting fucoidan, FE 1*, with lower molecular weight, would present toxicity over cancer cells. However, as seen in Figure III-6, this lower molecular weight extract did not present toxicity to normal and cancer cells. It has been described that acidic hydrolysis can reduce also sulfate content and depolymerization could change monosaccharides ratio, as e.g. decreasing the level of uronic acids [45, 49]. Besides, by comparing FE 1* and FE 3 it is possible to conclude that despite having similar molecular weight the two extracts present significant differences in their bioactivity response.  These results suggest that the antitumor behavior may be related with other factors and not directly associated with fucoidans’ molecular weight  The studied fucoidan extracts have a total percentage of carbohydrates between 50.5 and 52.5 and of sulfates between 28.0 and 29.3, which means that the total amount of polysaccharides present in the samples varies between 78.5 and 81.8%. These results confirm that fucose and sulfates are the main components of fucoidan from F. vesiculosus, as described elsewhere [13, 50]. The uronic acids content has been determined in fucoidan composition, although we need to be cautious in assuming that the full 
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uronic acid measured is contained within the fucoidan polymers, as has been described elsewhere [51]. The carbohydrates composition did not indicate any clear relation structure-activity.  Higher sulfation is related with greater molecular bioactivity and thus researchers have produced over-sulfated fucoidans to enhance its biological properties [37]. It has been suggested that over-sulfation causes higher negative charge in the molecule, which facilitate formation of fucoidan-protein complexes involved in cell proliferation [39]. Sulfate mass quantification, of the three fucoidan extracts did not present significant variation. Despite these results, sulfates can still play a role in the antitumor activity, since the same sulfation degree can correspond to different sulfates position, i.e. sulfation distribution along fucoidan backbone, presenting distinct biological response. Thus, both sulfates position and polymer branching were assessed to better understand the role of the chemical structure on the exhibited biological activity. The FE 2 was the polysaccharide with higher percentage of fully branched chains (together in 3-O and 4-O-Fuc) and, as a consequence, it is a more branched structure than the other ones. Also, as all hydroxyl groups are linked, they could not have sulfates in these residues. The sulfates occur mainly in 2-O-Fuc. In comparison with FE 2, FE 1 had higher sulfation in 4-O-Fuc and 3-O-Fuc while FE 3 had higher sulfation in 4-O-Fuc. Consequently, the sulfates position is different for the three fucoidans. It is possible that these structural differences may influence their cytotoxicity response, particularly regarding the breast cancer cell lines tested.  It is thus shown here that the antitumor behavior is not ubiquitous, as could be inferred from the published reports, but dependent on their chemical structure, being also important to highlight that the same fucoidan extract can present different effects over different types of cells and cancers [15]. As referred before, the source (original species) and extraction method are two factors that may affect fucoidan intrinsic properties and that are commonly associated with fucoidans’ bioactivity. Fucoidan preparations isolated from different sources have shown differential anti-cancer effects in vivo due to corresponding structural properties [22]. Since the source of fucoidan is the same for the three extracts (i.e. F. vesiculosus), the extraction method may be the factor influencing fucoidan intrinsic properties and thus the different antitumor behavior. Even from the same company, we have different batches that can present different behaviors. The preservation of the fucoidan molecules’ structural integrity essentially depends on the extraction methodology which has a crucial, but partly ignored, significance for obtaining the relevant structural features required for specific biological activities and for elucidating structure-function relations [14]. 
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To be suited to a regulated product, fucoidan extracts must be defined and reproducible. Sustainable, clean and regulated harvesting, or culturing of a single type of seaweed are required. In order to meet therapeutic regulatory requirements, common extraction methods and distribution of fully characterized fucoidans needs to be taken into consideration. This is particularly relevant when trying to take a product from a preclinical concept to clinical trials. The development and use of such consistent extraction procedures would also help in achieving a better understanding of structure-function relationship of fucoidan extracts. III-5. CONCLUSIONS Despite the promising results about the anti-cancer effects of fucoidan, some variability impedes its utilization in the clinic. Specifically, contradictory experimental results influenced by endogenous and exogenous factors in fucoidan usage are the main barriers. It is also important to have in mind that the ultimate goal of an effective cancer therapy is to damage cancer cells without negatively affect the surrounding healthy environment. This distinctive action mode was only observed with the FE 2 being important to characterize the physicochemical properties of the different extracts. The present results allow to infer that the molecular weight, monosaccharides composition and content of sulfates could not be related with the cytotoxicity of FE 1, FE 2, and FE 3 extracts. From our results, we can conclude that the branching degree of the fucoidans may be the most obvious cause of the different biological behavior of the three extracts. In this sense, more focus should be direct to the optimization and standardization of the extraction and purification processes to obtain consistent protocols that account for the biodiversity of fucoidan extracts, from different seaweeds, and to retain the structural features of significance for specific bioactivity of fucoidan extracts. Furthermore, the determination and clarification of the structural characteristics responsible for antitumor activities of fucoidan will be essential for its potential as a marine-origin drug.  III-6. ACKNOWLEDGEMENTS  The authors would like to thank the funding from projects 0687_NOVOMAR_1_P, co-funded by INTERREG 2007-2013/POCTEP, CarbPol_u_Algae (EXPL/MAR-BIO/0165/2013) 
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Chapter IV Chapter IV -  Fucoidan from Fucus vesiculosus inhibits new blood vessel formation and breast tumor growth in vivo ‡  ABSTRACT  Fucoidan is a marine-origin sulfated polysaccharide that can show anticancer activity, to which both pro- and anti-angiogenic responses have been reported. Due to this unpredictability, the angiogenic potential of an effective anticancer crude fucoidan (CF), at a concentration of 0.5 mg mL-1, was evaluated. Tube formation assay demonstrated that CF, either administered while endothelial cells seeding or after cells’ adhesion, inhibited or disrupted the formation of tubular-like structures. Although CF did not significantly reduced VEGF secretion, it significantly reduced the expression of PDGF. Two Chicken Embryo Chorioallantoic membrane (CAM) assays were performed: one without tumor (CAM I) and the other with an onplanted tumor mass (CAM II). CF injection reduced the number of blood of vessels and significantly decreased the size of the tumor, respectively. In vitro and in vivo results support the effectiveness of fucoidan as a natural antitumor therapeutic agent.                                                      ‡ This chapter is based on the following publication: Oliveira C., Granja S., Neves N.M., Reis R.L., Baltazar F., Silva T.H., Martins A., Fucoidan from Fucus vesiculosus inhibits new blood vessel formation and breast tumor growth in vivo, Carbohydrate Polymers. (2019) 223. doi: 10.1016/j.carbpol.2019.115034  . 



Chapter IV – Fucoidan from Fucus vesiculosus inhibits new blood vessel formation and breast tumor growth in vivo  

 112 

IV-1. INTRODUCTION Angiogenesis is the physiological process that comprises the formation of new blood vessels from pre-existing ones, a process mediated by endothelial cells.  This process encompasses different phases: sprout formation (initiated with the release of enzymes from the endothelial cells), cell proliferation and migration and formation of tubular-like structures [1, 2]. Angiogenesis requires several regulating molecules that may trigger this process. Between them, growth factors (GFs) are the key players, namely vascular endothelial growth factor (VEGF) that induces endothelial cells proliferation and migration, and platelet-derived growth factor (PDGF) related with blood vessels maturation [1, 3]. These growth factors are essential in many physiological processes like embryonic development, tissue regeneration and wound healing, where angiogenesis is temporary and highly regulated. Nevertheless, there are some pathological conditions where angiogenesis is an unregulated process, such as tumor growth and cancer metastases [4, 5]. Angiogenesis does not promote cancer appearance but enables tumor progression and metastasis [6].Tumor growth comprises two different stages: the first stage does not involve blood vessels formation, whereas the second stage requires the formation of new capillaries for the exchange of nutrients/waste and cancer cells’ survival. These new blood vessels are also a mean for tumor cells circulation [4, 7, 8]. Therefore, blocking angiogenesis in the tumor microenvironment has become a promising approach for the development of effective anticancer therapies [9, 10]. Most of the current anti-cancer drugs used in cancer therapeutics affects both cancer and healthy cells, resulting in severe adverse effects. Anti-angiogenic compounds may present less side effects since neoangiogenesis is not common in healthy adults. Blocking VEGF pathway is the most common approach to limit tumor angiogenesis and has been reported for different types of cancers [11]. However, there are some limitations since VEGF blockage may also damage healthy vessels and resistance to VEGF inhibitors may occur, resulting in adverse side effects [12]. Recent findings may use other mechanisms, independently or in combination with VEGF-blockage, trying to improve current anti-angiogenic treatments for cancer [13]. Different strategies based on natural compounds have been reported to present these anti-angiogenic activity, increasing bioavailability and the delivery of drugs to the sites of tumor angiogenesis [14]. Fucoidan is a marine-origin sulfated polysaccharide that can be extracted from different brown algae species, such as F. vesiculosus, which is the most common. Fucoidan from this species presents a relatively simple composition and is mainly composed of fucose and sulfate residues. The main component unit is 1,2-α-fucose and most of sulfate groups are located at position C-4 of the fucose units. 
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Fucoidan structure may also be composed of other monosaccharides as glucose, xylose, galactose and mannose [15]. Fucoidan may present diversified biological activities including antibacterial, antioxidant, antiviral and antitumor, depending on their chemical features [16, 17]. Some of these biological activities are still controversial, since not all fucoidans present the same biological responses [15]. In a previous work, we related the antitumor activity of CF with its chemical structure, highlighting the relevance of structure-activity relationship (SAR) [18]. Considering the angiogenic potential of fucoidan, both pro- and anti-angiogenic responses have been reported in the literature [19]. Fucoidan was reported to limit angiogenesis in osteosarcoma, associated with a decrease in VEGF and SDF-1 (stromal derived factor-1) [20]. In another attempt, an anti-angiogenic sulfated fucoidan was reported, presenting its biological activity by blocking VEGF signaling to inhibit human lung cancer cells growth [21]. Low molecular weight fucoidan suppressed HIF-1/VEGF signaling pathway using human bladder cancer cells [22]. The same signaling pathway was investigated with human multiple myeloma cells and fucoidan presented anti-angiogenic properties [23]. Regarding prostate cancer, fucoidan was reported to inhibit human cancer cells proliferation by reducing specific endothelial markers like VEGF [24]. Fucoidan from F. vesiculosus inhibited the growth of human thyroid cancer cells and suppressed angiogenesis [25]. There is only one study that relates breast cancer and anti-angiogenic potential of fucoidan. In this case, micro-vessels reduction was observed in a mouse breast cancer cell model when fucoidan was injected [26]. Despite the demonstrated anti-angiogenic activity, other studies were not able to reach the same conclusions. In human hepatocarcinoma cells lines treated with different doses of fucoidan, angiogenesis was not affected and there was no decrease in VEGF expression [27]. In another attempt, fucoidan did not present antitumor activity for uveal melanoma cells lines, demonstrating a pro-angiogenic potential instead [28].  The pro-angiogenic activity of fucoidan has been most studied for non-tumor pathologies. Fucoidan was evaluated in ischemic tissues, showing its capability for revascularization by triggering mobilization of endothelial progenitor cells [29]. The angiogenic effect of fucoidan for inducing osteoblastic differentiation through VEGF secretion, resulted in enhanced angiogenesis and bone repair [30]. Some studies have already reported that different fucoidan extracts, regarding their chemical features, may present different angiogenic biological effects [31]. An effective anticancer CF presents toxicity to cancer cells without affecting normal cells, as previously reported by us [32]. Considering that fucoidan can exert an anti-cancer response through different mechanisms, including by inhibiting the formation of blood vessels, but also that the angiogenic potential of fucoidan is still controversial, we hypothesized that a CF similar to the one used in the previous 
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work has also an anti-angiogenic effect. The tube formation assay evaluated the effect of fucoidan on the formation/inhibition of tubular like structures. These findings were correlated with the secretion of VEGF and PDGF, two important GFs secreted by human endothelial cells and involved in angiogenesis. Furthermore, CAM assay was performed as a model to study angiogenesis in vivo. With this model two different approaches were carried out: one without tumor cells (CAM I) to ascertain about the effect of fucoidan over the vasculatures and other where tumor cells were onplanted into the chick membrane (CAM II) to assess the influence of fucoidan in a simulated tumor microenvironment.  IV-2. EXPERIMENTAL SECTION IV-2.1. Materials Crude fucoidan from F. vesiculosus (batch number: SLBP3196V) was purchased from Sigma-Aldrich and used as received. Fucoidan molecular weight is 107 800 Da, was measured by Gel Permeation Chromatography - Multi-angle Laser Light Scattering (from the certificate of analysis). The sulfation degree was determined as 15%, based on S:C atomic ratio of 0.025 obtained from XPS analysis. Human breast adenocarcinoma cells (MDA-MB-231) and cell culture medium (M199 and D-MEM high glucose) were purchased from Sigma-Aldrich whereas endothelial cell growth supplement (ECGS) and matrigel were both acquired from Corning. Fetal bovine serum (FBS) and MEM sodium pyruvate were purchased from Life Technologies. Biotinylated Sambucus Nigra Lectin (SNA, EBL) was purchased from Vector Laboratories. MTS assay (CellTiter 96® AQueous One Solution) was bought from Promega. VEGF and PDGF Development ELISA kits were both purchased from Prepotech. 96-well plate (Nunc-Immuno MicroWell 96-well solid plates) and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) were purchased from Sigma-Aldrich. IV-2.2. Fucoidan extract assay to assess antitumor activity as cytotoxic agent IV-2.2.1. Cell expansion  Human endothelial cells (HPMEC-ST1.6R) were cultured in M199 medium supplemented with 20% FBS, 2 mM Glutamax, Pen/Strep (100 U/100 g mL-1), ECGS (25 µg mL-1). Cells were used at passages 38-40. Human breast adenocarcinoma cells (MDA-MB-231) were cultured in D-MEM high glucose 
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medium supplemented with 10% FBS, Pen/Strep (100 U/100 g mL−1) and 1% MEM sodium pyruvate solution. Breast cancer cells were used at passages 41-43. IV-2.2.2. Cell seeding and culture  Human endothelial and cancer cells were harvested and 15 000 cells were seeded in 24 well-plates. After 4h of adherence, crude fucoidan (CF) was added at different concentrations (0.1, 0.2, 0.3, 0.4, 0.5, 0.75 and 1 mg mL−1). A control, without fucoidan in the culture medium, was performed for all the assays. Each experimental condition was tested in triplicate and two independent assays were performed for each type of cells. IV-2.2.3. Cell Viability  The metabolic activity of human cell lines was determined by MTS assay. After 1, 2 and 3 days, the culture medium was removed and the testing conditions were rinsed with sterile PBS. A mixture of culture medium (without FBS and phenol red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3 h, at 37 ºC, in a humidified 5% CO2 atmosphere. Thereafter, the absorbance of the MTS reaction medium from each sample was read at 490 nm in a microplate reader (Synergy HT, Bio-TEK).  IV-2.3. In vitro evaluation of CF angiogenic potential  IV-2.3.1. Tube formation assay (TFA) Human endothelial cells were used for the tube formation assay. The bottom of 96 well-plates were pre-coated with 100 µL of matrigel and left to solidity for 1 h at 37 ºC. Afterwards, 15 000 cells were seeded on top of the matrigel. Two different assays were conducted: one where CF was added at the time of cell seeding (tube formation assay I - TFA I); and another where CF was only added 4h after cells adherence (tube formation assay II – TFA II). Samples were analyzed in an inverted microscope (Axiovert 40 – Zeiss) and photos were acquired using a digital camera (G11, Canon) at different time points: 0 h, 4 h, 8 h, 12 h and 16 h.  
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IV-2.3.2. Quantification of secreted VEGF and PDGF  For the quantification of secreted growth factors, human PDGF and VEGF development ELISA kits were used according to manufactures’ protocol. Briefly, the primary antibodies were incubated overnight in a 96-well plate (Nunc-Immuno MicroWell 96-well solid plates). Both the standards and the samples were incubated, and the assay was conducted according to the manufacturer’s protocol. In the last step, 100 μL of ABTS liquid substrate was added to each sample, and each plate was read at 405 and 650 nm. IV-2.4. In vivo evaluation of CF angiogenic potential  IV-2.4.1. Chick Embryo Chorioallantoic membrane I White fertilized chicken eggs were incubated at 37 ºC for 3 days (Figure IV-1). After this, a window was opened into the shell in order to evaluate embryo viability. A silicon ring was onplanted on the CAM, at day 9 of embryo development, to determine the area where 0.5 mg mL-1 CF was injected (injection of water was used as control group), and the eggs were returned to the incubator at 37°C until day 13 for in-ovo images acquisition. At day 17, CAM was photographed in-ovo and embryos were sacrificed by incubation at -80 °C for 10 min. After fixation with paraformaldehyde at 4% (PFA4%) ex-ovo images were captured directly from the plate. Three independent assays were performed, resulting in n=15 eggs per condition. IV-2.4.2. Chick Embryo Chorioallantoic membrane II The same protocol of CAM I was followed until day 9 of embryonic development. At that day, instead of inserting a ring into the CAM, a tumor was injected. For tumor development, 1x106 human breast cancer cells were re-suspended in matrigel and onplanted into the CAM, allowing tumor development until day 13. At this time point, in-ovo photos were acquired and 20 µl of fucoidan was injected in the tumor. At day 17, CAM was photographed in-ovo and embryos were sacrificed by incubation at -80°C for 10 min. After fixation with paraformaldehyde at 4% (PFA4%) CAM ex-ovo images were captured directly from the plate. Three independent assays were performed, resulting in n=15 eggs per condition.  
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 Figure IV-1 Timeline of CAM assay. CAM I without tumor and CAM II with tumor. IV-2.4.3. Histological analysis The excised membranes were transferred to histological cassettes, embedded in paraffin and serially sectioned for H&E and immunohistochemical analysis of an endothelial marker, lectin. IV-2.4.3.1 H&E staining Hematoxylin and eosin (H&E) staining was performed in CAM sections of 4 µm thickness. Briefly, sections were deparaffinized with xylene, rehydrated in ethanol and stained with hematoxylin and eosin. Afterwards, sections were dehydrated and mounted with resinous mounting medium. The histological sections were analyzed under Leica DM750 microscope at 4´, 10´ and 40´ magnifications. IV-2.4.3.2 Immunohistochemistry – Lectin CAM sections of 4 µm thickness were deparaffinized and rehydrated in an automatic stainer. Immunohistochemical analysis was performed according to the streptavidin-biotin peroxidase complex system (UltraVision Large Volume Detection System Anti-Polyvalent, HRP; LabVision Corporation). Briefly, after rehydration, slides were subjected to heat-induced antigen-retrieval with 10 mM citrate buffer at pH=6 for 20 min at 98ºC. The slides were washed with PBS and then incubated with 3% hydrogen peroxide for 10 min to inactivate endogenous peroxidases. Another washing step was performed and slides were incubated with UV block solution for 10 min, before incubation with biotinylated primary antibody (anti-lectin 1:500) for 1h at RT. Section were washed with PBS and incubated with streptavidine-peroxidase for 10 min, followed by 3,3’diaminobenzidine (DAB) incubation. All sections were counterstained with Gill-2 hematoxylin. For negative controls, primary antibody incubation step was 
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replaced with antibodies diluent solution alone. Images were acquired using Leica DM750 at different magnifications 4´, 10´ and 40´. IV-2.5. Statistical analysis  Statistical analysis was performed using Graph Pad Prism Software 5. Differences between testing conditions of the cellular assays were analyzed using non-parametric test (Kruskal-Wallis test) and a p < 0.05 was considered significant. Data are presented as mean ± standard deviations. IV-3. RESULTS IV-3.1. Cytotoxicity of CF The effect of CF at different concentrations was evaluated over human endothelial (HPMEC-ST1.6R) and breast cancer (MDA-MB-231) cells lines. CF presented toxic effects for breast cancer cells at lower concentrations (0.5 mg mL-1) than endothelial cells (Figure IV-2). Statistically significant differences start to be observed at day 2 for 0.4 mg mL-1 regarding cancer cells. For endothelial cells, these differences are just observed at day 2 for 0.75 mg mL-1. Therefore, 0.5 mg mL-1 was set as the selective fucoidan concentration to conduct all further assays. 
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 Figure IV-2 Cytotoxicity of CF, at different concentrations and time-points (1, 2 and 3 days), over human cell lines A) HPMEC.ST1.6R and B) MDA-MB-231. Data was considered statistically different if p < 0.05. * when compared to CTR; # when compared to 0.1 mg mL−1; & when compared to 0.2 mg mL−1; $ when compared to 0.3 mg mL−1 and + when compared to 0.4 mg mL−1. IV-3.2. Tube formation assay IV-3.2.1. Influence of CF over angiogenesis In TFA I, CF at 0.5 mg mL-1 was added at the same time of endothelial cells seeding. In the control conditions without CF, cells adhered on top of matrigel and it was possible to observe the formation of tubular-like structures, after 4h (Figure IV-3, CTR). For later time points, these tubular-like structures were even more evident and dense. In the presence of CF (Figure IV-3, Fucoidan), endothelial cells aglomerated instead of forming tubular-like structures, even for later time points. 
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 Figure IV-3 Tube formation assay I (TFA I). Photos taken at different time points for both the control and fucoidan conditions. Total magnification 35x. IV-3.2.2. Influence of CF over an existing vascular network In another assay (TFA II), CF was only added 4h after endothelial cells seeding, when the formation of the capilary-like structures was already observed (Figure IV-4 , 4 h). In control conditions, it was possible to observe the same behavior described in TFA I. The addition of fucoidan, destroyed a pre-formed endothelial network. This behavior started to be observed at 8h, being more evident in the later time points (12h and 16h), where the endothelial network was completely destroyed and cells tended to aglomerate.  Figure IV-4 Tube formation assay I (TFA I). Photos taken at different time points for both the control and fucoidan conditions. Total magnification 35x. IV-3.2.3. Secreted VEGF and PDGF  To give a quantitative perspective of TFA assays, secreted VEGF and PDGF were quantified by ELISA. Regarding VEGF quantification, both TFA assays presented similar values (Figure IV-5 A). The controls 
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secreted around 2.88±0.13 pg mL-1 and 2.63±0.20 pg mL-1, for TFA I and TFA II, respectively, whereas in the presence of CF, endothelial cells secreted 2.37±0.19 pg mL-1 (TFA I) and 2.39±0.37 pg mL-1 (TFA II). Although a slightly decrease of VEGF concentration was observed for CF, no statistically significant differences were observed when compared to control conditions. Regarding PDGF quantification, both tube formation assays present statistically significant differences, when comparing control with fucoidan conditions (Figure IV-5 B). In TFA I, the controls present values around 0.39±0.09 pg mL-1, whereas samples with CF present values around 0.12±0.03 pg mL-1, indicating a reduction of around 70%. For TFA II, the presence of CF reduced the secretion of PDGF (0.51±0.13 pg mL-1) around 41%, when compared with control conditions (0.30±0.07 pg mL-1). In summary, CF at 0.5 mg mL-1 did not significantly reduce VEGF secretion, but significantly affect the secretion of PDGF, when compared to the control conditions (without fucoidan).   Figure IV-5 Quantification of secreted VEGF A) and PDGF B). Tube formation assay I – TFA I (CF added at cell seeding) and TFA II (CF added 4 h after cell seeding). Data was considered statistically different (*) if p < 0.05. The two assays were analyzed separately. IV-3.3. Influence of CF over angiogenesis in vivo IV-3.3.1. Blood vessel quantification Following the previous in-vitro results, the anti-angiogenic activity of fucoidan was also assessed in-vivo, in a CAM assay. For that, the number of blood vessels converging into the study area (the ring) was evaluated 7 days after CF injection (day 17 - end of experiment). Figure IV-6 A) presents in-ovo images at two different time points: 3 and 7 days after CF injection. The CAM developed as expected along time but no conclusive differences could be observed between conditions with added CF and control. Thus, CAM was retrieved and ex-ovo photos, at day 7, were obtained, where fucoidan condition seemed to present a 
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less vascularized CAM around the site of CF injection (ring). This observation was confirmed by counting the blood vessels of all photos (n=15), CTR condition presented 25.5 ± 3.5 vessels whereas fucoidan condition presented around 22±4.2 vessels. In Figure IV-6 B), it was possible to observe a significant decrease in the number of blood vessels, in the presence of fucoidan, when compared to control condition. 



