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Abstract – DEVELOPMENT OF PEGYLATED NANOPARTICLES FOR DELIVERY OF METHOTREXATE DERIVATIVES  Cancer is one of the most devastating and life-threatening diseases, and conventional chemotherapeutic agents, such as methotrexate (MTX), present several limitations and adverse effects. The use of nanoparticles (NPs) enables an efficient alternative to conventional therapy as they can overcome these limitations. NPs may be engineered to have a prolonged circulation time, enhanced cellular uptake and targeting abilities. One widely used targeting approach is the development of NPs containing folic acid (FA) at the surface. Folate receptor (FR) is overexpressed in tumor cells and is not expressed or is present at low levels in normal cells. In this way, FA-tagged NPs allow a specific delivery of the drug. Although several types of NPs have been developed as drug delivery systems (DDS), this work focused on the polymeric micelles and liposomes. Thus, the main aim of this project was the development of PEGylated micelles and liposomes with suitable characteristics for intravenous (IV) administration and with the ability to delivery hydrophobic MTX derivatives to a target cell population. First of all, micelles and liposomes production methods were optimized. For the micelles production were tested two different methods, auxiliary solvent method and sonication, and the liposomes were produced using ethanol injection method. The full characterization of the developed NPs was performed, including the analysis of their physicochemical properties, stability, drug encapsulation efficiency (EE) and biological effect. The use of the auxiliary solvent method with evaporation at 30 ºC, a polyoxyethanyl-α-tocopheryl sebacate (PTS) concentration of 15 mg/mL and a PTS/MTX diethylated (MTX-OEt) mass ratio of 8:1 resulted in monodisperse micelles with small size. These PEGylated micelles revealed the expected biological effect against cancer cells (Caco-2 cells). In the case of liposomes, the ideal formulation was reached using a lipid concentration of 9 mM, water as aqueous phase, a MTX-dimethyldioctadecylammonium bromide (MTX-DODAB) concentration of 2.91 mg/mL and an initial water/ethanol volume of 6/6 mL. The obtained liposomes also showed suitable characteristics including a monodisperse population of small and neutral particles and demonstrated a significant cytotoxicity against cancer cells, similar to free MTX.  In sum, the developed PEGylated micelles and liposomes loaded with hydrophobic MTX derivatives demonstrated to be promising DDS for cancer therapy.   
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Resumo – DESENVOLVIMENTO DE NANOPARTÍCULAS PEGUILADAS PARA A ENTREGA DE DERIVADOS DE METOTREXATO  O cancro é uma das doenças mais devastadoras e fatais, e os agentes quimioterápicos convencionais, como o metotrexato (MTX), apresentam várias limitações e efeitos adversos. O uso de nanopartículas (NPs) possibilita uma alternativa eficiente à terapia convencional, pois estas podem superar essas limitações. As NPs podem ser projetadas para ter um tempo de circulação prolongado, melhor captação celular e habilidades de direcionamento. Uma abordagem de direcionamento amplamente utilizada é o desenvolvimento de NPs contendo ácido fólico (FA, do inglês folic acid) à superfície. O recetor de folato (FR, do inglês folate receptor) é sobre-expresso em células tumorais e não é expresso ou está presente em níveis baixos em células normais. Deste modo, as NPs com FA permitem uma entrega específica do fármaco. Embora vários tipos de NPs tenham sido desenvolvidos como sistemas de entrega de fármacos (DDS, do inglês drug delivery systems), este trabalho focou-se nas micelas poliméricas e nos lipossomas. Assim, o principal objetivo deste projeto foi o desenvolvimento de micelas e lipossomas PEGuilados com características adequadas para administração intravenosa (IV) e com a capacidade de entregar derivados hidrofóbicos de MTX a uma população de células alvo. Primeiramente, os métodos de produção de micelas e lipossomas foram otimizados. Para a produção de micelas foram testados dois métodos diferentes, o método do solvente auxiliar e sonicação, e os lipossomas foram produzidos pelo método de injeção etanólica. A caracterização completa das NPs desenvolvidas foi realizada, incluindo a análise das suas propriedades físico-químicas, estabilidade, eficiência de encapsulação do fármaco (EE) e efeito biológico. O uso do método do solvente auxiliar com evaporação a 30 ºC, uma concentração de sebacato de polioxietanil-α-tocoferil (PTS) de 15 mg/mL e uma relação mássica de PTS/MTX dietilado (MTX-OEt) de 8:1 originou micelas monodispersas e com tamanho pequeno. Estas micelas PEGuiladas revelaram o efeito biológico esperado contra células de cancro (células Caco-2). No caso dos lipossomas, a formulação ideal foi alcançada utilizando uma concentração lipídica de 9 mM, água como fase aquosa, uma concentração de MTX-brometo de dimetildioctadecilamónio (MTX-DODAB) de 2.91 mg/mL e um volume inicial de água/etanol de 6/6 mL. Os lipossomas obtidos também apresentaram características adequadas, incluindo uma população monodispersa de partículas pequenas e neutras que demonstraram uma citotoxicidade significativa contra células de cancro, semelhante ao MTX livre. 
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Em suma, as micelas e os lipossomas PEGuilados desenvolvidos, carregados com derivados hidrofóbicos de MTX, demostraram ser DDS promissores para a terapia do cancro.    
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Chapter I – OBJECTIVES AND OUTLINE  1. OBJECTIVES OF THE WORK The aim of this work is the development of nanoparticles (NPs) with suitable properties to provide an efficient and novel treatment option, mainly for cancer therapy. These NPs should present adequate characteristics for intravenous (IV) administration such as small size and stealth properties, they should also be able to entrap hydrophobic drugs successfully and, if possible, should present a targeting agent at the surface (for example: folic acid (FA)) for a specific delivery of the pharmacological compound to a target cell population. All these characteristics are very important for overcoming the side effects that are greatly associated with conventional therapies and also for enhancing the drug therapeutic effect.  In this way, the main objectives of this work are: the production of small and PEGylated NPs (micelles and liposomes); the encapsulation of hydrophobic methotrexate (MTX) derivatives (MTX diethylated (MTX-OEt) and MTX-dimethyldioctadecylammonium bromide (MTX-DODAB)) in these developed NPs and the in vitro evaluation of their ability to carry and deliver these MTX derivatives.    2. OUTLINE OF THE THESIS In agreement with the aims of this master thesis, this document is divided into 5 chapters. The contents of each chapter are described below.  The first and current chapter contains the main purposes of this work, as well as an introduction to the thesis outline and format.  The second chapter consists in the state of art of this thesis theme, in which it is resumed all the information needed for a full understanding of the work presented in the next chapters.  Chapter three and four describe all the materials and methods used in this work, as well as the results obtained, its discussion and main conclusions of the research work performed regarding micelles and liposomes, respectively. This master thesis ends with chapter five, which presents the final remarks of the developed work and the future perspectives for this research work.   
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Chapter II – GENERAL INTRODUCTION  1. NANOTECHNOLOGY, NANOMEDICINE AND NANODEVICES Nanotechnology is a multidisciplinary field in which several areas of knowledge, such as engineering, biology, physics and chemistry, are linked to develop and produce materials at the atomic and molecular scale [1-3]. This field involves the design, synthesis, characterization and application of materials, devices or systems at the nanometer scale with the objective to control material behaviour and add novel properties and functions [2, 4]. Nanotechnology has applications in several different fields such as medicine, chemistry, cosmetics, agriculture and food industry, bioinformatics, communication and construction [5]. In the last decades, the breakthroughs in nanotechnology allowed the emergence of several new possibilities in medical sciences and numerous platforms are being investigated and developed in order to attain more effective and safer therapeutics [2, 6]. Nanomedicine, one of the most important fields of nanotechnology, focus in a highly specific medical intervention at a molecular scale for diagnosis, prevention and treatment of diseases [7]. As it can be seen in figure 1, there are several fields of medicine in which nanotechnology intervention is promising [8].  

 Figure 1 | Applications and research targets of nanomedicine [From Liu et al., 2007 [8]].  Recently, there has been an enormous increase in the use of nanomedicine formulations which show a great potential, enabling more effective and less toxic diagnostic and therapeutic interventions [9]. The main objective of nanomedicine has been the development of nanomaterials with specific applications in order to offer a suitable means to deliver small molecular weight (MW) drugs and provide a mechanism for local or site specific targeted delivery of macromolecules [10]. In the last years, nanomedicine has focused on the development of drug delivery systems (DDS) 
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for the treatment of diseases [11], allowing the emergence of several novel nanomaterials [11-13]. These nanomaterials offer multiple desirable attributes and can overcome the problems of conventional therapy, improving drug delivery efficiency [11-13]. A DDS is defined as a formulation or a device that enables the introduction of a therapeutic compound in the body using various 
routes of administration, improving the drug’s efficacy and safety by controlling the rate, time and place of release [10, 14]. These systems can overcome some obstacles in drug delivery, such as the targeting of diverse cell types, drug resistance problems and the biological barriers [15].  Drugs can be administrated by numerous routes, such as enteral (oral, sublingual and rectum administration), parenteral (IV, intramuscular, subcutaneous and inhalation administration) or topical (skin and mucosal membranes) [16]. The route of the drug comprises several steps: the administration of the drug, its distribution through the body, the passage through the different pathways and barriers and the transport of the drugs to their target organs [17, 18]. The passage of the drug molecules across the several physiological barriers is one of the most important obstacles to surpass in drug delivery [19]. Conventional drugs can adversely affect other cells and tissues, reducing the effectiveness of the treatment, and they are often cleared too quickly from the bloodstream by the kidneys or through immune recognition [18]. Additionally, conventional drugs may be unstable and degrade quickly, may have a very poor solubility in aqueous solution or may exhibit toxicity as well as unsuitable interactions with other chemical species [18, 20]. Therefore, some conventional drugs cannot be delivered using conventional release methods [20]. In order to overcome all these problems, NPs have been a premier choice as DDS to carry the drug in a controlled manner and to improve the pharmacological and therapeutic properties of the drugs [17, 19, 21].  In the development of NPs there are four essential prerequisites that need to be followed: drug retention; immune system escape, extending the circulation time; targeting to the diseased site, avoiding most healthy organs; and release of the drug [22].   1.1. Design of suitable nanoparticles for intravenous administration The most reliable route of entry for NPs is the IV route because it’s the fastest and easiest administration method that allows a quick and complete distribution across the body via the systemic circulation [23, 24]. After IV administration, NPs have to overcome multiple obstacles: the clearance by the mononuclear phagocyte system (MPS), also referred as reticuloendothelial 
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system (RES); the immune barrier including the reaction of the immune system, activation of the complement cascade and allergic responses to foreign materials; the fast renal elimination by glomerular filtration and the blood vessel wall, particularly the endothelial cell lining and basement membranes that prevent direct access to organs and tissues at the capillary level [23]. The MPS consists in a system of phagocytic cells, predominantly resident macrophages in the spleen, lymph nodes and liver [25]. This system is responsible for the body’s defence and filtration mechanisms, removing old or irregular red and white blood cells, as well as opsonized components and large foreign objects [26, 27]. MPS seize the NPs by opsonization, which is a process that involves the adsorption of plasma proteins [25]. After opsonization the NPs are recognized by specific receptors on the phagocytes’ surface and internalized, resulting in the clearance of the drug carriers from the body [25]. This process is a major obstacle to the drug delivery to the target site of therapeutic action [28]. The biodistribution of NPs administered intravenously to the target site is strongly dependent on their physicochemical properties, such as size and surface characteristics [29]. The shape of the NPs is also an important characteristic because it affects NPs behaviour and motion in blood flow, membrane adhesion strength, cell uptake pathways and efficacy [23, 30]. However, this property will not be studied into further detail because the majority of NPs used for drug delivery tend to be spherical [30]. In order to overcome the main biological barriers and to prevent early clearance of NPs, the size and surface characteristics can be coordinated providing the adequate features to NPs [31-33].  The size is an important parameter in the design of long-circulating NPs and a key factor in the process of particle internalization [26, 30]. This parameter determines the in vivo distribution, toxicity and targeting ability of NPs and can also influence drug loading, drug release and in vitro and in vivo stability [26, 30]. Moreover, this physicochemical property can affect the efficiency and pathway of cellular uptake of the NPs [34]. Particle size determines if the NPs are opsonized and rapidly cleared by the MPS or if the NPs are cleared by glomerular filtration [35]. Fast clearance of the particles by glomerular filtration is observed below 5.5 nm [23]. On the other hand, NPs with a diameter higher than 200 nm typically exhibit rapid opsonization and uptake by the MPS, being sequestered in liver and spleen [36]. Considering that opsonization leads to aggregation and rapid 
clearance from the bloodstream, it’s demonstrated that smaller particles possess a slower blood clearance than the larger NPs, improving nanoparticle blood residence and accumulation in 
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specific tissues for the treatment of disease [37]. Therefore, an optimal size range for NPs is between 10 and 100 nm, avoiding the clearance by the MPS or the glomerular filtration [26, 38]. The surface characteristics of NPs represent another essential parameter in the determination of their drug loading efficiency, release profile, circulation half-life, targeting and clearance from the body [30]. The surface properties of a particle can also affect its interactions with molecules, cells or physiological systems [26] as well as the efficiency of extravasation and retention [30]. The main 
physicochemical characteristics of the NPs’ surface to consider are the surface charge, functional groups and hydrophobicity [34, 37].  The surface charge of NPs, which is determined by the zeta-potential [39], determines the adsorption of plasma proteins, leading to their recognition by macrophages, followed by phagocytosis and elimination [34]. Positively charged particles tend to form aggregates after neutralisation of their net charge, showing increased recognition by the immune system [36, 40]. Moreover, an increased phagocytosis, higher rate of cell uptake, higher nonspecific internalization rate and short blood circulation half-life happens for positively charged NPs because of their better interaction with the anionic cell membrane [34, 37, 40]. On the other hand, negatively charged NPs show a low phagocytic uptake, thereby contributing to the increase of blood circulation time [34]. As the surface charge becomes larger (either positive or negative), macrophage uptake is increased and can lead to greater clearance by MPS [40]. Neutral NPs are the ideal ones because they are associated with lower opsonization rates than charged NPs, reducing their clearance from the blood circulation [37, 41]. The presence of functional groups also has an important role on the 
NPs’ behaviour because it is known that particles containing a primary amine at the surface are more susceptible to phagocytosis when compared to particles with sulphate, hydroxyl and/or carboxyl groups [41]. The surface hydrophobicity is a key factor for opsonization, affecting also 
phagocytosis, the circulation in blood, biodistribution, NPs’ stability and interactions with cells [34]. Hydrophobic particles in the body are preferentially coated by plasma proteins, being more quickly cleared by MPS [28, 34]. Ideally, the NPs should have a hydrophilic surface to resist the adsorption of plasma proteins and avoid uptake by macrophages [30, 37]. This can be achieved by coating the surface of NPs with a hydrophilic polymer or directly fabricating NPs from block copolymers containing both hydrophilic and hydrophobic segments [30]. The surface of the NPs can be engineered to escape the MPS, improving their blood circulation half-life and biodistribution [35, 42]. PEGylation is a successful and commonly used approach for improving the efficiency of drug delivery to target cells and tissues, being the preferred method of 
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conveying stealth or sterically stabilized properties to NPs [28, 43]. PEGylation consists in the decoration of a particle surface by the covalently grafting, entrapping or adsorbing of poly(ethylene glycol) (PEG) chains [28, 44]. PEG presents several desirable characteristics, such as non-toxicity, non-immunogenicity and high water solubility [44]. Due to the hydrophilic nature of the ethylene glycol (EG) repeats they can extend into solution and shield the surface of the particle, being 
responsible for the PEGylated NPs’ increased solubility [28, 45]. PEG groups onto the surface of particles enable stealth properties that can reduce nonspecific uptake by cells, reduce adsorption of biomolecules and avoid phagocytosis by macrophages, contributing to longer circulation time [26, 46]. The increase in circulation time is due to the very flexible and highly hydrophilic, neutral charge and flexible PEG chains [28]. PEG chains form a layer that has a repulsive effect preventing interactions with plasma proteins and the uptake from the MPS [28, 45]. The length and density of PEG chains strongly influence the NPs’ protection against protein adsorption and, consequently, their stealth properties [47, 48]. It was demonstrated that long PEG chain length and high surface density provide better protein repulsion [49]. The PEG chains can acquire two different conformations, mushroom and brush (figure 2), depending on density [45, 47]. NPs with brush conformation have longer circulation time and are the most resistant to phagocytosis because the denser coatings better shield them from the MPS [45].  

 Figure 2 | Schematic representation of nanoparticle surface functionalized with PEG chains in mushroom and brush conformations [From Loureiro et al., 2016 [2]].   1.2. Nanoparticles as drug delivery systems NPs as DDS, are nanoscale particles, devices or systems decorated with special functionalities that can be made using a variety of materials, both organic and inorganic [50-52]. These therapeutic delivery systems have been developed based on several components, from metals to proteins, including carbon, silica oxides, metal oxides, nanocrystals, lipids, polymers, dendrimers and quantum dots [53, 54]. NPs include a vast number of structures such as lipid-based vehicles 



Chapter II – GENERAL INTRODUCTION 

38                                                                                          Development of PEGylated nanoparticles for delivery of methotrexate derivatives 

including liposomes, solid lipid NPs and micelles; polymer carriers, such as hydrogels, polymersomes, dendrimers, polymeric NPs and nanofibers; metallic NPs; carbon structures such as nanotubes, nanohorns, nanodiamonds and graphene; and inorganic NPs such as silica (some of these structures can be seen in figure 3) [55, 56].  