Chapter IV – Fucoidan from Fucus vesiculosus inhibits new blood vessel formation and breast tumor growth in vivo  

 123   Figure IV-6 CAM assay I. A) In-ovo and ex-ovo photos of the control and fucoidan conditions at different times points – 3 and 7 days – after fucoidan injection. Ex-ovo photos were cropped into 500x500 size photos around the ring, and B) the number of blood vessels 
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IV-3.3.2. H&E staining and immunohistochemistry Figure I-7 shows photomicrographs of excised CAM histological sections stained with H&E and SNA-lectin, after 7 days of CF injection. H&E staining allows the observation of the blood vessel morphology present in the CAM. Several microscopic and macroscopic blood vessels could be observed along the CAM in all tested conditions. Blood vessels presented their typical round shape and no morphological differences were observed between the control and fucoidan conditions. Regarding SNA-lectin staining (brown staining – lectins specifically binds to chick endothelial cells), it seems to be less lectins for the fucoidan conditions, than the control condition.  
 Figure IV-7 Photomicrographs of the excised CAM histological sections, obtained 7 days after FE injection, stained with H&E and immunostained for lectin.  
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IV-3.4. Influence of CF on the tumor microenvironment IV-3.4.1. Blood vessel quantification and tumor size In the CAM II assay, human breast cancer cells were re-suspended in matrigel and onplanted into the chick membrane. In Figure IV-8 A), it is possible to observe the successful development of a tumor mass 4 days after tumor onplantation. The tumor spheroids kept their integrity along the 8 days of experiment. From day 8 ex-ovo photos, the area occupied by the tumor was measured and the number of blood vessels was determined as in the previous CAM assay. Figure IV-8 B) shows that the number of blood vessels was similar between control and fucoidan conditions. On the other hand, the administration of CF induced a decrease in the tumor area to 2.4±0.5 mm2 (0.5 mg mL-1) when compared with the control 3.1±0.5 mm2 (Figure IV-8 C).  
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IV-3.4.2. H&E staining and Lectin immunoexpression In this CAM assay, the H&E staining and the expression of SNA-lectin was performed as for CAM I. In the H&E staining it was possible to observe the integration of the tumor within the CAM. As expected, most of the blood vessel distribution was observed in the area under the tumor, presenting their typical round morphology (Figure IV-9 – H&E). These blood vessels presented a small diameter maybe due to the pressure caused by the presence of the tumor mass. SNA-lectin (Figure IV-9 – Lectin) seemed to present some differences when CF was administered into the tumor, showing decreased lectins immunoexpression for the fucoidan conditions tested [33]. 
 Figure IV-9 Photomicrographs of the excised CAM sections, stained with H&E and immunostained for lectin. IV-4. DISCUSSION Fucoidan’s potential as an agent for the regulation of angiogenesis has been described in the literature, reporting both pro- and anti-angiogenic properties [19]. To clarify its bioactivity, the cytotoxicity 
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of a specific CF was evaluated over two different human cells lines, since the main goal of an effective anti-cancer therapy is to induce cancer cells death without affecting normal cells. Accordingly, human breast adenocarcinoma cells (MDA-MB-231) were used as a model of cancer cells. Whereas, human pulmonary microvascular endothelial cells (HPMEC-ST1.6R) were used as model of normal cells due to the context of the present work, namely the role of angiogenesis in the tumor microenvironment/development. In a therapeutic perspective, endothelial cells are the first barrier that fucoidan will face when intravenously injected. From the experimental results, it was possible to observe that, at 0.5 mg mL-1, CF presented toxic effects over breast cancer cells without affecting normal endothelial cells. This is the selective concentration of interest when aiming to develop an effective antitumor strategy, affecting only tumor cells without damaging the surrounding healthy tissues [34]. Knowing that tumors require a vascular network to growth, it is important to study as well the effects of fucoidan over angiogenesis [24, 35]. If exerting an anti-angiogenic effect as hypothesized in the present work, this CF will hamper the formation of that vascular network, limiting tumor progression and thus showing a double anticancer activity. Different in vitro and in vivo experimental methods have been developed to study the different steps of angiogenesis, as well as to assess the influence of a certain compound in that process. Tube formation assay is a well-established method to study angiogenesis in vitro [36, 37]. In this sense, we evaluated the influence of a selective CF over the formation of tubular-like structures. Results point out that, when CF was administered at the same time of endothelial cells seeding, these cells were no longer capable of forming tubular-like structures, indicating that CF was an inhibitor of angiogenesis in vitro. In a different attempt, when CF was only added 4h after endothelial cells seeding, this polysaccharide destroyed the already pre-formed tubular-like network, indicating that CF also inhibited vascularization in vitro. This is aligned with Liu et al. findings, where fucoidan affects tube formation in vitro (HUVEC) by reducing tubular-like structures in a dose dependent manner [23]. The formation of new vascular network requires its initiation by a proangiogenic growth factor, VEGF, and subsequent vessel stabilization by PDGF [1, 3]. VEGF is a potent angiogenic factor, highly expressed by endothelial cells, that is required for cells adhesion, migration, proliferation and survival [38]. Considering the enrolment of these two GFs in the vascular development and blood vessels maturation, their expression was quantified. Although the secretion of VEGF was not statistically different between control and fucoidan conditions, PDGF was significantly lower expressed in the fucoidan conditions for both tube formation assays (TFA I and TFA II). The higher expression of PDGF in the control condition of 
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TFA II may be related with the fact that CF was added 4h later than in the TFA I. In the presence of this selective CF, endothelial cells were metabolically active and expressing VEGF, despite not being capable of forming mature tubular-like structures (TFA I). This same behavior was also previously reported, showing that the addition of CF resulted in a reduction of angiogenic structures, maintaining cells viability [39]. Furthermore, even when a pre-vascular network is present (TFA II), fucoidan is capable of destroying it. By the combination of these results, the anti-angiogenic potential of this CF was established in vitro.  Despite the evidences provided by in vitro experiments, in vivo assays are considered to be more informative. Among the in vivo experiments, the chick embryo chorioallantoic membrane (CAM) assay represents a rapid, simple and cost-effective screening of biomaterials or compounds biocompatibility. The CAM assay has also been established as an experimental system for research in tumor biology. Despite the presented advantages, it also presents some limitations, such as difficulties in distinguishing new capillaries from the existing ones, it is a time restricted experiment, and some unspecific interactions with endogenous factors may affect angiogenesis process. Nevertheless, the CAM assay is a well-established method to easily study the angiogenic potential of different compounds [40-42]. Accordingly, we evaluated the angiogenic potential of CF, for the selective concentration defined in vitro (0.5 mg mL-1). Angiogenesis response usually occurs after 72-96 h of a stimulus, but longer periods may be considered. When blood vessels converge towards the onplanted compound and there is an increase in the number of surrounding vessels, it is a signal of neoangiogenesis. Otherwise, when vessels become less dense or disappear around the studied area, it is considered a angiostatic compound [41]. The number of blood vessels around the ring, where CF was injected, was quantified and significantly lower values were observed when compared with the control condition, indicating that fucoidan affects angiogenesis in-ovo, corroborating the previous in vitro results. A decrease in the number of blood vessels with a sulfated fucoidan was also observed by other researchers [21].  CAM has also been used as a model for tumor microenvironment [43, 44]. In this sense, another CAM assay was conducted with the onplantation of a tumor mass, aiming to study the effect of CF in an in vivo tumor microenvironment. In this CAM assay, the development of the tumor is much faster and the tumor xenograft is visible 2-5 days after onplantation, whereas in mammal’s models the tumor growth takes between 3 and 6 weeks [41]. Experimental results point out that the number of blood vessels was very similar to the assay without the tumor, although there were no significant differences between the control and fucoidan conditions. The differences between the two assays may be related with the fact that in CAM II, FE is only injected 4 days after tumor onplantation, presenting its activity for an additional 4 



Chapter IV – Fucoidan from Fucus vesiculosus inhibits new blood vessel formation and breast tumor growth in vivo  