 Figure 3 | Schematic view of different types of NPs [From Caban et al., 2014 [56]].   In drug delivery, the most important NPs are liposomes, polymer conjugates, polymeric micelles, dendrimers, nanoshells, polymeric NPs and nucleic acid-based NPs [2]. However, liposomes and polymer-based nanoformulations constitute the majority (more than 80 %) of the nanoparticle based therapeutics available for clinical use [2, 54, 57].   1.2.1. Polymeric micelles  Polymeric NPs were first described in 1976, with the demonstration of a controlled release of macromolecules from biodegradable polymers [53]. In the production of these NPs, both natural (proteins and polysaccharides) and synthetic polymers can be used [58, 59]. Polymeric NPs are made from biocompatible and biodegradable materials and are designed to carry the drug with the objective of delivering this active molecule to the intended target [28, 55]. 
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Polymeric micelles were first reported as drug delivery vehicles for cancer treatment in the early 80s [60-62], being recognized as one of the most potent and promising DDS in the 90s [62]. Since then, there has been the development of a great number of polymeric micelles for drug delivery [60, 61]. Polymeric micelles are colloidal particles based on block-copolymers with hydrophilic and hydrophobic units that self-assemble in an aqueous environment into nano-sized structures, usually within a range of 5–100 nm (figure 4) [63-66].   

 Figure 4 | Process of micelle formation and representation of micelles structure [From Jhaveri and Torchilin, 2014 [66]].  The hydrophilic shell of the micelles provides steric stability by creating a highly water-bound barrier, which blocks the adhesion of plasma proteins, avoiding the rapid uptake by MPS and resulting in a prolonged circulation time [63, 64, 67]. This outer hydrophilic shell is usually composed of PEG [68]. This compound is the premium choice because it is water soluble, biocompatible, uncharged and provides steric protection [69]. In micelles, PEG forms a dense, brush-like shell limiting the micelle interaction with other micelles and proteins, thus avoiding uptake and removal by the MPS [68]. The hydrophobic block serves as a nano-container responsible for the drug loading capacity of the micelles [63, 64, 67]. As the hydrophobic core is responsible for the encapsulation of poorly water-soluble drugs, it should be highly compatible with the incorporated drug and exhibit high loading capacity [68, 69]. In sum, the micelles outer shell is responsible for its pharmacokinetic profile, while its inner core determines drug stability, drug loading capacity and drug release behavior [70, 71]. In aqueous medium at low concentrations, the polymers exist as monomers but when the concentration increases, aggregation and self-assembly takes place resulting in the formation of micelles [63, 72]. The concentration at which micelles are formed is referred to as the critical micelle concentration (CMC) [63, 72].  In a concentration lower than the CMC, the polymers exist as monomers and at a concentration around or above the CMC, there is the micelles formation 
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[61]. The micelles formation above their CMC is driven by dehydration of the hydrophobic tails, leading to a favorable state of entropy [63]. Additionally, the formation of Van der Waals bonds allow the assembly of hydrophobic polymers to form the micelle core and the resulting hydrophilic shell re-establishes the hydrogen bonds with the surrounding water [63]. The CMC also provides information on the extent to which the micelles can withstand dilution [73]. This parameter depends mainly on the properties of the hydrophobic core [73, 74]. Increasing the hydrophobic part, i.e. the size of the hydrophobic block, results in a lower CMC value [73, 75] and the micelles stability is enhanced [74]. In sum, the lower is the CMC value of a polymer, the more stable are micelles [73, 76].  The formation of polymeric micelles involves two forces: an attractive force leading to the association of molecules and a repulsive force, which prevents the micelles unlimited growth [73]. After polymer synthesis, there are several techniques that can be used for the micelles formation and drug loading [77]. The formation of drug loaded polymeric micelles can occur by chemical conjugation or physical loading [62, 77, 78]. Chemical conjugation consists in the formation of a covalent bond between the drug and the micelles hydrophobic core, causing steric interference and resistance to enzymatic cleavage [62, 74]. Physical loading is based on hydrophobic interactions between the drug and micelles core [62]. Physical method is more advantageous for drug incorporation [74] and generally favored over chemical conjugation, especially in the case of hydrophobic drugs [79]. In the encapsulation of hydrophobic drugs the most used methods are the dialysis, oil-in-water emulsification, solvent evaporation and solid dispersion method [70, 77].  Drug release can occur by two major pathways, the micelles dissociation followed by the drug cleavage from the monomers and the drug cleavage within the micelle and its further diffusion out of the micelle [74, 80, 81]. In the case of a physically encapsulated drug, its release is usually proceeded by diffusion [80]. The ideal DDS should not present drug release during circulation, in fact, the drug should only be released after its accumulation at the target site and by some internal stimulus [60]. Therefore, the micelles core can be engineered in order to allow a controlled drug release [74]. This enables the development of stimuli-responsive nanocarriers which disassemble and release the drug to a specific biological environment in response to specific triggers [82, 83]. The triggers to which polymeric micelles can react include internal stimuli (pH, redox potential and a particular enzyme), as well as external stimuli (magnetic field, light, temperature and ultrasound) [60, 61, 82]. For example, the tumors present certain specific and unique features including low pH, overexpression 
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of specific enzymes, high levels of glutathione in the cytoplasm, as well as a higher temperature compared with the normal tissues [61, 83]. In this way, these characteristics present a great potential as internal triggers to destabilize stimuli-responsive micelles and achieve temporally and spatially controlled drug delivery and release in cancer therapy [61].  Polymeric micelles present great advantages as DDS because they can solubilize poorly soluble drugs and partly protect the drug from the aqueous environment [72], overcoming several problems of IV administration [63]. Moreover, their easy preparation, biocompatibility and their suitable characteristics that protect the drug from the biological environment, can improve the drug bioavailability and circulation time [84, 85]. These micelles also decrease the toxicity and other adverse effects associated to many drugs [76]. As polymeric micelles present all these promising and attractive features as efficient DDS, they have been receiving fast-increasing scientific attention [71]. Therefore, there are several formulations in clinical trials or already in the market, as it can be visualized in figure 5 [86].  

 Figure 5 | List of drug-loaded polymeric micelles-based products [Adapted from Kalepu and Nekkanti, 2015 [86]].  
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1.2.2. Liposomes Liposomes were first discovered in the 1960s by Bangham, a British hematologist [87, 88]. Bangham was conducting experiments with phospholipids and blood clotting when he observed that phospholipids formed closed spherical bilayer structures spontaneously in aqueous medium [89-91]. It was also discovered later that those structures were hollow and could encapsulate drugs and thus be used as DDS [88, 91]. The structures were then designated as liposomes by Sessa and Weissmann, 1968 [89]. Its potential as DDS started in the 70s, becoming essential to research and clinical applications in the field of nanotechnology, especially nanomedicine [92, 93]. Liposomes are particularly ideal for drug delivery due to their similarity to natural cells [94]. Liposomes are defined as colloidal associations of amphiphilic lipids (phospholipids) that spontaneously organize themselves in bilayer vesicles in the presence of water, producing an aqueous medium surrounded by a lipid membrane (figure 6) [94-96]. They are spherical phospholipid vesicles which consist of one or more concentric lipid bilayers, with particle sizes ranging from 30 nm to several micrometers in diameter [97-99]. In the case of liposomes for medical purposes, its size ranges between 50 and 450 nm [100].  

 Figure 6 | Structure of a unilamellar liposome [From Swaminathan and Ehrhardt, 2011 [96]].  The formation of the lipid bilayer is due to the hydrophobic interactions, Van der Waals interactions that keep the hydrocarbon tails together and also the hydrogen bonds and polar interactions between the water molecules of the aqueous medium and the polar heads of lipids [88, 92, 100]. The final lipid bilayer organization depends on the nature, concentration, temperature and also the geometric form of the lipids [100]. Liposome properties and its therapeutic action can vary according to lipid composition, size, surface charge and preparation method [101]. Several methods have been reported for liposome preparation and each one of them influences its 
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properties such as size, number of bilayers, encapsulation efficiency (EE) [92], shape and stability [89]. These methods are divided into three categories: mechanical methods (preparation by film methods and homogenization techniques), methods based on the use of organic solvents (ethanol injection method and reverse-phase evaporation) and methods based on detergent depletion (dialysis) [102]. Currently, liposomes are one of the most common and frequently used nanoparticle encapsulation systems for targeted drug delivery [98, 100, 103]. Its potential is also due to the fact that liposomes can encapsulate and effectively incorporate both hydrophilic and hydrophobic substances [95, 102, 104]. Hydrophilic compounds can be incorporated in the inner aqueous core while hydrophobic compounds can be carried inside of the lipid bilayer (hydrophobic domain) [42]. These type of DDS presents mainly numerous advantages, however there are still some drawbacks associated, as shown in table 1.  Table 1 | Advantages and disadvantages of liposomes Advantages of liposomes [87, 92-94, 101, 105] Disadvantages of liposomes [87, 101] 
 Increased efficacy and therapeutic action of drug  High production cost 
 Improved drug stability 

 Leakage and fusion of encapsulated drug/molecules  Non-toxic, flexible, biocompatible, biodegradable and non-immunogenic 
 Simplicity of production  Short half-life 
 Decreased drug toxicity 