 130 

days, when compared with CAM I (7 days). We must have in consideration that CF only exerts its biological activity for a relatively short time to expect to see significant differences. The area of the tumor was also quantified 8 days after tumor onplantation (last day of the assay - day 17), in the ex-ovo photos. With the local injection of CF, the size of the tumors decreased significantly.  To complement these quantitative results, histological analysis was performed for both CAM I and CAM II. This provides useful qualitative information on blood vessels morphology and specific endothelial marker (SNA-Lectin) expression. Lectins are specific carbohydrate-binding proteins that allows the visualization of the vasculature and the interaction of lectins with endothelial cells is frequently species-specific [33]. Lectins are of great value for the observation of blood vessels, sites of leakage/increased permeability, to identify vascular hierarchies and are also a valuable tool for the isolation of endothelial cells [45, 46]. Microscopically by H&E staining, it was possible to observe the blood vessel distribution along the CAM for all the conditions. Differences between controls and fucoidan conditions are not that clear, for both CAM I and CAM II. Complementarily, the immunohistochemical analysis of endothelial cells of excised CAM revealed the presence of endothelial cells surrounding the blood vessels and the tumor. Despite no significant differences being observed in the number of blood vessels for CAM II, angiogenesis may be impaired because lectin is less expressed in the presence of FE. This observation may be related with a decrease of blood vessel stability, as previously reported in the TFA II, particularly by the lower secretion of PDGF. IV-5. CONCLUSIONS It is known that some compounds exert their anticancer activity by limiting angiogenesis, which would hamper tumor progression. A CF at a selective concentration of 0.5 mg ml-1 (toxic over cancer cells without affecting normal cells) was able to inhibit and destroy tubular-like structures in vitro. Furthermore, CF injected in the CAM compromised angiogenesis in vivo by reducing the number of blood vessels. When CF was injected in a CAM onplanted with a tumor, tumor shrinkage was observed. Taken together, these results demonstrate the anti-angiogenic potential of this selective FE both in-vitro and in-vivo. This CF has thus a two-fold anticancer therapeutic potential: having toxic effect over cancer cells and hampering tumor growth by exerting a negative effect on tumor vascularization. 
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Chapter V Chapter V -  Effective fucoidan-based therapeutic strategies to treat melanoma § ABSTRACT  Melanoma is one of the rarest but most aggressive skin cancer. The current limitations of cancer treatments lead to the need to develop alternative strategies that may be more efficient. Herein, we propose the use of a marine-origin polymer, fucoidan as a natural bioactive agent against melanoma. Fucoidan in its soluble form presented increased cytotoxicity over melanoma cells when comparing with the toxic effects over human dermal fibroblasts and keratinocytes. Fucoidan was also immobilized at the surface of electrospun nanofiber mesh (NFM) at a maximum concentration of 1.2 mg ml -1 (NFM_Fu), as confirmed by XPS, envisioning the development of a therapeutic patch. Contact angle measurement showed that NFM_Fu is more hydrophilic than NFM, presenting a contact angle of 32º, lower than the 108º of the control condition. As for soluble fucoidan, NFM_Fu was able to reduce human melanoma cells viability by 50% without affecting dermal fibroblasts and keratinocytes. Taken together, this strategy may set the basis for a valuable approach to treat melanoma.                                                       § This chapter is based on the following publication: Oliveira C., Soares A, I., Neves N. M., Reis R. L., Marques A. P., Silva T. H., Martins A. Effective fucoidan-based therapeutic strategies to treat melanoma. (Submitted)   



Chapter V – Effective fucoidan-based therapeutic strategies to treat melanoma  

137 

V-1. INTRODUCTION Current treatment modalities for cancer do not achieve the ideal therapeutic outcomes due to severe side effects experienced by cancer patients [1]. In this sense, alternative approaches are required and, between the possibilities, there is an increasing interest in the use of natural compounds from marine resources as biologically active products. Brown algae are a source of polysaccharides that may present several biological responses [2-4]. Among these marine origin materials, fucoidan has attracted enormous interest in the last recent years [5]. Fucoidan is a polysaccharide consisting in a sequence of sulfated fucose residues, together with other sugars, namely uronic acids, with chemical structure depending on the species and its life cycle, and extraction parameters [6]. Different physicochemical properties such as molecular weight, carbohydrates composition, sulfation degree and pattern along fucoidan backbone have been related with its biological activities [6-8], such as antitumor, anti-angiogenic and anti-inflammatory [5, 9]. Regarding particularly its antitumor activity, fucoidan has been recognized as a potential antitumor agent in different types of cancer like breast, lung, colon and melanoma [10-14].  Melanoma is a relatively rare form of cancer, representing about 1% of all skin tumours but is the most aggressive and deadliest form of skin cancer, having a very poor prognosis when it becomes metastatic [15-17]. Risk factors for melanoma include sunburns during childhood, genetic family history and intermittent exposure to strong sunlight [18]. Current treatment modalities may be surgical resection, chemotherapy, immunotherapy and targeted therapy, depending on the characteristics of the tumour (size, site and genetic profile) [19, 20]. To improve survival rates, the combination of different therapies is often recommended. The lack of specificity to tumour cells is one of the major limitations of current therapies that may result in adverse effects and reduced efficiency [21].  Trying to overcome these limitations, the need for testing alternative strategies and compounds offers interesting possibilities [22]. Fucoidan has been reported to inhibit melanoma development and progression namely in its soluble form.  Crude commercial fucoidan extracts from Fucus vesiculosus and Sargassum sp. showed that despite the demonstrated cell growth inhibition at low dosages, both extracts presented very similar cytotoxic profiles over melanoma cells [23].  In another attempt, similar extracts were studied, with a comparable anti-proliferative trend, being crude commercial fucoidan more cytotoxic than the extracted fucoidan, for higher doses [24]. It was also demonstrated that fucoidan reduced the proliferation of melanoma cells and melanin production in a dose-dependent manner, producing alterations in cells morphology [25]. The antitumor activity and the relation with the chemical features of fucoidan extracted from Undaria pinnatifida and Fucus evanescens was evaluated over different human 
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cancer cell lines, namely colon, breast and melanoma [13]. No cytotoxic effects were observed over a non-cancer mouse epidermal cell line, whereas more pronounced growth inhibition was observed for breast and melanoma cells lines.  A recent study evaluated  the toxicity of fucoidan from Fucus vesiculosus over B16 murine melanoma cells, showing an inhibition of melanoma cells growth by regulating specific proteins/enzymes expression levels [14]. However, as previously reported by our group, not all fucoidan extracts present this interesting and promising antitumor activity, relating its biological activity with its chemical structure [7, 26]. In fact, despite the reports of cytotoxicity of different fucoidan extracts over melanoma cells, another commercially available fucoidan from Fucus vesiculosus was evaluated over five different uveal melanoma cells lines, not showing anti-tumorigenic effects [27].  In this study, we evaluate the toxicity of soluble fucoidan over human melanoma cells and non-tumor dermal fibroblasts and keratinocytes as models of the main cell types characterizing the tumor microenvironment. Additionally, we propose an alternative approach to treat melanoma by developing a tailored nanofiber mesh functionalized with fucoidan (NFM_Fu), aimed to be used as a skin patch to treat melanoma in a more local, precise and effective way, as well as a complementary treatment after tumor excision. V-2. MATERIALS AND METHODS V-2.1. Materials Polycaprolactone (PCL; batch number: MKBP7389V; Mw = 70 000−90 000), chloroform, N,N-dimethylformamide (DMF), 1,6-hexanediamine (HMD) and fucoidan from Fucus vesiculosus (Fu; batch number: SLBP3196V; Mw = 107 800) were purchased from Sigma-Aldrich and used as received.  V-2.2. Production of Nanofibrous Meshes A 15% (w/v) PCL solution was prepared with an organic solvent mixture of chloroform and DMF at a 7:3 ratio. The PCL solution was electrospun by applying a voltage of 11.1 kV, a needle tip to ground collector distance of 18 cm, and a flow rate of 1 mL h−1. After the complete processing of 1 mL of PCL solution, the nanofibrous mesh (NFM) was allowed to dry for 1 day [28]. This processed NFMs were cut into samples of 1 × 1 cm2 for further assays.  
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V-2.3. Ultraviolet−Ozone Irradiation and Aminolysis For the activation of the NFM, an ultraviolet−ozone (UV−ozone) cleaner system was used (ProCleaner 220, Bioforce Nanoscience). Both sides of the electrospun NFMs were exposed for 90 seconds to UV-ozone irradiation. After this surface activation, amine groups (−NH2) were inserted at the surface of NFM by immersion in a 1 M HMD solution for 1 h at 37 °C. Finally the functionalized NFM were washed 3x with PBS [29]. V-2.4. Fucoidan immobilization of NFM Fucoidan was dissolved in 0.1 M NaCl at different concentrations (Fu 2.5; Fu 5; Fu 7.5 and Fu 10 mg mL -1) and 200 µl of each solution was added over functionalized NFM in a 24 well-plate. This reaction was performed during 8h and, after that, the solutions were removed and the biofunctionalized NFM were left to dry overnight. In the following day, NFM were washed twice. All steps were performed under sterile conditions.  V-2.5. Quantification of immobilized fucoidan - Toluidine Blue Assay  Toluidine Blue (TBO) was used to quantify the amount of fucoidan immobilized into each NFM [30]. Each sample was immersed in 500 µL of TBO solution (0.1 M HCl, 20 mg NaCl, and 4 mg toluidine blue O chloride) for 4 h at room temperature. The TBO solution was removed and the biofunctionalized NFMs were washed until all unreacted TBO solution was removed. Afterwards, the biofunctionalized NFMs were immersed in 500 µL of a solution containing 0.1M NaCl and ethanol (1:4) for complete decoloration. The amount of TBO was assessed by measuring the absorbance of the supernatant at 530 nm using a microplate reader. The amount of fucoidan immobilized at the surface of each NFM was calculated from a standard curve established with fucoidan solutions at different concentrations (Fu 2.5; Fu 5; Fu 7.5 and Fu 10 mg mL -1). In this sense, after incubating fucoidan with TBO, the solutions were centrifuged and the unbound TBO was removed. The pellet was then resuspended with the above mentioned 0.1M NaCl and ethanol solution and read at 530 nm. Each condition was read in triplicate. 
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V-2.6. Contact angle Surface hydrophilicity of NFM and NFM_Fu was measured as the static contact angle of a standard liquid (ultra-pure water, 3 μL), at room temperature, using a Contact Angle Equipment (OCA 15plus equipment, Germany and SCA-20 software). During every determination, a motor driven syringe was used to deposit a drop of liquid over the NFM surface. Measurements were recorded for each sample and the determinations were performed in triplicate.  V-2.7. XPS analysis Analysis of the samples was performed using a Kratos Axis-Supra instrument controlled with ESCApe software. Due to the non-conductive nature of the samples it was necessary to use a co-axial electron neutralizer to minimize surface charging. The XPS measurements were carried out using monochromatic Al-Kα radiation (1486.6 eV). Photoelectrons were collected from a take-off angle of 90º relative to the sample surface. The measurement was done in a Constant Analyser Energy mode (CAE) with a 160 eV pass energy and 15 mA of emission current for survey spectra and 40 eV pass energy for high resolution spectra, also using an emission current of 15 mA. Charge referencing was done by setting the lower binding energy C1s photo peak at 285.0 eV C1s hydrocarbon peak [31]. The chemical composition of the samples was examined by XPS surface measurements. The C1s, O1s, S2p and survey spectra were recorded using a Kratos Axis-Supra instrument. The residual vacuum in the X-Ray analysis chamber was maintained at around 4.5x108  torr. The samples were fixed to the sample holder with double sided carbon tape. V-2.8. Biological assays V-2.8.1. Cell Culture  Human melanoma cells (WM-115 cell line, ATCC) were cultured in Eagle's Minimum Essential Medium (EMEM 30-2003, ATCC), supplemented with 10% FBS (Alfagene), 1% pen/strep (100 U/100 μg mL−1; Life Technologies) and incubated at 37 °C in a humidified 5% CO2 atmosphere.  Human dermal fibroblasts (hDFs, Gibco) were cultured in Medium 106 (Gibco) supplemented with 10% FBS (Alfagene), Pen/Strep (100 U/100 g mL−1; Life Technologies) and 2% Low Serum Growth Supplement (Life Technologies). Human keratinocytes (hKCs) were isolated as previously published by our group [32]. 
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hKCs were cultured in Keratinocyte-SFM (Life technologies) supplemented with 1% Pen/Strep (100 U/100 g mL−1; Life Technologies). The medium was changed every two days until cells reached confluence.    V-2.8.2. Cell seeding for soluble fucoidan test Melanoma and normal skin cells were cultured at a density of 15 000 cells and were cultured in 24 well‐plates. The cells were left to adhere for 4h and, after that, fucoidan extracts were added to adherent cells. Fucoidan extracts were dissolved in the corresponding culture medium at different concentrations (i.e. 0.25, 0.5, 0.75 and 1 mg mL -1). For all the assays a positive control was performed without fucoidan. Each experimental condition was tested in triplicate and three independent assays were performed. V-2.8.3. Cell seeding on top of NFM  Cell seeding was performed onto fucoidan immobilized electrospun NFMs (NFM_Fu) by dropping a 50 μL cell suspension containing 50 000 cells per NFM_Fu. Cells were left to adhere for 4h. before culture medium was added. NFMs subjected to surface activation, aminolysis, but without fucoidan immobilization were used as control (NFM_CTR). After 1, 3 and 7 days of culture, samples were collected for cell viability assay and SEM observation. Triplicates of each condition were used in three independent assays (n=3). V-2.8.4. Viability assays The metabolic activity was determined by the MTS assay (CellTiter 96 AQueous One Solution, Promega). Briefly, at days 1, 3 and 7, the culture medium was removed and the samples were rinsed with sterile PBS. A mixture of culture medium and MTS reagent (5:1 ratio) was added to each condition as well as to the negative control comprising no cells. Samples were left to incubate for 3 h at 37 °C in a humidified 5% CO2 atmosphere. Thereafter, the absorbance of the MTS reaction medium from each sample was read in triplicate at 490 nm (Synergy HT, BioTEK).  
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V-2.8.5. Scanning Electron Microscopy analysis The morphology and distribution of cells seeded on top of the NFM_Fu or NFM_CTR was analyzed by Scanning Electron Microscopy (SEM). At each time point (1, 3 and 7 days), samples were collected and fixed with 2.5% glutaraldehyde. After fixation, samples were washed with PBS and dehydrated with increasing concentrations of ethanol, until 100% was reached. Samples were then left to dry overnight. In the following day, all samples were vacuum-coated with platinum mixture and observed at the SEM (JSM-6010 LV, JEOL, Japan). Photographs at x150 and x1000 magnifications were obtained. V-2.9. Statistical Analysis Statistical analysis was performed using Graph Pad Prism Software. Differences between the testing conditions were analyzed using nonparametric test (Kruskal–Wallis test), since data did not follow a normal distribution and a p < 0.05 was considered significant. Data are presented as mean ± standard deviations. V-3. RESULTS V-3.1. Cytotoxicity effects of soluble fucoidan over human melanoma, keratinocytes and dermal fibroblasts The toxicity of fucoidan over melanoma cells started to be observed at day 1 for concentrations above 0.5 mg mL-1. At day 3, melanoma cells viability reached values below 20% for those fucoidan concentrations (Figure V-1 A). Regarding noncancerous cells, namely keratinocytes, fucoidan presented significant toxicity at day 2 for 0.25 mg mL-1 and above, presenting a toxicity between 40-55% at day 3 when compared with the CTR, being dose-independent (Figure V-1 B). For dermal fibroblasts, fucoidan presented significant cytotoxicity for day 2 and 3, when comparing the different concentrations with the control, presenting a maximum toxicity around 25-30%, which was also independent of the dosage (Figure V-1 C). 
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 Figure V-1 Viability of human melanoma cells (WM-115 cell line) (A), human keratinocytes (B) and human dermal fibroblasts (C). Data was considered statistically different if p < 0.05. * indicates significant differences when compared to CTR; +, when compared to 0.25 mg mL-1, and & when compared to 0.5 mg mL-1. V-3.2. Quantification of fucoidan immobilized on NFM Different concentrations of fucoidan were immobilized at the surface of NFM until the saturation concentration was reached (10 mg mL-1, according to the manufacture information). After optimizing a standard curve, the different concentrations were calculated and it was possible to observe that by increasing the initial concentration of fucoidan, higher amounts are immobilized. The maximum immobilization capacity was around 1.2 mg mL-1 for Fu10, twice the concentration of Fu2.5 with a minimum immobilization of around 0.6 mg mL-1 (Figure V-2 A). the lower concentrations Fu5 and Fu2.5 
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are the ones with higher immobilization percentages when compared to the initial concentration, 16% and 26% respectively. Fu10 and Fu7.5 have similar immobilization percentages of around 12%. Nevertheless, these are the two concentrations with more fucoidan immobilized on the NFM (Fu 7.5 – 0.9 mg ml-1). In Figure V-2 B) It is possible to confirm the presence of fucoidan by observing the color change of the NFMs. Fucoidan in solution presents a light brown color and the membranes with fucoidan are more yellowish than the controls, that present its original white color. After toluidine blue staining (Figure V-2 C) it is clear that the NFMS that contain fucoidan are purple, whereas the control is not stained.   Figure V-2 Quantification of immobilized fucoidan on the NFMs A). Change of colour after fucoidan immobilization B) and after Toluidine Blue assay C). V-3.3. Characterization of bare and fucoidan-functionalized NFM V-3.3.1.  Contact Angle The hydrophilicity of NFM with or without immobilized fucoidan was determined by the water contact angle. In the table from Figure V-3, it is possible to observe that by increasing the concentration of immobilized fucoidan, NFMs presented a lower contact angle, being more hydrophilic. Electrospun NFMs without fucoidan presented a water contact angle of 121±8°. On the other hand, NFMs with immobilized fucoidan (Fu10) were much more hydrophilic, presenting a water contact angle of 36±8°. 
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 Figure V-3 Water contact angle measurements for the CTR NFM and the different concentrations of immobilized fucoidan. Representative images for CTR and Fu10. V-3.3.2. XPS analysis XPS was used to analyse the surface chemistry of the different NFMs with or without immobilized fucoidan. From the quantitative analysis (Table V-1) it is possible to observe that carbon and oxygen were present in all the nanofiber meshes with immobilized fucoidan, as well as in the control (without fucoidan), as expected since both elements are constituents of PCL and fucoidan chemical structure. With increasing fucoidan concentration on the solutions used for the functionalization of NFMs, there was a decrease in the atomic concentration of carbon and an increase of oxygen and particularly of sulphur, originated from the sulphate groups present on immobilized fucoidan.     
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Table V-1 Elemental quantitative analysis of the surface of NFMs functionalized with different fucoidan concentrations. mg ml -1  Atomic conc. [%] Error [%] Mass conc. [%] Error [%] CTR S 2p - - - - O 1s 24.03 0.38 29.65 0.44 C 1s 75.97 0.38 70.35 0.44 Fu 2.5 O 1s 25.29 0.38 30.90 0.43 S 2p 0.39 0.05 0.95 0.13 C 1s 74.32 0.38 68.15 0.44 Fu 5 O 1s 28.98 0.49 34.89 0.54 S 2p 0.60 0.07 1.44 0.18 C 1s 70.43 0.50 63.66 0.56 Fu 7.5 O 1s 28.91 0.55 34.57 0.61 S 2p 1.07 0.09 2.56 0.22 C 1s 70.02 0.57 62.86 0.63 Fu 10 O 1s 36.14 0.50 42.10 0.53 S 2p 1.41 0.09 3.28 0.21 C 1s 62.46 0.51 54.62 0.54  A general spectrum of the control condition (Figure V-4 A) indicates the presence of two main peaks for carbon (291.40 eV) and oxygen (537.12 eV). For Fu10 (Figure V-4 B), three main peaks are detected: carbon (297.70 eV), oxygen (544.47) and sulphur (176.0). After fucoidan immobilization, a peak starting 
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at 177.95 eV and ending at 167.51 eV appears, which is attributed to the sulphur element (S2p) from the fucoidan chain, confirming fucoidan immobilization (Figure V-4 C).  
 Figure V-4 XPS analysis: survey spectrum of CTR A); general spectra of Fu 10 B) and sulphur spectra of Fu 10 C). V-3.4. Biological response V-3.4.1. Cytotoxicity over human melanoma cells The viability of the melanoma cells was lower on the NFM_Fu condition than on the CTR from day 3 onward. At days 3 and 7, NFM_Fu induced decreased viability (Figure V-5 A). Specifically, at day 3, around 70% of melanoma cells are viable, whereas at day 7 there is a viability of around 50% when compared with the CTR. These observations were corroborated by the SEM micrographs (Figure V-5 B). Cells were 
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able to colonize in the control NFM, covering its surface by showing increasing number of cells along the course of the 7 days.  Oppositely, in the case of NFM_Fu condition this colonization of the mesh was not observed. 
 Figure V-5 Cell viability A) and representative SEM images B) of human melanoma cells cultured on NFMs with and without (CTR) fucoidan. Data were considered statistically different if p < 0.05.  
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V-3.4.2. Cytotoxicity over human keratinocytes  The immobilization of fucoidan on the NFM did not present cytotoxic effects over seeded keratinocytes (Figure V-6 A). No significant differences were observed between the CTR and NFM_Fu for all time points. When analysing the SEM micrographs, keratinocytes covered the NFMs surface, presenting no morphological differences between the CTR condition and NFM_Fu, along the 7 days of culture (Figure V-6 B).  
 Figure V-6 Cell viability A) and representative SEM images B) of human keratinocytes cultured on NFMs with and without (CTR) fucoidan. Data was considered statistically different if p < 0.05.  
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V-3.4.3. Cytotoxicity over human dermal fibroblast  NFM_Fu was also not cytotoxic for the dermal fibroblasts (Figure V-7). There were no significant differences between the CTR and NFM_Fu regarding the viability, for all time points. When analysing the SEM micrographs, it is possible to observe that cells covered the surface of the NFMs, forming a dense cell layer along time, and presenting no morphological differences between the two conditions. 
 Figure V-7 Cell viability A) and SEM observation B) of human dermal fibroblasts (hDFs) cultured on NFMs with or without (CTR) fucoidan. Data was considered statistically different if p < 0.05.  
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V-4. DISCUSSION  Melanoma is a relatively rare form of skin cancer in most countries of the world but is considered one of the most aggressive and deadthly [17]. If detected and treated at an early stage, melanoma presents a high survival rate. However, when melanoma is diagnosed in a late stage, the survival goes down to 15-20% at 5 years [15]. Although some recent advances in the field, there is still no effective therapeutic for this type of cancer. Due to an increasing incidence of this cancer, the use of natural compounds, namely the ones extracted from seaweeds, has been attracting a growing interest. It has been hypothesised that the consumption of brown seaweeds can be somehow related with the low incidence of melanoma in oriental countries [22, 33]. The best-known antitumor seaweed extract is fucoidan. Fucoidan in the soluble form has been reported to inhibit different types of cancer, including melanoma [22-24]. Herein, despite testing fucoidan in its soluble form as a bioactive agent, an alternative and innovative therapeutic strategy is proposed, by incorporating fucoidan on an electrospun nanofibrous mesh, aiming to act as a skin patch able to be easily and locally applied at the tumor sites. Firstly, we evaluated the toxicity of fucoidan at different concentrations over different cell types. Besides the testing in human melanoma cells (WM-115 cell line), human dermal fibroblasts and keratinocytes were used as models of non-cancer cells since they are the main cellular components of skin dermis and epidermis, respectively [34]. As described by others, soluble fucoidan is highly cytotoxic for melanoma cells. Fucoidan from different species cultured with melanoma cell lines showed a decrease in cells viability between 40-60%, depending on the extracts [13]. In another study, the effects of native and over-sulfated fucoidan were studied in tumor xenografts, where lung and melanoma cells were injected into mice. Both fucoidan extracts were able to reduce the tumor size after 21 days of daily injections [26]. From our results, the viability of cancer cells was below 20% for concentrations of 0.5 mg mL-1  and above. For this same concentration of fucoidan (0.5 mg ml-1), keratinocytes presented viability around 60%, whereas dermal fibroblasts present viability around 70%. Integrating these results, soluble fucoidan is a good candidate to treat melanoma since it has increased toxicity over melanoma cells with low effects over non-cancer cells.  Aiming to further decrease these cytotoxic side effects, we proposed the immobilization of fucoidan at the surface of nanofibrous meshes. Electrospun nanofibrous meshes are of special interest due to an easy functionalization, a high specific surface area and porosity and a pore size that is smaller than the size of most cells [35, 36]. The production, activation and insertion of amine groups at surface of electrospun PCL nanofibrous meshes has been previously described and optimized by our group [28, 
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29]. Few studies have been reported using nanofibrous-based systems to treat melanoma, namely by the incorporation of chemotherapeutic drugs (i.e. doxorubicin and imiquimod) [37, 38]. The use of fucoidan, a natural compound, has never been reported to be immobilized at the surface of electrospun nanofiber meshes. In fact, there are only a few reports were fucoidan has been combined with other polymers during the electrospinning process for tissue regeneration purposes [39-41]. To quantify the immobilized fucoidan, Toluidine Blue assay was established [42, 43]. As observed it was possible to observe, control NFMs are not stained, whereas the ones with immobilized fucoidan are stained in blue, with increasing intensity with fucoidan content (data not shown). The system seems not to have reached its maximum immobilization capacity (maximum fucoidan concentration tested was 10 mg mL -1, which is the maximum solubility of fucoidan), but different initial concentrations lead to different percentages of immobilization.  The immobilization of fucoidan on electrospun NFMs was validated by contact angle and XPS analysis. As expected, the highest fucoidan concentrations presented the highest percentage of sulphur atoms, meaning that a higher concentration of fucoidan has been immobilized. Furthermore, the immobilization of fucoidan also increased the oxygen content due to the presence of this element in functional groups within polysaccharide structure, including the sulfates [44].  One of the major disadvantages of some current cancer treatments is the fact that, besides affecting the tumor, they also have severe toxic effects over many healthy tissues [45]. Therefore, when developing systems for melanoma treatment, there is the need to evaluate their cytotoxic effects not only over melanoma cells, but also over adjacent non-cancer cells. In vitro results revealed a 50% decrease on melanoma cells viability while maintain the viability of normal cells, which is an indication of the selectiveness and effectiveness of the developed functionalized nanofibrous membranes. To the best of our knowledge, despite few studies regarding fucoidan usage as a bioactive agent, there is only one fucoidan-based system reported in the literature that aims to treat melanoma. Fucoidan-based nanoparticles with affinity to P-selectin and incorporating different chemotherapeutic drugs were developed presenting increased toxicity when compared with untargeted drugs and nanoparticles [46]. In this sense, by the development and promising results of the proposed nanofibrous system, the basis of a new and innovative therapeutic approach to tackle melanoma were established, namely envisioning its use as adjuvant system in the form of patch applied after tumor excision.    
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Chapter VI Chapter VI -  Gemcitabine delivered by fucoidan/chitosan nanoparticles presents increased toxicity over human breast cancer cells**  ABSTRACT  Marine-origin nanoparticles aiming to develop more effective and tolerated therapies for breast cancer were developed. Nanoparticles based in two marine origin polymers (fucoidan and chitosan) were prepared by polyelectrolyte complexation, for the delivery of an antitumor drug model (gemcitabine). Final formulation resulted in stable nanoparticles around 115 – 140 nm in size and a polydispersity index <0.2. Gemcitabine was encapsulated at a maximum entrapment efficiency of 35-42%.  Drug release studies demonstrated that around 84% of gemcitabine is released within 4 h. Cytotoxicity results of gemcitabine-loaded nanoparticles showed increased toxicity (around 25%) when compared with free gemcitabine. The drug-loaded nanoparticles present increased toxicity over human breast cancer cells without increasing toxic effects over endothelial cells.                                                       ** This chapter is based on the following publication: Oliveira C., Neves N. M., Reis R. L., Martins A., Silva T. H. Gemcitabine delivered by fucoidan/chitosan nanoparticles presents increased toxicity over human breast cancer cells, Nanomedicine. 2018, 13, 2037-2050. doi:10.2217/nnm-2018-0004. 
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VI-1. INTRODUCTION Cancer is one of the leading causes of death worldwide and is characterized by uncontrolled and fast growth of cells. In 2012 there were around 14 million new cases of cancer and around 8 million resulted in death. By 2035 it is expected to be around 24 million new cases per year [1].  Breast cancer is the most common cancer in females and the second deadliest [2]. Surgery, radiation and systemic therapies (chemotherapy, hormonal and target) are some of the current breast cancer treatments modalities available, depending on the extent and type of cancer [3]. Some of these treatments may present some limitations since, besides affecting the tumor, they also affect the surrounding healthy environment, and may present some side effects [3, 4]. For these reasons the use of natural substances is an interesting alternative due to their low toxicity and biological and chemical similarities to native tissues composition.  Among natural substances, marine organisms are valuable sources of materials with intriguing properties and characteristics [5]. Fucoidan is a natural derived sulfated polysaccharide extracted from brown seaweed and has been extensively investigated because of its various biological properties such as anticoagulant, antiviral, antiangiogenic, anti-inflammatory, immunomodulating and, most recently, antitumor behavior [6, 7]. Looking specifically at its antitumor behavior, we recently reported that different fucoidan extracts present different biological responses over human breast cancer and non-cancer cell lines with chemical structure apparently playing an important role [8]. Some fucoidan extracts presented the desired antitumor behavior whereas other presented toxicity for both cancer and non-cancer cells or where non-toxic for both types of cells, depending on their chemical features.  In this work, we propose the use of non-toxic fucoidan to develop a natural marine origin drug delivery system (DDS) for the release of anticancer drugs. Indeed, fucoidans have been included in nanosystems for diagnostic, drug delivery and regenerative medicine [9, 10] and have been combined with chitosan, a marine-derived polycation, to prepare nanoparticles (NPs) by polyelectrolyte complexation for the delivery of growth factors drugs and other biological compounds [10-13]. Nanoparticles have been developed as DDS for the delivery of drugs or biomolecules. Nanoparticles-based DDS present attractive properties since they can pass through the smallest capillary vessels and penetrate cells/tissue gaps to arrive at the target site [14, 15]. They may also improve macromolecules stability, protecting them from enzymatic degradation, and control their release profile. However, they may present some limitations like drug loss during circulation and limited drug loading capacity.  
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Gemcitabine, an antitumor drug, has been applied in the treatment of different cancers such as lung, ovary and pancreatic [16-18]. It has been also used in the treatment of breast cancer, as a single therapy or in combination with other chemotherapeutic agents [19, 20]. Gemcitabine is a nucleoside analogue that inhibits DNA synthesis, by its incorporation into DNA, followed by inhibition of cell proliferation. Gemcitabine presents a short biological half-life, being rapidly metabolized. This limits its biological effectiveness, since higher doses are required to reach a therapeutic concentration, increasing the risk of side effects [21, 22]. In this sense, there is the unmet therapeutic need to try to enhance gemcitabine biological response by incorporating it into a DDS, has it has been previously reported [23, 24]. To the best of our knowledge there are no reports in the literature regarding the development of fucoidan/chitosan nanoparticles for the delivery of gemcitabine (Gem). In this sense, we propose the combination of fucoidan (negatively charged) with chitosan by polyelectrolyte complexation to produce nanoparticles for controlled release of gemcitabine as potential breast cancer therapy. Regarding nanoparticles production there are different parameters that need to be optimized such as polymers concentration and ratio; polymeric solution pH and ionic strength. Therefore, these different parameters were tested and combined to obtain the nanoparticles with smaller size and Pdi (polydispersive index). Nanoparticles stability is another important aspect that needed to be evaluated. Having in mind the tumor microenvironment, nanoparticles toxicity was evaluated over cancer and non-cancer cells. The release profile of gemcitabine was analyzed and loaded-nanoparticles tested over endothelial and breast cancer cells as an in-vitro assessment of antitumor efficiency through cytotoxicity. VI-2. EXPERIMENTAL SECTION VI-2.1. Materials Fucoidan (Fu) from Fucus vesiculosus (Mw by GPC 45-75 kDa) was purchased from Marinova whereas Chitosan (CH) 95/20 (Mw by GPC 40-150 kDa) was purchased from Heppe Medical Chitosan GmbH. 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were both purchased from Sigma Aldrich. Centrifugal concentrators Vivaspin 20 300 KD were purchased from Fisher Scientific. 2’-Deoxy-2’,2’-difluorocytidine (gemcitabine - C9H11F2N3O4) was purchased from Carbosynth. Human umbilical vein endothelial cells (EA.hy926) and breast cancer cells (MDA-MB-231) were both purchased from ATCC.  