 Low solubility 
 Controlled release properties 
 Reduction of the nonspecific side-effects  Sometimes phospholipid undergoes oxidation and hydrolysis-like reactions  Specific targeting to specific cells or tissues  Liposomes can be designed in order to overcome several associated drawbacks and to obtain desirable and adequate characteristics, improving their therapeutic effect [91]. For example, the addition of cholesterol to the lipid bilayer allows to enhance the stability of liposomes, reduce the permeability to water soluble molecules and increase the fluidity or microviscosity of the bilayer [90, 104, 106]. Cholesterol also prevents the interaction and destabilization of liposomes by blood proteins [88, 94, 106]. In general, its role is to stabilize the lipid bilayer [92, 106]. The stability and circulatory time in the bloodstream of liposomal formulations can also be improved by biocompatible and hydrophilic polymers with a flexible main chain, such as PEG [94]. A widely used approach is the coating of the liposome surface with a lipid derivative of PEG [87, 107], being 
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the 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) a phospholipid widely used in conjugation with PEG [89]. There are several liposomal-based therapies approved by Food and Drug Administration (FDA) which are intended for several therapeutic purposes, such as cancer therapy, treatments against fungi or microbes, for vaccination, analgesia, macular degeneration and hormone replacement [88], represented in figure 7. The first liposomal anticancer drug approved was Doxil®, introduced in the USA market in 1995 [105, 108]. Subsequently, it were introduced more products for cancer 
treatment such as DaunoXome®, Depocyt®, Myocet®, Mepact®, Marqibo® and Onivyde™ [108, 109]. Also, it were developed other products for other medical purposes such as fungal infections (Abelcet®, Ambisome® and Amphotec®), photodynamic therapy (Visudyne®), pain management 
(DepoDur™ and Exparel®) and viral infections (Epaxal® and Inflexal® V) [108].  

 Figure 7 | Marketed liposomal formulations and respective areas of application [From Bulbake et al., 2017 [108]].   2. NANOPARTICLES AS AN EMERGING PLATFORM FOR CANCER THERAPY Cancer is a term used for a large group of diseases, in which abnormal cells divide in an uncontrolled manner beyond their usual boundaries and are able to invade and spread to other tissues or organs [63, 110]. These changes are the result of the interaction between a person's 
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genetic factors and three categories of external agents, including physical carcinogens, chemical carcinogens and biological carcinogens [111]. Cancer has become one of the most devastating and life-threatening diseases, causing a large number of deaths worldwide [110, 111]. The most predominant and common cancer treatments include chemotherapy, radiation and surgery [110, 112]. However, the conventional chemotherapeutic agents still exhibit poor specificity in reaching tumor tissue, causing significant damage to normal tissues and resulting in undesirable side effects [113, 114]. There is the need to develop new modalities for cancer treatment that can either passively or actively target cancer cells, enhancing the intracellular concentrations of drugs in cancer cells while avoiding toxicity in normal cells [2, 51, 115]. The combination of controlled release and targeted drug delivery has allowed the emerging of NPs as an efficient and inoffensive solution to overcome the limitations found in conventional cancer therapy [113, 116]. It's demonstrated in the literature that NPs have made a tremendous impact in the treatment of various types of cancer, as evidenced by the numerous nanoparticle-based drugs and delivery systems that are in clinical use [117]. NPs possess several advantages as DDS in cancer (figure 8): they can evade the immune system and selectively deliver high concentrations of drugs to tumor cells, greatly reducing or eliminating the side effects and increasing the efficacy of the treatment [118]. NPs can also maintain the drug levels within a desired range, needing fewer administrations and providing an optimal use of the drug and increase patient compliance [113]. Additionally, NPs can overcome multidrug resistance (MDR) and can improve aqueous solubility of anticancer drugs, which results in increased bioavailability [112]. NPs may also be engineered to have a prolonged circulation time and to have enhanced cellular uptake and targeting abilities [22]. The attachment of targeting ligands to the surface is one of the most used strategies to improve circulation time of NPs and to enhance their uptake by target tissues [42]. In conclusion, NPs are a successful method for the delivery of anticancer agents to cancer cells or tissues [118]. 
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 Figure 8 | Advantages of using NPs as DDS for cancer therapy compared to free drug [From Alexis et al., 2010 [42]].  
Passive delivery consists in the NPs’ transport through leaky tumor capillary fenestrations into the tumor interstitium and cells by passive diffusion (transport of molecules through the membrane, per the concentration gradient) or convection (movement of molecules within fluids) (figure 9) [35, 119]. The tumor demonstrates a high vascular density, which is irregularly branched and disorganized, increasing vascular permeability and inefficient lymphatic drainage [119-121]. These characteristics allow the accumulation of the NPs and the drug in tumor tissue by enhanced permeation and retention (EPR) effect [35, 122]. The passive targeting process is influenced by factors such as particle composition, size, shape and surface characteristics [120]. NPs can be designed regarding these physicochemical characteristics to better target a particular tissue or cell [120]. In several pathological situations, the integrity of vascular endothelium remains unaffected, which results in the absence of the EPR effect [115, 123]. Moreover, the permeability of vessels may vary throughout the tumor [115]. So, in order to overcome these limitations, it is used the strategy of active targeting [115]. Active targeting involves drug delivery to a specific site based on molecular recognition [35, 120]. This strategy encompasses the coupling of a ligand to a nanoparticle via covalent and non-covalent methods, enabling the interaction of the ligand with its receptor at the target (figure 9) [35, 120]. The ligand incorporation facilitates the entry of NPs to cancer cells via receptor-mediated endocytosis, allowing the release of the drug and providing a therapeutic action 
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[124]. In active targeting, it can be used several ligands such as proteins (antibodies and their molecular fragments), nucleic acids (aptamers) and small molecules (vitamins, peptides or carbohydrates) [120, 124]. The choice of target receptor on the cancer cells is an important factor of this strategy [125]. The target receptors should present some desirable characteristics, such as be expressed more selectively as possible or uniquely on tumor cells and must be present in a high 
quantity on the cell’s surface [116, 119, 125].  

 Figure 9 | Passive and active targeting for drug delivery to solid tumors [From Huynh et al., 2010 [121]].  The monoclonal antibodies are the most frequently used targeting agents in active targeting because they can be used against characteristic components of target organs or tissues [123]. Currently, human monoclonal antibodies can be used against virtually any target protein of interest, and certain antibodies have exhibited a remarkable ability to selectively confine in solid tumors [126]. More than 30 antibody-drug conjugates are in clinical testing, mostly for applications in cancer [126]. Nevertheless, these antibodies present limitations, such as their immunogenicity and they do not extravasate and diffuse efficiently into tumor tissue, leading to the exploration of 
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alternative strategies for the targeted delivery of drugs [126]. The use of peptides, sugars and small molecules, such as vitamins, is a more attractive approach than antibodies [42, 126]. These small molecules demonstrate desirable characteristics, such as high stability, high purity, ease of production and non-immunogenicity [42, 126]. The use of vitamins, such as FA, vitamin B12, biotin and thiamine, as a target ligand for drug delivery has been quite prominent [110]. FA targeting is an interesting approach for cancer therapy because it offers several advantages over the use of monoclonal antibodies, including their non-immunogenicity and rapid internalization via receptor-mediated endocytosis [110, 127]. FA also presents the advantages of being stable in storage and circulation, inexpensive, non-toxic, it can be conjugated easily to the carrier and has a very high affinity for folate receptor (FR) [110]. FA is a water soluble vitamin required in one carbon metabolism pathways, for example in the synthesis of purines and pyrimidines in order to generate deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) and in the synthesis of several amino acids [110, 128-130]. Therefore, FA is a nutrient essential for cellular division, especially in many tumors due to their rapid cell division cycles, requiring a greater amount of vitamins needed for biosynthesis and nutrient metabolism [126]. FA enters normal cells through the reduced folate carrier, an anion transporter that delivers FA across the plasma membrane in a bidirectional manner, but FA conjugates only enter in the cells through the FR via receptor-mediated endocytosis [129, 130]. Human FR has three well characterized isoforms: FR-, -, and - [130]. FR- is overexpressed on many types of cancer cells while FR- is overexpressed on activated macrophages, implicated in inflammatory pathologies, and also on the surface of malignant cells of hematopoietic origin [130, 131]. FR- is overexpressed in various types of human cancers, especially on many epithelial cancers [128, 131]. The expression of the several isoforms of FRs is highly restricted among human tissues, in particular the expression of FR- [128]. The healthy tissues that express FR- include the proximal tubules of the kidney and apical surfaces of several epithelial cells [131]. These apical surfaces of epithelial cells are inaccessible to intravenously administered FA and FA conjugates [130, 131]. However in the kidney, FR- expressed in the proximal tubules will bind to targeted agents that are filtered from the blood stream [130, 131]. As FR is practically absent in most normal tissues and is frequently overexpressed in various types of human cancers, this receptor is a possible target for a number of types of cancer [132]. It has been described that FA and its derivatives bind with high affinity to FR-, that mediates their internalization by endocytosis [128], being a great and promising targeting strategy for cancer therapy [110]. Therefore, FA conjugates, including FA-tagged NPs, can deliver a variety of drugs to 
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pathological cells without causing harm to normal tissues, overcoming the side effects greatly associated with conventional cancer therapy [110, 127].   3. METHOTREXATE AS AN ANTICANCER DRUG MTX, synthetized in the 1940s [133, 134], is one of the most effective drugs in the treatment of a wide range of health problems [135]. Since the 50s, the MTX has been clinically used in the treatment of many tumors and diseases [136] such as acute lymphoblastic leukemia, osteosarcoma, breast, head, lung, bladder and neck cancers, lymphoma, choriocarcinoma, trophoblastic neoplasms and psoriasis [137-139]. Although MTX is one of the most widely used drugs in cancer therapy [136, 140], this compound is also effective for the treatment of rheumatoid arthritis and other autoimmune diseases [133]. In general, MTX acts by inhibiting dihydrofolate reductase, an enzyme essential in the biosynthesis of thymidylate (TMP) [135, 140], which result in an inhibition of nucleic acid synthesis inducing cell death [137]. As it can be seen in figure 10, MTX enters the cell through the reduced folate carrier (a) and/or using an endocytic pathway activated by a FR (b) [141]. Afterwards it is polyglutamated by the folylpolyglutamate synthase enzyme (c) [134, 141]. Inhibition of the enzyme dihydrofolate reductase (d) is done by MTX and its polyglutamates, which prevents the conversion of dihydrofolate (FH2) to tetrahydrofolate (FH4) [134, 141]. In this way, it results in a reduction of TMP synthesis (e), inhibiting DNA synthesis (f) [134, 141]. Long-chain polyglutamates of MTX have increased inhibitory effects on both TMP synthesis (e) and purine biosynthesis (f), which is required for RNA production [141].   
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 Figure 10 | Mechanism of action of MTX. MTX enters the cell through the reduced folate carrier (a) and/or using an endocytic pathway activated by a FR (b). Afterwards it is polyglutamated by the folylpolyglutamate synthase enzyme (c). Inhibition of the enzyme dihydrofolate reductase (d) is done by MTX and its polyglutamates, which prevents the conversion of FH2 to FH4. This causes a reduction of TMP synthesis (e), thus inhibiting DNA and/or RNA synthesis (f) [From Chabner and Roberts Jr, 2005 [141]].  MTX therapy presents some limitations, such as high toxicity toward normal cells due to its low specificity and short plasma half-life [136, 140], drug resistance, poor water solubility [138], nephrotoxicity, bone marrow suppression, hepatotoxicity and leukopenia [135, 139]. In this way, it is often required the dose reduction or even the withdrawal of the treatment [137]. Therefore, it is necessary the development of approaches that can overcome the limitations of the MTX and improve its therapeutic efficacy [138]. One solution developed was the conjugation of MTX with monoclonal antibodies, which enables the selectivity of MTX to the tumor site [140]. However, this strategy also presented limitations such as immune response against the antibodies and also the fact that antigens are present in normal tissue and in the blood stream [140]. Another strategy was the coupling of the drug to macromolecules, increasing its MW and resulting in an accumulation at the tumor site [140]. Nevertheless, the most promising approach is the use of DDS for MTX delivery to the tumor site [139, 140], such as liposomes and polymeric micelles [135]. In the present work, it was developed two types of NPs (polymeric micelles and liposomes) with suitable characteristics for application as DDS in cancer therapy. In order to encapsulate the MTX in the hydrophobic core of the micelles and in the lipid bilayer of the liposomes, were produced hydrophobic MTX derivatives. Moreover, in the literature, it is found that an overall reduction in the polarity of MTX is important to enhance passive internalization of this cytotoxic agent [142]. The modification of one or both carboxyl groups, present in the glutamate moiety of the MTX molecule, appeared to be a good approach because it does not interfere with the binding of MTX to its target [142]. 
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Chapter III – DEVELOPMENT OF PEGYLATED MICELLES FOR HYDROPHOBIC METHOTREXATE DELIVERY  1. FRAMEWORK In this chapter, is described the development of PEGylated micelles produced using polyoxyethanyl-α-tocopheryl sebacate (PTS), a PEG derivative. This compound facilitates the formation of nanomicelles due to its self-emulsifying properties [143]. PTS is an amphiphilic compound that possesses both hydrophilic (PEG) and hydrophobic/lipophilic (α-tocopherol) properties, separated by an aliphatic spacer (sebacic acid) (figure 11) [143, 144].  

 Figure 11 | Structure of PTS and its respective components: α-tocopherol, sebacic acid and PEG.  PTS also presents several advantages as a solubilizing agent for numerous lipophilic bioactive molecules, such as lack of toxicity, maximum solubilizing ability and stealth properties [144, 145], being appropriate for rapid delivery, namely intravenously [145]. To produce the PTS compound, the highly hydrophobic and lipophilic molecule of α-tocopherol is esterified with hydrophilic molecules, such as sebacic acid and PEG [145]. PTS, as an esterified form of α-tocopherol or vitamin E, is able to release an active form of this vitamin when systemically metabolized [144]. Vitamin E is an essential micronutrient in the preservation of the balance between antioxidant and pro-oxidant reactions in tissues [67, 146]. This vitamin has numerous functions including antioxidant, anti-inflammatory, anti-thrombotic, hypocholesterolemic and anti-carcinogenic [72, 143, 144]. It was also discovered recently that vitamin E has potent anti-tumorigenic activity by inducing apoptosis in several cancer cell lines [146]. The use of vitamin E derivatives-based nanomedicines in the treatment of cancer demonstrates potential as a novel anticancer treatment [72]. Moreover, these nanomedicines are currently under investigation as carriers for hydrophobic drugs to improve anticancer therapy efficacy [63]. In this work, besides 