Chapter VIII – Engineering Patient-Specific Bioprinted Constructs for Treatment of Degenerated Intervertebral Disc  

161 

VI-2.2. Methods VI-2.2.1. Preparation of nanoparticles Marine-origin polymeric nanoparticles were prepared by polyelectrolyte complexation. Optimization was performed to study the effect of different parameters over size and Pdi. From the results obtained, for each parameter, we chose the production condition that combined the smaller size and Pdi values. Different parameters were evaluated such as: concentration of both polymers (ranging from 0.25 mg/ml to 1 mg ml-1); the ratio of polymers solution (CH:Fu – 1:2; 1:1; 2:1); chitosan and fucoidan solutions pH; ionic strength (ultra-pure water, osmotized water, and 0.9% NaCl) and crosslinking agent concentrations: 600/240 mM; 300/120 mM and 150/60 mM (EDC/NHS). Each parameter was evaluated separately while all the other were kept constant.  After all the optimization steps, nanoparticles parameters were maintained for all further assays. Briefly chitosan was dissolved in 1% (v/v) acetic acid solution at 0.5 mg ml-1 concentration, whereas the polyanion (fucoidan) was prepared in ultra-pure water to reach a final concentration of 0.5 mg ml-1. Chitosan and fucoidan solutions were adjusted with 1M HCl and 1 M NaOH, depending on the desired pH. Chitosan solution was adjusted to pH=5, whereas fucoidan solution was measured and the pH adjusted if its values were not as expected (pH=9).  3 ml of fucoidan solution (0.5 mg ml-1) was added, using a precision syringe pump, to 3 ml of chitosan solution (0.5 mg ml-1) leading to a final theoretical ratio (w/w) of 1:1 and a spontaneous formation of nanoparticles occurs. Right after nanoparticles production, 300 mM EDC + 120 mM NHS was added to nanoparticles solution. Nanoparticles were stirred for 2 h at 600 rpm. After that, nanoparticles were collected using 300 kDa vivaspin filters for 15 minutes at 4000 rpm. Nanoparticles were washed twice with ultra-pure water. Glucose was added in all centrifugation steps to avoid nanoparticles aggregation. Finally, nanoparticles were filtered with 0.22 µm filters. VI-2.2.2. Characterization of nanoparticles VI-2.2.2.1 Dynamic Light Scattering Nanoparticles size and Pdi was determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, UK).  Samples were diluted in UP water and the size analysis lasted 180 s and 
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performed at 25ºC, in triplicate. The zeta potential measurements were performed by a dip cell in automatic mode. VI-2.2.2.2 Nanoparticle tracking analysis (NTA) NTA experiments were performed using a NanoSight NS500 instrument (Salisbury, UK). This system includes a charge-coupled device camera that allows visualization and tracking of Brownian motion of laser-illuminated particles in suspension. Video images were analyzed using NTA analytical software version 2.3. The measurements were made at room temperature and each video sequence was captured over 60 s. VI-2.2.2.3 SEM and STEM Measurement of particles’ size and morphology observation were obtained using FIB-SEM (Auriga, Carl Zeiss). A drop of nanoparticles solution was placed in the stub for SEM analysis and left to dry overnight. They were then vacuum-coated with a gold-platinum mixture. Scanning transmission electron microscopy (STEM) analysis was also performed with the same equipment.  VI-2.2.2.4 Nanoparticles physiological and storage stability To mimic and assess the stability of nanoparticles at physiological conditions, the nanoparticles were diluted in 0.9% NaCl and kept at 37ºC. The size and Pdi of nanoparticles were measured by DLS every day, until day 7.  To evaluate nanoparticles storage stability after production, nanoparticles were diluted in ultra-pure water and kept at 4ºC. Nanoparticles size and Pdi was measured by DLS every week for up to 2 months. VI-2.2.3. Nanoparticles cytotoxicity VI-2.2.3.1 Cell culture and cell viability The cytotoxicity of the optimized nanoparticles was evaluated over human umbilical vein endothelial (EA.hy926, cell line) and breast cancer (MDA-MB-231, cell line) cells. Increasing concentration of 
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nanoparticles were used until toxic effects were observed. MTS assay (CellTiter 96 AQueous One Solution, Promega) was performed at 24, 48 and 72 h. At these time points, the culture medium was removed and the testing samples were rinsed with sterile Phosphate-Buffered Saline (PBS). A mixture of culture medium (without FBS and phenol red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3h, at 37°C, in a humidified 5% CO2 atmosphere. Thereafter, the absorbance of the MTS reaction medium from each sample was read in triplicate at 490 nm in a microplate reader (Synergy HT, Bio-TEK). All experiments were performed in triplicate. This experiment was repeated with gemcitabine-loaded nanoparticles, being the amount of free-gemcitabine the same as the one loaded into the developed nanoparticles. VI-2.2.4. Drug encapsulation and release studies VI-2.2.4.1 Drug entrapment efficiency Gemcitabine concentrations, ranging from 0.2 to 3.2 mg ml-1, were encapsulated into the nanoparticles optimized formulation. Gemcitabine was added to chitosan solution and nanoparticles were produced as described in section VI.2.2.1, maintaining the same production conditions (ratio Ch:Fu:Gem - 1:1:0.3). Entrapment efficiency was calculated by measuring the initial concentration and non-encapsulated gemcitabine, according to the following formula: Equation VI-1 Equation for the determination of the entrapment efficiency %EE= (initial concentration-non-entrapped drug)initial concentration x100  The samples were analyzed by UV-spectroscopy (Shimadzu) at the maximum absorbance of 268 nm. All the experiments were performed in triplicate. VI-2.2.4.2 Gemcitabine Release studies The release kinetics of gemcitabine was measured by placing 1.5 mL of gem-loaded nanoparticles into dialysis membranes, and this system into 50 mL of 0.9% NaCl at 37°C under 60 rpm stirring. At 
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pre-determined time periods (0, 5, 15, 30, 45 min; 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 24, 48 and 72 h), an aliquot of 2 mL of the release solution was taken and immediately measured at the previously defined absorbance. The experiments were performed in triplicate. VI-2.3. Statistical analysis Statistical analysis was performed using Graph Pad Prism Software. Differences between the different conditions of the cellular assays were analyzed using nonparametric test (Kruskal–Wallis test) and a p< 0.05 was considered significant. Data are presented as mean ± standard deviations. VI-3. RESULTS VI-3.1. Optimization of nanoparticles production parameters To produce marine-origin polymeric nanoparticles with constant sizes, several processing parameters were tested, namely polymers concentration and ratios, pH of the solution, ionic strength and influence of the crosslinker. Experimental results point out that a decrease in polymers concentration lead to the formation of smaller nanoparticles (Figure VI-1 A). With the same trend, the Pdi tends to decrease for concentrations down to 0.5 mg mL-1. However, for the lowest concentration, the Pdi slightly increased indicating that at this polymers concentration the nanoparticles are less homogenous. In this sense, and by the combination of these two important properties, the working concentration was set as 0.5 mg mL-1 for both chitosan and fucoidan When fucoidan is in excess (CH:Fu ratio 1:2) in the final formulation, the nanoparticles present a size around 500 nm and are highly polydispersive (Pdi>0.3) (Figure VI-1 B). For the 2:1 ratio, the nanoparticles present a higher Pdi than 1:1. Therefore, this last ratio was used for all further experiments. The influence of pH solution was evaluated for each polymer separately, maintaining the pH of the other polymer solution (Figure VI-1 C and D). For the chitosan solution, pH=5 was chosen, whereas for fucoidan the testing condition that presented smaller size and Pdi values was the one with pH=9 (pH of fucoidan solution). Ionic strength was also evaluated by dissolving the polymers in different solvents with increasing ionic strength: ultra-pure water (UP W), osmotized water (OW) and 0.9% NaCl.  UP W was the condition where the nanoparticles presented the lower Pdi and size values (Figure VI-1 E). Taking together, the optimal production parameters were set as: 0.5 mg ml-1 of both chitosan and fucoidan; 1:1 ratio; pH (chitosan) = 5 and pH (fucoidan) = 9 and ultra-pure water as the polymer’s solvent. 
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After setting these parameters, the concentration of a crosslinking agent was evaluated. Different concentrations of EDC/NHS were tested, being the and 300 mM of EDC and 120 mM of NHS the condition that presented the best outcomes in terms of size and Pdi (Figure VI-1 F). 
  Figure VI-1 Nanoparticles’ size and polydispersity index (Pdi) at different production parameters. A) and B) evaluation of chitosan (CH) and fucoidan (Fu) concentration and ratio (CH+Fu), respectively. C) and D) evaluation of the influence of chitosan and fucoidan solutions pH, respectively. E) Influence of ionic strength and F) evaluation of different crosslinker (EDC/NHS) concentrations. VI-3.2. Nanoparticles characterization VI-3.2.1. Nanoparticles stability  After optimizing all the production parameters, two different conditions were chosen to continue the characterization of the nanoparticles: one without crosslinking (no EDC/NHS) and the other crosslinked UP W OW 0.9% NaCl0100200300400500 0.00.20.40.6SizePdisize (nm) Pdi 600+240 300+120 150+60 00100200300400 0.120.140.160.180.200.22SizePdisize (nm) Pdi[EDC/NHS] (mM)
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with EDC/NHS (300 mM EDC + 120 mM NHS). These two conditions were used to perform stability assays, both at physiological conditions (37ºC, 0.9% NaCl) (Figure VI-2 A) and for storage conditions (4ºC, UP W) (Figure VI-2 B). At physiological conditions, both size and Pdi increase along the 7 days of the study, presenting values for Pdi above 0.3 from day 4 on, concerning non-crosslinked NPs. The size of crosslinked NPs was stable along the 7 days, whereas the Pdi presents some slightly variations in some time points, being these values below 0.2. For the storage condition, both types of nanoparticles present no significant variations in terms of size and Pdi up to 2 months. 
 Figure VI-2 NPs stability at physiological (37ºC and 0.9 % NaCl) (A and B) and storage conditions (4ºC and UP W) (C and D). A) and C) regard size; B) and D) regard Pdi. VI-3.2.2. Nanoparticles properties Based on stability results, crosslinked nanoparticles were further characterized. NPs present a size of 140 nm, a Pdi = 0.172 and a zeta potential of 29 mV by DLS (Table VI-1). Nanoparticles were also evaluated by NTA, presenting presented a size around 116 nm and a final concentration of 7.81x1010/ml.  

A) (37ºC; 0.9% NaCl)0 1 2 3 4 5 6 70.00.10.20.30.40.50.60.7 No EDC/NHS300mM EDC + 120mM NHS (days)PdiB)(37ºC; 0.9%NaCl)0 1 2 3 4 5 6 70100200300400500600700 No EDC/NHS300mM EDC + 120mM NHS(days)size (nm)

0 7 14 21 28 35 42 49 560.000.050.100.150.200.25 No EDC/NHS300mM EDC + 120mM NHS(days)Pdi0 7 14 21 28 35 42 49 56050100150200 No EDC/NHS300mM EDC + 120mM NHS(days)size (nm) C) D)
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Table VI-1 Nanoparticles characterization by DLS and NTA  Naoparticles morphology and size in dry state were also observed by SEM and STEM (Figure VI-3 A) and B)). Nanoparticles presented a round shape and a size smaller than 100 nm in both microscopic analysis.  Figure VI-3 Nanoparticles morphology observation by SEM (A) and STEM (B). VI-3.2.3. Nanoparticles cytotoxicity After optimizing all the parameters, the cytotoxicity of the developed nanoparticles was evaluated over human endothelial (Figure VI-4 – A) and breast cancer (Figure VI-4 – B) cells. Different concentrations of NPs were tested and for concentrations above 8x109 NPs mL-1 they start to be toxic for both cell types, despite some significant differences in previous concentrations and time points. By SEM analysis it was possible to observe the presence of the NPs at the surface of both cell types.  
DLS Size (nm) 141 ± 17 Pdi 0.172 ± 0.020Zeta potential(mV) 28.9 ± 3.5NTA Size (nm) 116 ± 17Concentration(particles/ml) 7.8x1010 ± 1.2x1010