PEG Sebacic acid α-Tocopherol (Vitamin E) 
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the development of PEGylated micelles using PTS it was also optimized the entrapment of a hydrophobic derivative of MTX, MTX-OEt. Water-soluble micelles were prepared using PTS in the presence (auxiliary solvent method) or absence (sonication method) of an organic solvent. An optimization of these two methods for micelles preparation was performed, testing different conditions in order to prepare PEGylated micelles with suitable characteristics for drug delivery. Subsequently, the full characterization of the developed micelles and the evaluation of the biological effect of these micelles loaded with MTX-OEt were performed.  In this way, with this work it is hoped the development of promising PEGylated micelles that can 
improve the drug’s efficacy and safety, overcoming the physiological barriers and the several limitations associated with conventional therapies.   
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2. MATERIALS AND METHODS  2.1. Reagents and Equipment  2.1.1. Reagents The main components used for micelles preparation were PTS and MTX. MTX was purchased from TCI Chemicals (Belgium). PTS was produced in the laboratory and for that the following reagents were needed: ethyl acetate and methanol from Fisher Chemical (UK); DL-(+)-α-tocopherol, triethylamine (TEA) and PEG 600 from TCI Chemicals (Belgium); sebacoyl chloride from Honeywell 
Fluka™ (USA); and a 26.67 % saturated NaCl (Labbox, Spain) solution. Commercial PTS was obtained at 15 wt. % in water from Sigma-Aldrich (USA). Throughout the preparation process several solvents were used, such as: acetone acquired from Fisher Chemical (UK); phosphate buffered saline (PBS) purchased from Biochrom GmbH (Germany) and ultrapure water was obtained from a Milli-Q Water Purification System (Germany).  Tangential filtration needed specific solutions such as a 0.05 M NaOH solution for the systems’ maintenance and 0.5 M NaOH solution for systems’ rinsing, both from Sigma-Aldrich (USA). Dialysis tubes with a molecular weight cut-off (MWCO) of 1 kDa were purchased from Sigma-Aldrich (USA).  For the characterization of the developed micelles through proton nuclear magnetic resonance (1H NMR) spectroscopy was used deuterated dimethylsulfoxide (DMSO-d6) as a deuterated solvent, which was purchased from Cortecnet (France). Pyridine was used as internal standard for drug quantification and was purchased from Sigma-Aldrich (USA). For the characterization through matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) was used 2,5-dihydroxybenzoic acid (DHB) and super-DHB as matrix, trifluoroacetic acid and NaOH that were purchased from Sigma-Aldrich (USA). Acetonitrile (high-performance liquid chromatography (HPLC) grade) and HCl 37 % were obtained from Fisher Scientific (USA). To perform cellular tests, the micelles were filtered under sterile conditions using 0.22 µm polyethersulfone (PES) filter, purchased from Merck Millipore (Ireland). Human skin fibroblasts (BJ5ta cell line) and human colorectal adenocarcinoma cells (Caco-2 cell line), obtained from American Type Culture Collection (ATCC) (UK), were the chosen cell lines to test the biological effect of micelles. T75 cell culture flasks and 96-well tissue culture polystyrene plates were purchased from SPL Life Sciences (Korea). All culture media and supplements were purchased 
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from Sigma-Aldrich (USA). The cell viability tests were performed using Promega CellTiter 96® AQueous Non-Radioactive Cell Proliferation 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, which was purchased from Promega (USA).  2.1.2. Equipment Two different methods were used in the micelles production. The auxiliary solvent method involves the addition of an organic solvent (acetone). In this way it was necessary a step of evaporation which was performed using a Hei-VAP G3 rotary evaporator from Heidolph (Germany). In order to eliminate the presence of the organic solvent in the micelles production process, the sonication was used as an alternative method. The sonication was performed using a VC 505/VC 750 Sonics Vibracell Ultrasonic Processor and the probe was the 20 kHz Vibracell CV 33, 3 mm diameter titanium from Sonics & Materials (USA). PD-10 sephadex desalting columns with a MWCO of 5 kDa were used for the separation of free drug from the micelles. Another separation method performed was the tangential flow filtration (10 kDa MWCO, 20 cm2, modified polyethersulfone (mPES) module, with a 27 mL/min feed) using a KrosFlo® Research 2i Tangential Flow Filtration (KR2i TFF) System from Repligen (USA). Ultrafiltration was another separation method tested, which was performed using a solvent-resistant stirred cell with Ultracel 10 kDa regenerated cellulose ultrafiltration discs, 47 mm (Merck Millipore, Ireland). Full characterization of the developed micelles was performed by analyzing several parameters through the use of different equipment. Dynamic light scattering (DLS) analysis was performed using a Malvern Zetasizer Nano ZS from Malvern Panalytical (UK). All spectroscopic measurements were conducted in a Synergy Mx Multi-Mode Reader from BioTek (USA). The samples used for NMR analysis were lyophilized using a Lyophilizer FreeZone 2.5, purchased from Labconco® (USA). 1H NMR spectra were recorded using a Bruker Avance III 400 (Bruker Daltonics GmbH). MALDI-TOF mass spectra were acquired on a Bruker Autoflex Speed instrument (Bruker Daltonics GmbH). Fourier-transform infrared (FTIR) spectroscopy of PTS was obtained with a FT-IR Bomem MB from ABB (Switzerland). All cellular tests were performed using a ScanLaf Mars laminar flow chamber from Labogene (Denmark) and the cell cultures were maintained in Thermo Heraeus HeraCell 150 CO2 Incubator from Hofstra Group (USA).  
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2.2. Production and characterization of the hydrophobic drug, MTX-OEt This modified MTX was produced by a colleague in the laboratory (unpublished work). This compound was characterized by 1H NMR and MALDI-TOF. In the 1H NMR spectroscopy of MTX-OEt was used DMSO-d6 as deuterated solvent. MALDI-TOF mass spectrum of MTX-OEt was performed using DHB as the matrix. A saturated solution of DHB was mixed with a 0.1 % solution of trifluoroacetic acid/acetonitrile (70:30) containing the sample. The samples were analyzed using the linear positive mode. The absorbance spectrum of MTX-OEt was achieved in order to verify if the wavelength of maximum absorbance is the same of non-modified MTX ( = 303 nm).   2.3. Preparation and characterization of PTS   2.3.1. Synthesis of PTS The synthesis of PTS was performed according to Borowy-Borowski et al., 2004 [144]. Initially, a solution of α-tocopherol in dry ethyl acetate was mixed with TEA. Afterwards, this solution was added to sebacoyl chloride dissolved in dry ethyl acetate, in an ice bath. After addition of the solution, the reaction proceeded at room temperature (RT) for 5 min. Then, a solution of PEG 600 in dry ethyl acetate with TEA was added to the previous mixture and the reaction was stopped with water after 10 minutes at RT with constant stirring. The reaction mixture was then washed with a saturated NaCl solution and the organic layer was concentrated in a rotary evaporator. The final solution was incubated overnight at 4 °C in order to precipitate the salts, which were removed by filtration. The filtrate was also concentrated under reduced pressure and dissolved in methanol, and incubated overnight at 4 °C to precipitate dimeric impurities. Finally, the supernatant was filtrated and the solvent was removed by evaporation. The final reaction product was dissolved in water, lyophilized, and the obtained yellow oil characterized through 1H NMR spectroscopy and MALDI-TOF. The yield of the reaction was approximately ƞ= 60.7 %.     
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2.3.2. Characterization of PTS  2.3.2.1. 1H NMR spectroscopy analysis 
1H NMR spectroscopy of PTS was performed using DMSO-d6 as a deuterated solvent and the peak solvent was used as internal reference.   2.3.2.2. MALDI-TOF analysis MALDI-TOF mass spectrum of PTS was performed using super-DHB as matrix. A saturated solution of super-DHB was mixed with a 0.1 % solution of trifluoroacetic acid/acetonitrile (70:30) containing the sample. The samples were then analyzed using the linear negative mode.  2.3.2.3. FTIR analysis FTIR spectrum of the PTS was verified using NaCl cells and previously lyophilized PTS. The spectrum was obtained in the region of ν= 400−4500 cm−1 at RT.  2.3.2.4. Absorbance measurements The absorbance of PTS was measured from a wavelength of 250 to 750 nm in order to obtain the absorbance spectrum. Through the analysis of the obtained spectrum it was possible to determine if PTS could interfere in the drug quantification by absorbance.    2.4. Production of PTS micelles loaded with MTX-OEt For micelles production were tested two different methods in order to prepare PEGylated micelles with suitable characteristics for drug delivery.  2.4.1. Auxiliary solvent method PTS was dissolved in a mixture of acetone/ultrapure water and homogenized using vortex. The solution was subjected to evaporation at several temperatures (30, 40 and 50 °C) and at 100 rpm, using the rotary evaporator. For the production of PTS micelles loaded with MTX, the hydrophobic derivative MTX-OEt and PTS were dissolved in the initial mixture of acetone/ultrapure water.  



Chapter III – DEVELOPMENT OF PEGYLATED MICELLES FOR HYDROPHOBIC METHOTREXATE DELIVERY 

Development of PEGylated nanoparticles for delivery of methotrexate derivatives 59 

Several ratios (w/w) of PTS/MTX-OEt were tested in order to produce the most promising micelles. After the evaporation of the acetone, the produced micelles were separated of the free drug using several separation methods (separation using dialysis tubes, desalting columns, amicons, ultrafiltration system and also the tangential filtration). The tangential flow filtration (10 kDa MWCO, 20 cm2, mPES module, 27 mL/min feed) demonstrated to be the best method. This method allowed an efficient removal of free drug and PTS that were not incorporated in micelles, using water/PBS as eluent. Finally, the micelles were filtered under sterile conditions using 0.22 µm PES filter.   2.4.2. Sonication method PTS was dissolved in ultrapure water and the solution was subjected to ultrasounds for 3 minutes using a high-intensity ultrasonic horn with an amplitude of 40 %, with and without controlled temperature (60 ºC). For the preparation of micelles loaded with MTX was added MTX-OEt to the initial mixture, testing several ratios PTS/MTX-OEt (w/w). After micelles production, a separation of phases was performed by tangential flow filtration (10 kDa MWCO, 20 cm2, mPES module, 27 mL/min feed), previously described as the best separation method for this type of NPs. The micelles were filtered under sterile conditions using 0.22 µm PES filter.    2.5. Characterization of PTS micelles loaded with MTX-OEt  2.5.1. Physicochemical characterization The PTS micelles were analyzed by DLS. Using the Malvern Zetasizer, the size distribution and zeta-potential were analyzed at pH 7.4 and at 25 ºC by photon correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry, respectively. The values for viscosity and refractive index were taken as 0.8616 cP (PBS)/0.8872 cP (water) and 1.333, respectively. PTS concentration was kept constant at 1 mg/mL. Micelle formulations were stored at 4 ºC for a period of 8 weeks and their physicochemical parameters were periodically measured in order to study the NPs stability.    
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2.5.2. Determination of the encapsulation efficiency  The encapsulated drug was quantified by measuring the absorbance of the micelles solution after separation of the free drug at = 303 nm. A calibration curve was made and using the equation of this curve, the concentration of the drug was calculated. The EE was calculated using the equation 1, where [drug]encapsulated is the total concentration of drug present in the formulation after the separation process and the [drug]initial is the total concentration of drug added to the initial formulation. 𝑖  𝑖 𝑖  % = [ ] 𝑛 𝑎𝑝 𝑙𝑎[ ]𝑖𝑛𝑖 𝑖𝑎𝑙 ∗  
Equation 1 | Determination of EE.  2.5.3. Biological Characterization of the developed micelles  2.5.3.1. Cell cultures and conditions In this work, the cellular tests were performed using BJ5ta and Caco-2 adherent cell lines, grown in T75 flasks and maintained under a humidified atmosphere of 5 % CO2 in air and at 37 °C. Each cell line required specific media conditions, which are detailed in table 2.  Table 2 | Composition of cell culture media and supplements used for BJ5ta and Caco-2 cell lines 

 Adherent BJ5ta and Caco-2 cell lines should present a fibroblast-like and epithelial-like morphologies [147, 148], respectively, which are represented in figure 12. These morphologies indicated that the cell lines were in good conditions and suitable to proceed with the biological 

Cell Line Media Supplements 
BJ5ta 4 parts of Dulbecco’s Modified 

Eagle’s Medium (DMEM) 1 part of M199 Medium 
10 % (v/v) of  Fetal bovine serum (FBS); 1 % (v/v) of penicillin/streptomycin solution; 10 µg/mL of hygromycin B 

Caco-2 DMEM 20 % (v/v) of FBS; 1 % (v/v) of penicillin/streptomycin solution; 1 % (v/v) of non-essential aminoacids 
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assays. BJ5ta cell line was used to test the cytotoxicity of the empty PTS micelles in normal cells. On the other hand, the Caco-2 cell line was used to test the biological effect of the developed micelles loaded with the pharmacological compound (MTX-OEt).  

 Figure 12 | Morphology of A) Caco-2 cell line and B) BJ5ta cell line [From ATCC, 2016 [147, 148]].  2.5.3.2. Cell Viability Assay Cell viability was tested using the Cell Proliferation MTS assay, a colorimetric method for the assessment of cell viability [149, 150]. In this assay the viable cells convert MTS tetrazolium to formazan, a colored dye that is soluble in tissue culture medium (figure 13) [149, 150]. The formazan is then quantified by measuring the absorbance at 490 nm, enabling the calculation of the cell viability [149].  

 Figure 13 | Conversion of MTS into aqueous and soluble formazan, which is accomplished by dehydrogenase enzymes found in metabolically active cells [From Promega Corporation, 2018 [149]].  
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BJ5ta and Caco-2 cells were seeded in 96-well tissue culture polystyrene plates at a density of 1×104 cells/well and incubated overnight to promote cell adhesion. In the case of the cytotoxicity evaluation in normal cells (BJ5ta), the micelles without the drug were applied at different PTS concentrations (from 0.05 up to 1.50 mg/mL) for 72 hours at 37 ºC. For the determination of biological effect, the Caco-2 cells were incubated with different concentrations (3 and 6 µg/mL) of free MTX-OEt and micelles loaded with the same concentrations of the drug, as well as with empty micelles as control, for 72 hours at 37 ºC. After the incubation of the cells with all the different conditions, a MTS mixture was added to each well. The cells were further incubated for 4 hours at 37 ºC, and finally, the absorbance of the formazan product was read at 490 nm. Cell viability was calculated using equation 2 and expressed as a percentage relative to the negative control, the untreated cells.   𝑖 𝑖 𝑖  % =        ∗  
Equation 2 | Determination of cell viability as a percentage relative to the negative control.   
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3. RESULTS AND DISCUSSION  3.1. Synthesis and characterization of PTS PTS was used in micelles production taking into account its self-emulsifying properties [143]. Moreover, PTS presents the ability for the solubilization of hydrophobic compounds [144, 145], and as a PEG derivative, also provides stealth to NPs, avoiding its early degradation and increasing its circulating half-life [151]. This compound was synthetized by conjugating PEG 600 to α-tocopherol, using sebacoyl dichloride [144]. The process was executed under anhydrous conditions in dry ethyl acetate with TEA [144]. The dimers formed during synthesis were precipitated by an excess of methanol and, in order to isolate the final product, the solvent was evaporated and the residue diluted with water and lyophilized [144]. After synthesis, the purified PTS was characterized by different techniques, such as 1H NMR, DLS, MALDI-TOF and FTIR. Comparing the 1H NMR spectrum of the synthetized PTS with the spectrum of commercial PTS it can be deduced that these two compounds have the same peaks at the same chemical shift. These results indicated that these two compounds have the same structure, being equivalent compounds (figure 14).   

 Figure 14 | 1H NMR spectra of synthetized PTS and commercial PTS.   

Synthetized PTS 

Commercial PTS 
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Taking into account the self-emulsifying properties of PTS, solutions of synthetized and commercial PTS at 5 mg/mL in water were prepared and analyzed by DLS. Table 3 shows the size and polydispersity index (PdI) values obtained for both compounds. The size and PdI of the NPs influence their interactions with the biological environment, the NPs’ efficiency and its role as carriers [29, 34]. An adequate size range for NPs is between 10 and 150 nm [152, 153]. NPs with a size < 10 nm are prone to be easily cleared by kidney excretion and NPs with a size > 150 nm have a higher tendency of being cleared-off by MPS [153]. PdI is a parameter that represents the distribution of size populations and the numerical value of PdI ranges from 0.0 (for a uniform sample) to 1.0 (highly polydisperse sample with a broad size distribution or even several populations) [152, 154].  For samples of polymer-based NPs, PdI values of 0.2 and below are considered acceptable, indicating a homogenous population [152].  The solution prepared using the synthetized PTS showed better size and PdI values than the solution of commercial PTS (table 3). The size and PdI values of the micelles produced using synthetized PTS were within the optimal range described, demonstrating that this compound is promising for the micelles production. On the other hand, the solution of commercial PTS demonstrated the presence of NPs with larger size (approximately 360 nm) and a higher PdI value (approximately 0.3). Taking into account these results, the PTS synthetized in our laboratory was chosen for the development of PTS micelles.  Table 3 | Size (Z-average) and PdI values of solutions of synthetized PTS and commercial PTS at 5 mg/mL in water 

 By MALDI-TOF analysis, it was observed that the average MW (MWaverage) of the synthetized PTS is approximately 1283 Da, which is very similar to the MW previously described (1200 Da) [155]. The synthesis of PTS was also confirmed by FTIR analysis. Taking into account the structure of the PTS (figure 15), it was observed that its characteristic functional groups were present in the FTIR spectrum of the synthetized PTS (figure 16). The more relevant peak that indicates the ester formation is the C=O stretching at ν ≈ 1700 cm-1.   

Type of PTS Z-average (d.nm) PdI Synthetized PTS 80.3 0.148 Commercial PTS 360.4 0.310 
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 Figure 15 | Structure of PTS and its respective functional groups.   

 Figure 16 | FTIR spectrum of PTS.  In conclusion, all these results corroborated the already determined structure of PTS, indicating that the PTS produced in the laboratory was indeed equivalent to the commercial one. In order to determine if the PTS could interfere in the quantification of MTX by the absorbance method, the absorbance spectrum of PTS was acquired (figure 17). It was verified that PTS presented a wavelength of maximum absorbance at 284 nm, different of the MTX (303 nm).   
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 Figure 17 | Absorbance spectrum of PTS at 5 mg/mL in water.    3.2. Optimization of the PTS micelles production method and respective characterization of the developed micelles The water-soluble PTS micelles were prepared through two different methods. In the auxiliary solvent method was used acetone, which was necessary as an auxiliary solvent for the solubilization of the lipophilic drug (MTX-OEt) in the initial formulation. In this way, it was necessary the evaporation of the acetone in order to produce suitable micelles for therapeutic applications. The second method used a high energy method (sonication) for the production of PTS micelles. The optimization of these two methods for micelles production was performed, testing different PTS concentrations and different temperatures of preparation.  Using the auxiliary solvent method, it was tested the evaporation of the acetone at 3 different temperatures (30 °C, 40 °C and 50 ºC) using the rotary evaporator at 100 rpm. When the acetone evaporation was performed at 50 °C a considerable amount of water also evaporated, occurring loss of the sample. Thus, this evaporation temperature was not used in further steps. Several concentrations of PTS were tested (5, 10, 15, 20 and 25 mg/mL) using 30 ºC and 40 ºC in the evaporation step. Figure 18 shows the physicochemical properties obtained by DLS analysis and as it can be seen, all samples presented small size and PdI values, within the ideal size (10-150 nm) and PdI (≤ 0.2) range [152, 153].  
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 Figure 18 | Characterization in terms of size (Z-average) and PdI of PTS micelles produced by the auxiliary solvent method using the evaporation at 30 °C and 40 °C.  PTS micelles obtained after evaporation at 30 °C are smaller (40-50 nm) than micelles produced at 40 °C (65-75 nm). The optimal concentration of PTS chosen was 15 mg/mL, which showed a mean size of 42.4 ± 1.4 nm and a PdI value of 0.128 ± 0.016 for the samples prepared at 30 ºC. All samples had zeta-potential values close to zero (0 ± 9 mV), indicating a neutral surface charge [156]. Neutral NPs are more suitable for IV therapeutic applications because they are associated with lower opsonization rates, reducing their clearance from the blood circulation [37, 41]. Another important point to take into account is the fact that all the produced PTS micelles remained stable for at least 8 weeks, maintaining their physicochemical properties unaltered. In conclusion, this method for PTS micelles production has great potential for further studies. The production of PTS micelles through the sonication method was performed at two different temperatures (RT and 60 °C) applying 40 % of amplitude for 3 minutes. Several concentrations of PTS were tested (5, 10, 15, 20 and 25 mg/mL). Figure 19 shows that micelles produced at RT were considerably smaller and presented lower PdI values than micelles produced at 60 °C.  
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 Figure 19 | Characterization in terms of size (Z-average) and PdI of PTS micelles produced by the sonication method at RT and 60 °C.  All samples prepared by sonication at RT demonstrated very similar size and PdI values, independently of the PTS concentration used. Micelles produced at RT also demonstrated high stability along time because their physicochemical characteristics remained unaltered for at least 8 weeks. The samples prepared at 60 °C showed to be less stable because their properties remained stable for only less than 4 weeks. The zeta-potential values obtained for all samples was also close to zero (0 ± 5 mV).  In conclusion, the PTS micelles produced using the auxiliary solvent method demonstrated better physicochemical characteristics than the micelles obtained by the sonication method. Micelles prepared using a solution at 15 mg/mL of PTS and through the auxiliary solvent method revealed to be promising NPs for an IV therapeutic application.    3.3. Biological characterization of the most promising PTS micelles  Cytotoxicity evaluation is of great importance, because the determination of this feature is a key factor to determine NPs potential and to enable its application [157]. As NPs for medical purposes usually involve intentional contact or administration, there is the need to understand and evaluate their effect on the body [157, 158]. Therefore, NPs for medical use must undergo rigorous testing in order to determine their biocompatibility when they enter the human organism and how they will 



Chapter III – DEVELOPMENT OF PEGYLATED MICELLES FOR HYDROPHOBIC METHOTREXATE DELIVERY 

Development of PEGylated nanoparticles for delivery of methotrexate derivatives 69 

react [159]. The evaluation of the cytotoxicity of the most promising PTS micelles (prepared using 15 mg/mL of PTS through both described methods) was performed in normal human skin fibroblasts (BJ5ta cell line), represented below in figure 20.  