100 nm100 nm1 μm B)A)
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 Figure VI-4 Cytotoxicity of developed NPs at different concentrations and time-points (1, 2 and 3 days), over human endothelial A) and breast cancer B) cells. Data was considered statistically significant at p < 0.05. * indicates significant differences compared to CTR; #, compared to 4x108; §, compared to 8x108; +, compared to 2x109; &, compared to 4x109 and % compared to 8x109. SEM observation of control and 4x109 NPs ml-1 culture conditions at day 3. VI-3.3. Drug entrapment efficiency and release studies VI-3.3.1. Gemcitabine entrapment efficiency  The drug entrapment efficiency was assessed by testing different gemcitabine concentrations. Concentration of 0.8 and 1.6 mg mL-1 present similar values and a maximum entrapment efficiency between 36 and 42%, respectively. At higher concentrations, the system saturates and the entrapment efficiency decreases to values around 30%.  In this sense, 0.8 mg/ml was the chosen concentration to evaluate the gemcitabine release profile, as well as the cytotoxic effects of gem-loaded nanoparticles over human endothelial and breast cancer 
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cells (Figure VI-5 A). Gem-loaded nanoparticles presented a size around 134 nm and a Pdi of 0.186 (Figure VI-5 B), similar to the values observed for the non-loaded nanoparticles (Table I-1).  Figure VI-5 Entrapment efficiency of gemcitabine into the developed nanoparticles A); Gem-loaded NPs size distribution representation B). VI-3.3.2. Gemcitabine release profile  The release of gemcitabine from marine-origin polymeric nanoparticles was evaluated at 37ºC and 0.9% NaCl to mimic physiological conditions. Figure 6 shows that the developed system releases around 84% of the drug in a sustained way during 4 h, maintaining then a steady-state profile up to 72h (Figure VI-6).  Figure VI-6 Gemcitabine release profile from marine-origin polymeric nanoparticles (0.9% NaCl, 37ºC, 60 rpm).  
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VI-3.4. Cytotoxic effects of drug-loaded nanoparticles over cancer and non-cancer cells  Nanoparticles at 4x109 NPs mL-1 do not present statistically significant differences when compared with the control condition for both endothelial and breast cancer cells, in all time points evaluated (Figure VI-7), confirming the results already reported in Figure V-4. However, gem-loaded nanoparticles (NPs_Gem) are cytotoxic for breast cancer cells since the first day, but being also cytotoxic at days 2 and 3 for endothelial cells. Free gemcitabine (Gem) presents also cytotoxicity to endothelial cells with similar values to the ones observed with NPs_Gem. Concerning breast cancer cells, NPs_Gem present increased toxicity at day 2 (15%) and at day 3 (25%) when comparing with free gemcitabine. Furthermore, NPs_Gem present higher toxicity over breast cancer than endothelial cells at day 3 (17%). 
 Figure VI-7 Cytotoxicity of developed Gem-loaded NPs at different time-points (1, 2 and 3 days), over human endothelial A) and breast cancer B) cells. Data was considered statistically significant when p < 0.05. * indicates significant differences compared to CTR; #, compared to NPs; &, compared to NPs_Gem.   
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VI-4. DISCUSSION Polyelectrolyte complexation has been widely reported due to its cost-effectiveness and easy production of nanoparticles. It takes advantage of the interactions between two oppositely charged polymers and a spontaneous formation of the nanoparticles occurs [25]. There are different parameters described to affect nanoparticles size and polydispersive index, namely the polymers concentration and ratio, polymer solution pH and ionic strength [26, 27]. Our results showed that by decreasing polymers concentration, smaller nanoparticles were possible to be obtained. However, higher Pdi values are observed for both the high and low concentrations, showing obtainance of NPs with a non-homogenous size distribution. Thus, it seems that at higher concentrations there would be high entropy and at lower concentrations reduced interactions between oppositely charged polymers, resulting the influence of polymers ratio was also evaluated over NPs’ size and Pdi. When higher amounts of fucoidan are present (CH:Fu_1:2), the nanoparticles present an increased size and Pdi, showing that probably there is the formation of polymeric aggregates instead of nanoparticles. Indeed, the amino groups of chitosan have a pKa ~6.5, which leads to a protonation in acidic conditions. In solutions with pH>6.5, most amino groups  would be deprotonated and chitosan tends to precipitate [28]. Being deprotonated, the amine groups will be less available to form complex with fucoidan, resulting in a less controlled process, with the participation of other types of interactions gaining relevance, which will result in higher variability and consecutively high values of size and Pdi, outside the range to be considered as NPs. Chitosan at acidic pHs present protonated amines being these chemical groups more prone to form polyelectrolyte complexes with a negatively charged polymer (fucoidan), with ionic attractive interactions ruling the process, leading to the formation of the desired nanoparticles. Despite similar size values for the three other pHs, pH=5 was the one that presented more homogeneous nanoparticles’ size. Fucoidan solution pH seems not to influence the development of nanoparticles size, although a low Pdi value is observed when the pH is not adjusted (pH=9). Ionic strength was analyzed by dissolving the polymers in different solvents, being ultrapure water the one that presents the better outcomes in terms of size and Pdi. As expected, 0.9% NaCl tends to form bigger and non-homogenous nanoparticles due to the presence of higher amounts of ions, which would have a charge shielding effect over the protonated groups in polyelectrolytes and thus decreasing the relevance of ionic interactions in the assembly process. Fucoidan/chitosan nanoparticles may become unstable at physiological conditions due to the deprotonation of chitosan amine groups. Trying to enhance nanoparticles stability, a crosslinking agent was tested: EDC/NHS. EDC is often used to crosslink amines (NH2) to carboxylate groups, which activity 
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is enhanced by NHS through activation of the carboxylate group [29]. In the present case the rationale is to crosslink the amine groups of chitosan with the carboxylic group of the uronic acids that are present in fucoidan structure [8]. Different concentration of EDC/NHS were evaluated and the 300 mM EDC + 120 mM NHS presented the smaller Pdi. Despite 150 mM EDC + 60 mM NHS present similar results, these concentrations presented higher Pdi, reason why a higher concentration was chosen to continue the study. Higher concentrations (600 mM EDC+ 240 mM NHS), seem to start precipitating and affecting nanoparticles’ size, increasing it to around 300 nm. Nanoparticles final formulation was set as: 0.5 mg/ml polymers concentration; 1:1 ratio; pH (chitosan) = 5 and pH (fucoidan) = 9 and ultra-pure as the polymer’s solvent. After this optimization process and setting all the parameters, two conditions were chosen to conduct the stability assays: one without crosslinking and the other crosslinked. Nanoparticles stability at physiological and storage conditions was assessed. Physiological conditions were mimetized by diluting the produced nanoparticles in 0.9% NaCl, which have an osmolarity similar to circulating plasma 285 - 295 mOsm/L [30]. Both nanoparticles increase their size to around 200 nm, when in contact with this isotonic solution, due to an increase in the ionic strength with associated charge shielding but also higher waster uptake (Donnan Effect) [31]. Crosslinked nanoparticles present a quite stable profile along the 7 days, whereas from day 3 on, the non-crosslinked NPs start to increase their size, indicating that they probably start to disintegrate at physiological osmolarity. We proceed the characterization of crosslinked nanoparticles which present a size around 140/115 nm (DLS/NTA), a Pdi of 0.172, which indicates that these NPs are quite homogeneous and a zeta potential of + 29 mv indicating that chitosan is at the surface of nanoparticles. By NTA, the nanoparticles presented a smaller size due to the fact that NTA is a more precise technique than DLS [32]. By SEM and STEM observation we were able to confirm the round morphology of the NPs, with a size smaller than 100 nm. The difference between DLS/NTA measurements and SEM/STEM is due to the fact that in the first characterization, NPs are measured in wet state, whereas for SEM/STEM, nanoparticles are analyzed in a dry state. After all the optimization steps, the cytotoxicity of the developed marine-origin polymeric NPs was evaluated over human endothelial and breast cancer cells at different concentrations. NPs start to become more toxic to both cell types at the highest concentrations (8x109 NPs mL-1 and 16x109 NPs mL-1) tested. From SEM observation, we were able to observe NPs at the surface of both cells’ types. From these results, 4x109 NPs mL-1 concentration (non-toxic concentration) was selected to conduct the further experiments.  
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Breast cancer is sensitive to several cytotoxic drugs that may be used as single or combined therapies. In the past years new cytotoxic agents have been developed and approved to be used in cancer treatments. Gemcitabine have shown antitumor activity and good toxicity profiles to be used as single-agent therapy for advanced breast cancer. One of the drawbacks of using gemcitabine by intravenous or oral administration is related with its rapid inactivation by enzymatic delamination, low bioavailability and short half-life. These problems require an increase in dosage that may lead to unwanted side effects [19-22]. The use of nanoparticles may overcome some of these limitations since they will be able to protect the drug from enzymatic degradation, diminishing the above-mentioned efficiency problems [33].  The loading of gemcitabine on the marine-origin polymeric NPs was evaluated by testing different gemcitabine concentrations. It was possible to observe that, by increasing the concentration of the drug, there is an increase in the entrapment efficiency until it reaches a maximum concentration of 1.6 mg mL-1 (EE=42%). At 3.2 mg mL-1 the system saturates and the entrapment efficiency (EE) decreases to around 30%.  Gem-loaded NPs were characterized in terms of size and Pdi, showing no significant differences. The release profile was assessed at 37ºC and 0.9% NaCl to mimic physiological conditions. From the stability studies, it was observed that the nanoparticles size of the nanoparticles increased, due to the ionic strength of the solution which weakens the electrostatic interactions, leading to the release of gemcitabine from the nanoparticles [10]. Around 84% of gemcitabine was released in the first 4hours in a sustained way, reaching then a steady-state.  To assess the antitumor activity of the developed DDS, it is important to have in mind the tumor microenvironment that comprises not only cancer cells but also non-cancer cells (e.g. endothelial, fibroblasts). Indeed, being gem-loaded nanoparticles intended to be injected intravenously, the first barrier they will face is the blood vessels wall and thus endothelial cells. Different fucoidan-based nanoparticles have been developed as anticancer strategies. As example, fucoidan-cisplatin nanoparticles have been developed and evaluated for colon cancer [34], whereas fucoidan encapsulated into liposomes showed anticancer activity against osteosarcoma [35]. In another attempt, ddoxorubicin was incorporated into a protamine/fucoidan system and these loaded-nanoparticles improved inhibitory effects against a breast cancer cell line [36]. However, as far as we know there are no studies in the literature that report the use of fucoidan to develop nanoparticles for the delivery of gemcitabine. On the other hand, chitosan-based nanoparticles have been studied for the delivery of antitumoral agents, namely for the delivery of gemcitabine. For example, the loading of gemcitabine into chitosan magnetic nanoparticles increased gemcitabine efficacy when compared with free gemcitabine [37]. In other study, chitosan-based 
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nanoparticles were prepared by layer-by-layer technique for the incorporation of gemcitabine and platinum aiming lung cancer treatments [38]. Other studies reported the use of chitosan-based nanoparticles for the delivery of other antitumor drugs: PEG-layered chitosan nanoparticles enhanced the efficacy of ormeloxifene in breast cancer [39] and platinum-gold nanoparticles with chitosan and doxorubicin presented cell specific cytotoxicity [40]. In this sense, the combination of these two marine-origin polymers to develop nanoparticles for the delivery of gemcitabine is a novel process with potential positive outcome. We evaluated the gemcitabine loaded-nanoparticles toxicity over human endothelial and breast cancer cell lines. Regarding endothelial cells both Gem-loaded NPs and free Gem present similar cytotoxicity values. However, concerning breast cancer cells Gem-loaded NPs increased toxic effects of around 15% and 25% at day 2 and day 3, respectively, when compared with free gemcitabine. At day 3, when comparing breast cancer and endothelial cells, it was observed an increased cytotoxicity of around 17%, over breast cancer cells. The increased cytotoxicity of the Gem-loaded NPs when compared with free gemcitabine may be attributed to the cellular trafficking pathway, suggesting a more effective uptake of the drug by breast cancer cells. The encapsulation of cisplatin into chitosan lipid nanoparticles was reported, demonstrating increased apoptosis in cancer cells when compared with free cisplatin [41]. A recent paper reported that chitosan nanoparticles loaded with curcumin reduced the drug uptake in normal cells, while the same was internalized into cancer cells [42]. Another study reported the internalization of chitosan-coated nanoparticles loaded with doxorubicin into breast cancer cells cytoplasm and nucleus. The authors stated that the uptake of these nanoparticles may be attributed to the positive charge of their surface. That positively charged chitosan nanoparticles can have charge-based interaction with the cell membrane and may enter cells either by direct penetration or by endocytosis [43]. Thus, although not presenting a protective effect against the toxicity over endothelial cells, the fucoidan/chitosan nanoparticles exhibit a synergistic effect with gemcitabine resulting in a higher toxicity over breast cancer cells. Moreover, these results confirm that, by encapsulating gemcitabine into a nanoparticle, the drug is protected from enzymatic degradation, increasing its half-life and biological response.  VI-5. CONCLUSION In conclusion, marine-origin polymeric nanoparticles were successfully produced by polyelectrolyte complexation, presenting increased at physiological conditions when crosslinked with EDC/NHS. 
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Chapter VII Chapter VII -  Functionalized marine-polymeric nanoparticles targeting ErbB-2 impair breast cancer cells growth and metastasis †† ABSTRACT  Overcoming the side effects of current chemotherapeutic drugs is still a major challenge in cancer therapies. The development of targeted strategies would be of great interest to direct drugs specifically to cancer cells, diminishing the side effects over normal healthy tissues. Since human epidermal growth factor receptor 2 (HER-2 or ErbB-2) is overexpressed in some subtypes of breast cancer, herein the ErbB-2 antibody was used to direct the delivery of a chemotherapeutic drug, gemcitabine (Gem). Specifically, this work reports the development of fucoidan/chitosan nanoparticles (NPs) loaded with Gem (NPs+Gem), and immobilizing ErbB-2 antibody at their surface (NPs+Gem+Ab). The maximum immobilization was set at 10 µg ml-1 and resulted in NPs with a size around 160 nm and a polydispersity index of 0.178. The targeting capability of the NPs+Gem+Ab system was confirmed with internalization assays for the SKBR3 (ErbB-2 positive breast cancer cells), but not for the MDA-MB-231 (ErbB-2 negative) cell line. To further validate the efficacy of the targeting, a co-culture system with human endothelial and SKBR3 cells was established mimicking the endothelial barrier in vitro. The NPs+Gem+Ab system presented an increased toxicity over breast cancer cells, above 80% at day 1, whereas free Gem and NPs+Gem only presented toxicity around 15% and 20%, respectively. Inversely, free Gem was about 20% more toxic over endothelial cells than the NPs with and without ErbB-2 antibody immobilization. In vivo studies demonstrated that the developed targeting system was able to significantly reduce tumor growth and the appearance of lung metastasis in comparison with untreated controls. In summary, the efficacy of the NPs+Gem+Ab system to target cancer cells was established and validated both in vitro and in vivo, constituing a compelling alternative strategy to current chemotherapeutic approaches.                                                  †† This chapter is based on the following publication: Oliveira C., Gonçalves C.S., Neves N. M., Reis R. L., Costa B.M., Silva T. H., Martins A. Functionalized marine-polymeric nanoparticles targeting ErbB-2 impair breast cancer cells growth and metastasis. (Submitted). 
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VII-1. INTRODUCTION Breast cancer is the most common and deadliest malignant disease in women [1]. Like other types of cancer, breast cancer is highly heterogenous and can be divided in different molecular subtypes: triple negative, HER2+, luminal A and luminal B, depending on their immune profile. Luminal A are the most common (around 40%), followed by luminal B (around 20%), being both estrogen receptor positive and the ones with better prognosis. The triple negative breast cancers are the ones with the worst diagnosis, representing 15-20% of the cases. HER2+ breast cancers have a better prognosis than the triple negative, but worst than Luminal A, accounting for 10-15% of all breast cancers [2, 3]. Due to the heterogeneity of breast cancer, complex and multidisciplinary treatment approaches are required. Current treatments are mainly based in the combination of surgery, chemotherapy and radiation. Despite an increase in the survival rates over the last years, more precise treatments that minimize the side effects to current therapes are still required [4, 5].  Nanoparticles (NPs) have attracted increasing interest over the last years, namely has drug delivery systems due to their particularities. Specifically, they can increase macromolecules stability by protecting drug from degradation, increasing drug concentration in cancer cells. NPs tend to accumulate at tumor sites which may be due to a leaky vascularization, enabling and enhancing the permeability and retention effect (passive targeting) [6]. On the other hand, nanoparticles have an high surface area that allows an easy functionalization, which is of great interest when designing targeted approaches (active targeting) [7]. However, drug loss during circulation may occur and only certain types of cells express specific cell surface receptors, which limits its application in the clinic [8].  Different ligands can be used for nanoparticles active targeting purposes, namely antibodies, growth factors and cytokines, which effectiveness will depend on the type of receptors expressed on cancer cells membrane [9]. This ligand–receptor interaction results in increased cellular uptake by receptor-mediated endocytosis and respective internalization of the NPs, being the drug released inside the targeted cells, leading to a more effective action of the drug [10, 11]. Antibodies are one the most common target ligands since they have an high binding affinity to antigens or receptors on cancer cell membrane [12]. The use of active targeting ligands that are over expressed in cancer cells may offer an interesting alternative, trying to overcome some of the limitations, namely the toxic effects over normal tissues. It is the case of human epidermal growth factor receptor 2 (HER-2 or ErbB-2), which is over expressed in around 30% of breast cancers and weakly expressed in normal cells [13].  



Chapter VII – Functionalized marine-polymeric nanoparticles targeting ErbB-2 impair breast cancer cells growth and metastasis  

182 

ErbB-2 antibodies have been approved by the US Food and Drug Administration (FDA) for the treatment of HER2-positive breast cancer [14]. Different studies have shown that the combination of ErbB-2 antibody and chemotherapeutic drugs presented promising biological responses [15-17]. Therefore, the immobilization of a specific antibody that recognizes the HER2 receptor may offer an opportunity to target the NPs to breast cancer cells, reducing the side effects to other tissues. Marine natural products present interesting features like low toxicity and similarities to the components of human native tissues, which make them attractive material sources for the production of nanoparticles [18]. Particularly, fucoidan and chitosan have been studied and reported has good candidates to develop more effective drug delivery systems, namely for cancer therapies [19-22]. Aiming to develop more effective therapeutics, ErbB-2 antibody has also been immobilized at the surface of chitosan-based nanoparticles to target ErbB-2+ breast cancer cells [23, 24]. However, to the best of our knowledge, there is no study reporting the use or immobilization of ErbB-2 antibody within fucoidan-based approaches.  As so, herein ErbB-2 antibody was immobilized at the surface of fucoidan/chitosan nanoparticles loaded with gemcitabine, aiming to enhance the efficacy of a drug delivery system for breast cancer treatment. To assess the efficiency of immobilized antibody, two different human breast cancer cells were used for cellular uptake assays: SKBR3 (ErbB-2 positive) and MDA-MB-231 (ErbB-2 negative) cell lines. After validating the nanoparticles efficiency to target ErbB-2 positive cancer cells, a co-culture system was established with human endothelial cells (EA.hy.926 cell line as a model of normal cells) and SKBR3 cells mimicking physiological conditions in vitro. Furthermore, immunosuppressed female mice injected with human cancer cells were used as a model to study the efficacy of the develop targeting system in vivo. VII-2. MATERIALS AND METHODS VII-2.1. Materials Fucoidan from Fucus vesiculosus was purchased from Marinova (batch number: DPFVF2015505; molecular weight [MW] by gel permeation chromatography [GPC] 45–75 kDa), whereas chitosan, CH 95/20, was purchased from Heppe Medical Chitosan GmbH (Halle, Germany; batch number: 212-261115-04, MW by GPC 40–150 kDa). 2′-Deoxy-2′,2′-difluorocytidine (Gem – C9H11F2N3O4) was purchased from Carbosynth (Berkshire, UK). 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC), 
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N-hydroxysuccinimide (NHS) and Fluorescein isothiocyanate–dextran average mol wt 4,000, (FITC:Glucose = 1:250) and phalloidin‐Tetramethylrhodamine B isothiocyanate (Phalloidin) were all purchased from Sigma-Aldrich (Misssouri, USA). 4,6‐Diamidino‐2‐phenyindole, dilactate (DAPI) was purchased from Biotium (California, USA). ErbB-2 antibody (ERBB2 Monoclonal Antibody (clone 7H3L20), ABfinity Recombinant) was purchased from Thermo Fisher Scientific (Massachusetts, USA). Alexa Fluor 488 was purchased from Molecular Probes (Oregon, USA). Human umbilical vein endothelial cells (EA.hy.926 cell line) and breast cancer cells (SKBR3 and MDA-MB-231 cell lines) were both purchased from ATCC (Virginia, USA).Centrifugal concentrators Vivaspin 20 300 KD (Sartorius; Stonehouse, UK) were purchased from Fisher Scientific. VII-2.2. Nanoparticles production and characterization VII-2.2.1. Production of nanoparticles delivery systems Nanoparticles were produced by polyelectrolyte complexation as previously described [19]. Briefly, fucoidan was added drop-by-drop, with a precision syringe pump, into chitosan solution (with gemcitabine, 1:3 w/w). EDC/NHS (300 mM+120 mM) was added to increase nanoparticles stability. The nanoparticles were than separated by using an centrifugal concentrator to remove unbound polymers. Lastly, nanoparticles were re-suspended in ultrapure water (UPW). VII-2.2.2. ErbB-2 antibody immobilization and quantification ErbB-2 antibody was immobilized at the surface of the developed nanoparticles, based on a previous reported work [25]. A wide range of antibody concentrations (from 0 to 20 μg mL−1) were tested to determine the maximum immobilization capacity of the NPs. The antibody was previously activated with EDC/NHS for 15 minutes (26 mM EDC + 104 mM NHS in 0.1 M MES) and NPs were incubated with different concentrations of antibody for 2h under stirring. The solution was then centrifuged to remove unbound antibody and the NPs re-suspended in UPW. In order to determine the degree of immobilization, an indirect method was used to quantify the fluorescence of unbound secondary antibody solution. Alexa Fluor 488-conjugated (1:100) was incubated for 1h, with the following reading parameters: 495 nm for the adsorption and 519 nm for the emission. Negative controls were also prepared, where all antibody 
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immobilization steps were performed with the exception of the primary antibody incubation, which was replaced by UPW. VII-2.2.3. Dynamic light scattering The NPs’ size and polydispersive index (Pdi) were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Samples were diluted in UPW and the size analysis lasted 180s and was performed at 25°C, in triplicate for n=3.  VII-2.2.4. Morphological analysis Morphological analysis of the develop targeting NPs was obtained using Atomic Force Microscopy (AFM) by a MultiMode STM microscope controlled by a NanoScope III from Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. Briefly, a drop of NPs solution was placed in a glass slide and left to dry overnight. The analysis were performed using a MultiMode STM microscope controlled by a NanoScope III from Digital Instruments system, operating in tapping mode at a frequency of 1 Hz.  VII-2.3. Biological assays VII-2.3.1. Cell culture and expansion Human endothelial cells (EA.hy926 cell line) were cultured in D-MEM Low Glucose medium supplemented with 10% FBS (Biochrom; Germany) and 1% Pen/Strep (100 U/100 g mL−1; Life Technologies). Human breast cancer cells (SKBR3 and MDA‐MB‐231) were cultured in D‐MEM high glucose medium (Sigma‐Aldrich; USA) supplemented with 10% Fetal Bovine Serum (FBS) (Thermo Fisher; USA), Pen/Strep (100 U/100 g mL−1; Life Technologies) and 1% MEM sodium pyruvate solution 100 × 10−3 M (Thermo Fisher; USA). The three cell lines were incubated at 37°C in a humidified 5% CO2 atmosphere. Media were exchanged every 2–3 days until cells reached a 80-90% confluence. 
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VII-2.3.2. NPs Cellular uptake  FITC was added to chitosan solution at 2mg ml-1 to fluorescently label the nanoparticles, produced as described in a previous section. Three different cell types were seeded in tissue culture coverslips at a density of 1.5x104. After cells’ adherence, NPs (NPs+FITC) and NPs with the immobilized ErbB-2 antibody (NPs+FITC+Ab) were added to the culture; a negative control with only cells was performed for each cell type. After 24h, the different conditions were rinsed with PBS and the cells were fixed with 10% formalin (Bio-optica, Italy). To evaluate whether and where the NPs have been internalized the cytoskeleton and nucleus of those cells were also fluorescent labeled. For that, phalloidin (1:250 in PBS) was added and left to incubate for 45 min. Another washing step was performed and the same samples were incubated with DAPI (1:1000 in PBS) for 15 min. Cell were washed with PBS and observed in an Inverted Confocal Microscope with Incubation (TCS SP8, Leica) at 20x magnifications. VII-2.3.3. Co-culture system with endothelial and ErbB-2 positive breast cancer cells The co-culture system was performed using Nunc Polycarbonate Cell Culture Inserts in Multi-Well Plates (Thermo Fischer, USA). Endothelial cells were seeded and cultured on top as 3x104 cells/insert for 3 days, to allow cells proliferation and the formation of an endothelial monolayer. After that, ErbB-2 positive breast cancer cells (SKBR3 cell line) were cultured, as 1.5x104 cells were seeded and cultured at the bottom of 24 well-plates. The culture medium of each cell type was maintained separatly. In the following day, the developed trageting system (NPs+Gem+Ab) and the controls (NPs+Gem or free Gem) were added over endothelial cells at a previously predefined concentration (50 µl NPs mL-1) [19]. MTS assay and live/dead stainning was performed at days 1, 2 and 3 after co-culture establishment. VII-2.3.4. MTS assay The CellTiter 96 AQueous One Solution cell proliferation assay (Promega; WI, USA) was performed at the defined time points. Firstly, the culture medium was removed and the testing samples were rinsed with sterile phosphate-buffered saline (PBS). A mixture of culture medium (without Fetal Bovine Serum and phenol red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3h, at 37°C, in a humidified 5% CO2  atmosphere. Thereafter, the absorbance of the MTS reaction medium from each 



Chapter VII – Functionalized marine-polymeric nanoparticles targeting ErbB-2 impair breast cancer cells growth and metastasis  

186 

sample was read in triplicate at 490 nm in a microplate reader (Synergy HT, Bio-TEK; USA). All experiments were performed three times, independently. VII-2.3.5.  Live/dead staining Cells were labeled with calcein (AM)/propidium iodide (PI) as live/dead cells, respectively. Briefly, the medium of both cell types was removed and replaced by an Calcein AM (1:500) and PI (1:1000) solution in culture medium. After 10 min of incubation, samples were immediately visualized with Transmitted and Reflected Light Microscope with Apotome 2 (Axio Imager Z1m, Zeiss) at 5x magnification. VII-2.4. Mammary fat pad mouse model  NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) immunosupressed female mice (n=12; 6 per group) were injected with 1x106 breast cancer cells (SKBR3 cell line) suspended in PBS and matrigel (Corning, USA; 1:1) into the mammary fat pad (total volume of 50 µL). Mice were maintained under standard laboratory conditions, as previously described [26]. After 5 days post-implantation, the developed targeting system (NPs+Gem+Ab) and a saline solution (control conditions) were admnistered into each animal group, every week (day 5, 12, 19 and 26). First measurement of the tumor size was possible 26 days after breast cancer cells’ injection, being measured at day 29 and 32 (end of experiment). Animal body weight and tumor size (calculated by measuring the two largest side and applying the Equation VII-1, being L1 the largest side, and L2 the other one) was measured and recorded once a week. Equation VII-1 Equation for the tumor volume measurements. V= 3.14xL1xL1xL26  At day 32, animals were sacrificed using CO2 due to the tumors’ size. Tumors were excised, as well as other organs of interest like lungs, liver and kidneys to assess possible metastasis. Afterwards, the tumor and organs were fixed in 4% formaldehyde and subsequently embedded in paraffin for further histological analysis. All animal procedures were conducted in accordance with the guidelines for the care and use of laboratory animals (European Directive 2010/63/EU) and approved by the Direcção Geral de Alimentação e Veterinária (DGAV, reference 017761), the competent national authority for animal protection.  
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VII-2.5. Histological analysis Retrieved tumors and organs of each mice specimen were dehydrated in a automatic stainer, embedded in paraffin and sectioned in sections of 4 μm thickness. Briefly, sections were deparaffinized with xylene, rehydrated in ethanol and stained with hematoxylin and eosin. Afterwards, sections were dehydrated and mounted with resinous mounting medium. The histological sections were analyzed under Leica DM750 microscope at 4× magnification. VII-2.6. Statistical Analysis Statistical analysis was performed using Graph Pad Prism Software. Considering that the data do not present a normal distribution and homogeneity of variance, the cell biological assays were analyzed using nonparametric test (Kruskal–Wallis test) and a p < 0.05 was considered significant. Data are presented as mean ± standard deviation. VII-3. RESULTS VII-3.1. Antibody immobilization at the surface of nanoparticles A defined ErbB-2 antibody was immobilized at the surface of fucoidan/chitosan nanoparticles by a covalent bond mediated by EDC/NHS coupling agent. To ensure that the antibody was immobilized at the surface of the NPs at the maximum capacity of the NPs, a wide range of antibody concentrations was tested (0-20 μg mL–1). An indirect method was used to quantify the immobilization efficiency, based on the measurement of unbound secondary antibody fluorescence, after its incubation with the immobilized primary antibody (Figure VII-1 A). As observed in Figure VII-1 B, higher amounts of immobilized ErbB-2 antibody correspond to a lower fluorescence signal of the free secondary antibody. At 10 μg mL–1  the NPs presented its maximum immobilization capacity and above this concentration the system was saturated. This optimized concentration was further used in all biological assays.   



Chapter VII – Functionalized marine-polymeric nanoparticles targeting ErbB-2 impair breast cancer cells growth and metastasis  

188 
 Figure VII-1 Schematic representation of the indirect quantification of immobilized antibody by measuring the fluorescence of unbound secondary antibody Alexa 488 (A) and quantification results obtained by this method (B). VII-3.2. Nanoparticles characterization  In Figure VII-2 A, the size distribution of the developed nanoparticles targeting system (NPs+Gem+AB) as determined by light scattering is represented, showing an unimodal distribution, quantitatively characterized by the size and polydispersity index (Pdi) depicted in the table in Figure VII-2 B. The mean size of NPs+Gem+Ab is 159±23 nm, with a Pdi = 0.178±0.027. The targeting system has a positive zeta potential (ZP) of 21.3±2.68 mV. Furthermore, the round morphology of the nanoparticles was confirmed by AFM observation (Figure VII-2 C).  
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 Figure VII-2 Size distribution (A), size, Pdi and ZP B) and morphology C) of the developed targeting system (NPs+Gem+Ab). VII-3.3. Cell targetting studies Figure 3 shows confocal microscopic images of human endothelial (EA.hy.926 cell line) and breast cancer cells (MDA-MB-231 and SKBR3 cell lines) after exposure to the FITC-labeled nanoparticles with (NPs-FITC-Ab) or without immobilized ErbB-2 antibody (NPs-FITC). From the observations, SKBR3 cells were the only ones presenting the nanoparticles immobilizing the ErbB-2 antibody, more efficiently than the nacked nanoparticles (NPs-FITC). These NPs-FITC-Ab were mostly presented around the cells cytoplasm, due to the expression of ErbB-2 receptor at the cell membrane. Inversely, the MDA-MB-231 cells (ErbB-2 negative) did not uptake any type of NPs. Only a slight green fluorescence is observed in the cytoplasm of endothelial cells (Figure VII-3). 
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190  Figure VII-3 Confocal microscopy images of human endothelial (EA.hy926) and breast cancer (MDA-MB-231 and SKBR3) cells. Nanoparticles were labeled with FITC (green), the cells’ nuclei with DAPI (blue) and the cytoskeleton with phalloidin (red). Scale bar=25 µm. VII-3.4. Co-culture system VII-3.4.1. Endothelial cells – EA.hy926 To validate the in vitro efficacy of the ErbB-2 antibody immobilized at the surface of nanoparticles, a co-culture system was established, mimicking the endothelial barrier. At day 1, all testing conditions presented similar values (between 24 and 30%), with th exception of the CTR condition that did not 
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present toxicity along the tested time points (Figure VII-4 A). The free Gem presented increased values of toxicity over endothelial cells when compared to both NPs+Gem and NPs+Gem+Ab, at days 2 and 3. Specifically, Gem is around 28% more cytotoxic than the developed NPs systems at day 2, and around 20% more cytotoxic at day 3. Live/dead images confirmed these quantitative results, since less green signaling is observed for the Gem condition (Figure VII-4 B). Inversely, endothelial cells viability remains constant for the NPs systems conditions.  
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192  Figure VII-4 Cytotoxicity of the free drug (Gem), drug-loaded and functionalized drug-loaded nanoparticles over human endothelial cells (EA.hy926 cell line) at different time points (days 1, 2 and 3). MTS (A) and Live/Dead assay (B). Data was considered statistically different if p < 0.05. * when compared to CTR; + when compared to Gem. Scale bar=200 µm.  
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VII-3.4.2. Breast cancer cells  Regarding the effect over breast cancer cells (SKBR3:ErbB-2+), the main differences are observed at day 1 (Figure VII-5 A). Spcifically both NPs systems present increased toxicity when compared to free Gem (only 12%). However, the immobilization of the ErbB-2 antibody at the surface of the nanoparticles (NPs+Gem+Ab) resulted in an increased toxicity of this system of around 60% when compared to NPs+Gem (24%). For the other time points (day 2 and 3) all the conditions (except the CTR) presented a cytoxicity around 100%. These evidences were further confirmed by the live/dead stainning (Figure VII-5 B). At day 1, an increased red fluorescence signalling is observed for the targeting system in contrast to all the other conditions. At the other two time points, a significant the decrease in green signallng is observed for all the other conditions (except the CTR). 
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194  Figure VII-5 Cytotoxicity of the free drug (Gem), drug-loaded and functionalized drug-loaded nanoparticles over human breast cancer cells (SKBR3 cell lines) at different time points (day 1, 2 and 3), as adressed by MTS assay (A) and Live/Dead assay (B). Data was considered statistically different if p < 0.05: * when compared to CTR; + when compared to Gem; & when compared to NPs+Gem. Scale bar=200 µm.  
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VII-3.5. Breast cancer early model Considering the in vitro results of the developed targeting system, its efficacy was also assessed in an immunosuppressed mice injected with  breast cancer cells, constituting an early tumor model. Regarding the tumor volume, measurnments were performed at days 26, 29 and 32 after injection of breast cancer cells.  Aiming to compare tumor volume progession, ratios between the different time points were calculated (Figure VII-6 A). The tumor volume of V29d/V26d,  presented similar sizes for both conditions. For the latter time points, significant differences were observed between the CTR and the targeting system (NPs+Gem+Ab) tumor volumes ratio (V32d/V29d). When compared the final tumor volume to the initial one (V32d/V26d) significant differences were also observed. The number of mice that developed (or not) metastasis in the lungs is quantified in Figure VII-6 B). No other organ (liver or kidney) presented abnormal conditions. Metastasis in the lungs were observed in mice treated with NPs+Gem+Ab, whereas in respect to the CTR group, 4 mice developed metastasis and 2 not. This assessment was performed by microscopic analysis of the lungs (Figure VII-6 C), where the metastasis are clear and easily identified. Even the one non-metastatic lung of the CTR seems to be more damaged than the non-metastatic lungs from the testing group. 
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196  Figure VII-6 In vivo assays with NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) immunosupressed female mice. Tumor volume ratios for the different measurnments A) number of metastatic and non-metastatic animals B) and H&E staining of metastatic and non-metastatic lungs at 4x magnification C). Data was considered statistically different if p < 0.05: * when compared to CTR. 
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VII-4. DISCUSSION The main goal of an effective anti-cancer treatment comprise the delivery of therapeutic agents in a targeted and selective way to the tumor site, aiming to reduce the side effects of the cytotoxic compounds used as therapeutic agents over healthy tissues and organs [26]. This work aim was to develop a drug carrier able to target breast cancer cells by targetting an overexpressed cell membrane marker. The maximum immobilization capacity of the system was assessed by testing different antibody concentrations until it reaches saturation at concentrations above 10 µg ml-1. NPs+Gem+Ab were characterized both in terms of size, Pdi and zeta potential and compared with NPs+Gem [19]. As reported by others [24, 27], a slightly increase in the nanoparticles size is observed when the antibody was immobilized at the NPs surface. Nevertheless, a narrow size distribution was observed, with Pdi values <0.2, indicating that the nanoparticles have an homogeneous size distribution [28]. Regarding the zeta potential of aroud 21 mV, the developed system can be considered as moderately stable (±20<ZP<±30 mV), indicating that chitosan is in the outer layer of the NPs [29].Regarding the zeta potential of aroud 21 mV, the developed system can be considered as moderately stable (±20<ZP<±30 mV) [30]. Futhermore, nanoparticles presented the typical round morphology as seen by AFM. This decrease in the zeta potential in comparision with non-functionalized nanoparticles indicates that the antibody has been successfully immobilized. Futhermore, nanoparticles presented the typical round morphology as seen by AFM.   After establishing the best conditions for the production of the functionalized nanoparticles, cellular uptake studies were performed with different cell lines to validate the efficiency of the antibody. Since the envisaged therapeutic strategy is based in intravenous injection, human endothelial cells (EA.hy926 cell line) were used as a model of healthy cells, representing the first barrier faced by the NPs. Regarding the tumor, two different types of human breast cancer cells were used: the MDA-MB-231 cell line that is ErbB-2 negative and the SKBR3 cell line, which is ErbB-2 positive. As expected, the immobilization of the ErbB-2 antibody lead to an increased cellular uptake by SKBR3 cells, when compared to the other two cells types or in comparison with the naked nanoparticles (without the functionalization with the antibody). It was possible to observe that nanoparticles were present in the cell limits, which would be expected since ErbB-2 receptor is present in the cell membrane [30, 31]. These results demonstrate that the developed ErbB-2 conjugated nanoparticles can efficiently and specifically interact with cancer cells and hopefully deliver the loaded drug at the target site, which may thus reduce the drug side effects as tocxicity over healthy tissues. 
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Gemcitabine (Gem) is a chemotherapeutic drug often used as a single agent or in combination with other drugs in the treatment of different types of cancers such as lung, ovary, pancreatic and breast [32-34]. Gem acts by inhibiting DNA synthesis and also by blocking the progression of cells through the G1/S-phase. Due to its short half-life, that ranges from 32 to 94 minutes (short infusions) and from 245 to 638 minutes (long infusions) and rapid metabolization, increase doses are required to obtain therapeutic efficacy, increasing the risks of side effects. Futhermore, the administered dose will depend on the type of cancer and the patient profile, varying from 10 mg mL-1 to 100 mg mL-1 [35]. In this work, the concentration loaded into the nanoparticles was substancially bellow the clinical dosage (around 0.4 mg mL-1, as previously reported) [19], but sufficient to present promising results in 2D monocultures. 2D cultures with cell lines are important assays to study the ability of drugs/compounds to inhibit cancer cells’ growth. Nevertheless, this strategy can be improved by implementing co-cultures with different cell types, aiming to mimic the tumor microenvironment that does not only comprise cancer cells but also healthy cells [36, 37]. To confirm and validate the targeting efficiency, a co-culture system composed of human endothelial and ErbB-2 positive breast cancer cells (SKBR3) was established. The idea was to assess if the developed nanoparticles would be able to cross an endothelial barrier and target breast cancer cells. Experimental data demonstrate that NPs+Gem+Ab were able to target breast cancer cells within the first 24h. These NPs presented an increased cytotoxicity of 60% when compared with free Gem and NPs+Gem. This indicates that, as previously described in the cell uptake assays, the antibody immobilized at the surface of the nanoparticles was bonded to the ErbB-2 receptor in the cells, and thus enabling the delivery of the drug at the target site. Indeed, the targeting system (NPs+Gem+Ab) was more effective than free Gem and nanoparticles without the antibody. Regarding endothelial cells, free Gem presented significantly higher toxicity than the NPs+Gem and NPs+Gem+Ab systems. This may be attributed to the fact that the endothelium constitutes the first cellular barrier to the drugs adminestered intraveneously, suffereing the direct effect of the drug. However, in the case of the nanoparticles systems, they are able to protect the drug during the first hours, having diminished effects over the endothelial cells. These observations clearly demonstrate that the NPs+Gem+Ab is an effective strategy to target ErbB-2 positive breast cancer cells, having decreased cytotoxicity over an endothelial barrier, when compared with free Gem. A similar trend was observed in a Gem-loaded nanoparticles system that targeted pancreatic cancer cells in 2D mono-cultures [27]. NPs with immobilized ErbB-2 were able to present increased toxicity when compared with free Gem or non-target NPs, which was also attributed to a greater intracellular delivery by receptor mediated endocytosis. Both NPs presented similar effects over normal kidney cells, presenting a slightly decrease in comparison with the free drug. In a different attempt, 
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NPs incorporating a different chemotherapeutic drug, doxorubicin (Dox), were able to present increased cytotoxic effects over an ovarian cancer cell line, when comparing with NPs without immobilized antibody, showing similar cytotoxic effects to free Dox [23].  The current in vitro model is much more representative of the physiological environment and the developed targetting system proven to be more effective on targetting cancer cells, having fewer cytotoxic effects over endothelial cells. To further demonstrate the effectiveness of the developed targeting delivery, an early disease animal model was implemented. Despite there were no significant differences for the first tumor volume ratio measurnments, significant smaller tumor volume ratios (V32d/V29d) were observed for the NPs targeting system when compared with the control saline group. Furthemore, it is possible to state that the developed targeting system was able to delay tumor growth in comparison with the CTR(V32d/V26d). Since breast cancers often metastasize to the lungs, liver and the kidneys, these organs were retrieved from the animals for histological analysis [39]. Liver and kidneys did not present any alterations for both conditions. However, it was possible to observe that there were more metastatic lungs in the control condition than in mice tretated with the NPs+Gem+Ab system. These results validate the efficacy of the developed targeting system in hampering the tumor size as well as the side effects over other healthy tissues, namely the lungs. VII-5. CONCLUSIONS In this work, a nanoparticles-based drug delivery system able to target ErbB-2+ breast cancers was optimized and validated. The increased cytotoxic effects over cancer cells, but not over endothelial cells, and the specific binding to ErbB-2 receptor shows promising results when compared with non-targeted NPs or free drug, namely in reducing the cytotoxic effects over endothelial cells. The higher uptake of the functionalized NPs by the ErbB-2+ breast cancer cells and the selectivity observed on the co-culture system validated the targeting efficacy of the drug delivery system in vitro. The targeting efficacy was also addressed in vivo, with the developed system being also able to hamper tumor growth in an early tumor animal model. Another important observation was the significant reduction of metastasis in the lung when the animals were treated with the targeting system. Taken together, the developed targeting system is a promising therapy for ErbB-2 positive breast cancers that should be further investigated in a translational perspective. 
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Chapter VIII Chapter VIII -  General Conclusions and Future Perspectives VIII-1. GENERAL CONCLUSIONS The use of fucoidan as an antitumor agent has been described over the recent past years. However, there are still some concerns regarding fucoidan’s usage in clinical settings, namely due to some contradictory results on its toxicity over cancer cells. Trying to elucidate this aspect, the thesis herein presented aims to understand and explore the antitumor activity of fucoidan by developing more effective and consistent fucoidan-based approaches. Particularly, studies on structure-activity relationship, along with the assessment of fucoidan cytotoxic effects over different cell types (either cancer or normal cells), may help to overcome those limitations. In this sense, besides presenting the toxicity over human breast cancer or melanoma cells (depending on the chapter), there was always the concern of evaluating the fucoidan or fucoidan-based systems effects over normal cells (which were selected depending on the work purpose). This was found to be of great importance, enabling more accurate conclusions regarding fucoidan antitumor activity. As so, in Chapter III, the chemical and biological characterization of different commercial fucoidan extracts revealed interesting results and conclusions. First of all, it was possible to conclude that not all fucoidan extracts present the same biological outcomes, specifically regarding the antitumor activity. Three distinct behaviors were observed, as previously reported, showing the importance of testing the cytotoxicity of the extracts over not only cancer cell, but also normal cells. Having this into consideration, more accurate conclusions regarding fucoidan antitumor capability were performed, being possible to define a specific concentration where fucoidan presented toxicity over breast cancer cells without affecting normal fibroblast and endothelial cells. Most of the works reported in the literature refer to the molecular weight and sulfation degree as the main properties affecting the antitumor activity of fucoidan. However, in Chapter III, these same conclusions were not achieved and, therefore, more studies were performed on structural characterization of fucoidan extracts to shed more light on the structure-activity relationship. From the desulfation and methylation analysis was possible to ensure that the key players influencing the antitumor activity of these fucoidan extracts are related with the sulfate position and the branching degree. 
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This study allows to have a better understanding of fucoidan intrinsic properties and to assess the different biological performances of fucoidan. Therefore, the following works were planned having in mind the distinct behavior of fucoidan, with the final aim of developing more effective fucoidan-based antitumor strategies. In the studies reported in Chapters IV and V, a fucoidan extract with selective activity (toxicity to cancer cells without affecting normal cells, at a defined concentration) was used, whereas other fucoidan extract without intrinsic antitumor activity was used to develop more effective drug delivery and targeting systems (reported in Chapter VI and VII).  In Chapter IV, and trying to elucidate fucoidan’s mechanism of action, the angiogenic potential of a selective fucoidan was evaluated in relation to its antitumor behavior. This fucoidan, at a pre-determined concentration, was able to impair the formation of or to disrupt a pre-formed tubular-like endothelial network, in vitro. In addition, the same conclusions were obtained in in vivo studies, by performing the CAM assay. This assay was also performed with a tumor onplanted into the CAM, which revealed that this fucoidan was able to significantly reduce the tumor size in a relatively short period of time. These in vitro and in vivo results corroborate the anti-angiogenic potential of the selective fucoidan, which is of great interest for the development of antitumor therapies. In a different attempt (Chapter V), this fucoidan was proposed to treat melanoma, either as a single bioactive agent or immobilized at the surface of an electrospun nanofibrous mesh. To the best of our knowledge this was the first time that fucoidan has been immobilized in a biomaterial substrate aiming the development of antitumor therapies. These two approaches revealed again the selective behavior of this fucoidan, being able to affect the viability of melanoma cells, presenting diminished effects over normal human skin cells (dermal fibroblasts and keratinocytes). This study presented a promising and valuable dual-therapy strategy that can help fight melanoma, the most aggressive skin cancer. Regarding the last two chapters of this thesis, fucoidan-based drug delivery and targeting systems were developed aiming to reduce the side effects of current chemotherapeutic drugs. In this sense, a fucoidan extract without intrinsic antitumor activity was complexed with chitosan, forming a marine-based NPs system (Chapter VI). These NPs were optimized in terms of size and Pdi, as well as for the encapsulation efficiency of the drug. This system showed increased cytotoxic effects over human breast cancer cells (around 25%) when compared to endothelial cells. The NPs also presented increased toxicity over cancer cells when compared to the free drug, whereas similar cytotoxicity was observed for endothelial cells. This was an important aspect since the encapsulation of the drug allows achieving increased antitumor effect without increased toxicity over healthy cells. In an attempt to diminish the 
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effects over healthy tissues, a targeting approach was developed and optimized (Chapter VII). For that, a specific antibody against ErbB-2 was immobilized at the surface of the previously described NPs. This targeting system was able to effectively recognize ErbB-2 positive breast cancer cells (SKBR3 cell line), showing an increased cellular uptake when compared with endothelial cells or ErbB-2 negative breast cancer cells. A co-culture system was setup to validate the targeting efficiency of NPs, by mimicking the endothelial barrier. Just in 24h, the NPs with the immobilized antibody were able to cross the endothelial barrier, presenting increased toxicity over human breast cancer cells when compared with the NPs without the antibody or the free drug. Furthermore, the effect of the targeting system over the endothelial cells were diminished when compared with the free drug. An in vivo assay showed a retardment in the tumor development along with less metastatic lungs in mice, when compared with the control condition. These results were able to validate the targeting efficiency of the NPs system, diminishing the side effects of a chemotherapeutic. Altogether, the work developed in this thesis resulted in new knowledge regarding fucoidan intrinsic properties, which is of utmost importance for the development of more effective therapies. On the other hand, the optimized and developed fucoidan-based systems represent promising antitumor therapies, with diminished side-effects. Therefore, a step forward on the fucoidan usage as an antitumor therapy was made, either as a single bioactive agent or as more effective fucoidan-based systems. VIII-2. FUTURE PERSPECTIVES  Despite the promising results herein presented, there is always room for improvement and the need to validate these strategies with more complex systems that better mimic the tumor microenvironment. In this sense, in this sub-section, a general future perspective on fucoidan usage as antitumor compound will be given, along with more detailed future perspectives for each of the works developed. Firstly, a standardization regarding the biomass used as a raw-material and the extraction methods should be performed trying to obtain fucoidan with similar chemical properties, avoiding the contradictory results of fucoidan’s biological activities. Indeed, currently, each fucoidan extract should be taken as an independent one and biological activities cannot be predicted, requiring always confirmation. Secondly, although some mechanisms of action are already described in the literature, there is no consensus regarding this issue. Despite different cells can present different mechanisms of action, a closer look into this aspect should be considered. Last but not the least, another important 
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aspect that is missing in most studies is that the authors only present the cytotoxic effects over cancer cells, when it is known by the tumor microenvironment that non-cancer cells should also be considered. In this thesis, this aspect was always considered when designing the experimental work. In the particular case of these studies and thesis, additional work can be performed to increase the relevance of such discoveries. About the two first Chapters of Section 3 (Chapters III and IV), where fucoidan is used as a single antitumor agent, a deep understanding of the mechanism of action should be studied. Indeed, as previously stated, there are studies in the literature regarding fucoidan antitumor mechanism of action. However, these studies are mainly focused on cancer cells. In Chapter III, a fucoidan with a selective behavior was studied. So, it would be interesting to study the differences between the two cell types (cancer and normal cells) to clarify why fucoidan presents toxicity to cancer and not to normal cells. Having this extract in mind, and the fact that it presents inherent antitumor activity, it would be of great interest to compare fucoidan with currently used chemotherapeutic drugs aiming to diminish the severe side effects that such drugs can inflict to the patients.  Regarding chapter V, interesting and promising results were obtained on the use of a fucoidan-based therapies to treat melanoma. Nevertheless, additional studies can be performed to validate the dual-therapy strategy by the development of an in vitro 3D model. This model should comprise the different layers of the skin to better mimic what happens in vivo. In what concerns Chapters VI and VII, additional in vivo models should be performed. In Chapter VII, an early tumor model was performed, as a first validation step, showing interesting results in what concerns tumor growth retardation and inhibition of metastasis to other organs. The implementation of a late tumor model would be of great interest, to study the effects of the NPs system after tumor appearance, and evaluate its effects over tumor size and metastasis as well.  Standard extraction methods of fucoidan along with a deep understanding of both the mechanisms of action and chemical features will make fucoidan a step closer to the clinic. The development of alternative and more effective approaches to treat cancer may improve the current clinical outcomes experienced by cancer patients and fucoidan might play a role on this, both as a new antitumor agent (to be used alone or exploring synergies with other drugs) and as component of innovative drug delivery devices targeting specifically the tumors.  