 Figure 20 | BJ5ta cell line viability after 72 hours of contact with different concentrations of PTS micelles obtained using the auxiliary solvent method and the sonication method, compared with cells (negative control) and cells incubated with 30 % of DMSO (death control), determined by MTS assay. Values are the mean ± standard deviation (SD) of 3 independent experiments.  Figure 20 shows that cells incubated with PTS micelles obtained through both methods (auxiliary solvent and sonication) revealed very similar values of cell viability. Until 1 mg/mL, the PTS micelles did not induce loss of cell viability even after 72 hours of contact. For higher concentrations of PTS micelles, it was observed that the micelles induced very low cytotoxicity levels (< 20 %), being the cell viability superior than 80 %. This results indicated that the developed PTS micelles were not harmful to normal cells and consequently were safe to be used in further studies.       
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3.4. Development of PTS micelles loaded with the hydrophobic MTX derivative, MTX-OEt   3.4.1. Characterization of MTX-OEt The new hydrophobic MTX derivative (MTX-OEt) was characterized by 1H NMR spectroscopy and MALDI-TOF analysis. 1H NMR spectrum of MTX-OEt showed the characteristic peaks of the MTX and also the peaks of the formed ester (ethyl group) (k and j), which confirmed the conjugation. The purity of the compound was evaluated by the absence of peaks that are not related to the conjugate (figure 21).  

 Figure 21 | 1H NMR spectrum of MTX-OEt in DMSO-d6. The peaks labeled in lowercase letters correspond to the protons indicated in the structure of MTX-OEt.  By MALDI-TOF analysis, it was possible to obtain the MWaverage of MTX-OEt (510.24 Da) which was similar to the calculated MW (510.55 Da). This result further confirmed the purity and the MW of MTX-OEt (figure 22).  
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 Figure 22 | MALDI-TOF mass spectrum of MTX-OEt, acquired in linear positive mode.  The absorbance spectrum of MTX-OEt was performed in order to verify if this MTX derivative presented the same wavelength of maximum absorbance than MTX, which is used for the drug quantification. The absorbance spectra of both compounds revealed to be very similar, indicating that the MTX-OEt can be quantified by absorbance using the same wavelength (303 nm) used for the quantification of the MTX (figure 23).  

 Figure 23 | Absorbance spectra of MTX and MTX-OEt, both at 0.1 mM of MTX.   
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3.4.2. Preparation and characterization of PTS micelles loaded with MTX-OEt The next step of the work was the encapsulation of the MTX-OEt in the developed PTS micelles. This hydrophobic MTX derivative was the chosen drug due to its hydrophobic nature, which is ideal for its encapsulation in the hydrophobic core of the micelles.  Micelles loaded with MTX-OEt were produced using the two previously described methods (auxiliary solvent and sonication) and several PTS/MTX-OEt mass ratios were tested. In the auxiliary solvent method, the two compounds were weighted in different PTS/MTX-OEt mass ratios (3:1, 6:1 and 8:1), maintaining the PTS concentration at 15 mg/mL. Then, acetone and water were added and the samples were placed in the rotary evaporator at 30 °C, 100 rpm for 30 minutes. Table 4 shows the results of the physicochemical characterization of the micelles loaded with MTX-OEt.  Table 4 | Physicochemical characterization of PTS micelles loaded with MTX-OEt prepared through auxiliary solvent method (evaporation at 30 ºC) and using the PTS/MTX-OEt mass ratios of 3:1, 6:1, 8:1. Values represent the mean ± SD of 3 independent experiments 

  The sample prepared using the 3:1 ratio revealed high values of size and PdI, meaning that the sample is heterogeneous and presents large micelles that are not suitable for IV therapeutic applications. The results obtained for the samples prepared using 6:1 and 8:1 mass ratios were very similar. The micelles size was approximately 60 nm, which is within the optimal size range (10-150 nm) [152, 153]. The PdI values were higher than 0.2, however this value is still described as acceptable for therapeutic applications [160]. It is of importance to notice that the 8:1 mass ratio remained stable for a longer period of time and showed less precipitation than the 6:1 mass ratio. So, further tests were done with the PTS/MTX-OEt mass ratio of 8:1. NPs that present zeta-potential values between −10 and +10 mV are considered neutral NPs [156]. In this way, all the obtained micelles loaded with MTX-OEt presented neutral surface charge.  Although the empty PTS micelles demonstrated to be stable even after 8 weeks of storage, the same micelles loaded with MTX-OEt revealed precipitation a few days after preparation. This 

PTS/MTX-OEt Mass ratio Z-average (d.nm) PdI Zeta-potential (mV) 3:1 530.5 ± 200.6 0.631 ± 0.072 8.20 ± 0.01  6:1 60.4 ± 1.3 0.301 ± 0.040 4.24 ± 0.59 8:1 56.9 ± 0.7 0.292 ± 0.027 6.89 ± 0.10 
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precipitation occurred when the free drug was not separated from the micelles, thus it was very important to select a suitable separation method in order to provide stable micelles.  Using the sonication method, PTS and MTX-OEt were also weighed but only water was added and then these samples were subjected to sonication at an amplitude of 40 % for 3 min. PTS concentration was maintained at 15 mg/mL and three PTS/MTX-OEt ratios (w/w) were tested (6:1, 8:1 and 10:1). Also, two different temperatures were tested (RT and 60 °C) and although the best results obtained for the empty PTS micelles were at RT, for PTS micelles loaded with MTX-OEt, the sonication at this temperature was not successful. Figure 24 shows photographs of the samples after sonication process and it is visible that in the case of the samples prepared at RT (figure 24 A, B and C) was not obtained a limpid solution, due to the presence of precipitated MTX-OEt. MTX-OEt was not totally solubilized in the solution, which indicated that the micelles were not correctly formed, not occurring the entrapment of the MTX-OEt and consequently not occurring its solubilization in water.  

 Figure 24 | Photographs of the samples prepared by sonication method at RT and 60 °C, using 3 different PTS/MTX-OEt mass ratios (6:1; 8:1; 10:1). Images A, B and C correspond to the samples prepared by sonication method at RT and using the 6:1; 8:1 and 10:1 mass ratios, respectively. Images D, E and F correspond to the samples prepared by sonication method at 60 °C and using the 6:1; 8:1 and 10:1 mass ratios, respectively.  Taking into account the appearance of the samples after sonication at 60 ºC (figure 24 D, E and F), it was possible to infer that using the mass ratio of 6:1 did not occur the successful formation of the micelles. However, the production of PTS micelles loaded with MTX-OEt using the mass 
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ratios of 8:1 and 10:1 was possible through the sonication at 60 ºC. These two samples were analyzed by DLS and the results obtained are presented in table 5.  Table 5 | Physicochemical characterization of PTS micelles loaded with MTX-OEt prepared through sonication at 60 ºC and using the PTS/MTX-OEt mass ratios of 8:1 and 10:1. Values are the mean ± SD of 3 independent experiments 

 Analyzing the results obtained, it can be concluded that both samples are very similar and present suitable characteristics for IV therapeutic applications (homogeneous population and small size). Micelles prepared using the 10:1 mass ratio demonstrated to be slightly better (PdI< 0.1). The zeta-potential values of the samples were > 10 mV, being these micelles considered slightly cationic [156]. This cationic surface can induce more permeation across the membranes (that are negatively charged) [156]. Also, an increased phagocytosis, higher rate of cell uptake, higher nonspecific internalization rate and short blood circulation half-life can occur in this case [34, 37, 39]. However, these micelles are PEGylated which gives them stabilized properties and stealth features [28, 43], reducing their quick clearance and degradation. For both samples (PTS/MTX-OEt mass ratio of 8:1 and 10:1), before the separation of the free drug, was observed precipitation after the overnight storage. Moreover, the results obtained in these conditions were poorly reproducible because sometimes the MTX-OEt did not dissolve completely after the sonication. In this way, comparing the results obtained for the micelles produced through the two production methods it was visible that the auxiliary solvent method was more reproducible and resulted in more stable micelles.  The next step of the work was the separation of the free drug from the micelles. Micelles loaded with MTX-OEt were produced through the two described production methods (auxiliary solvent and sonication) using the PTS/MTX-OEt mass ratio of 8:1. Several approaches were performed for the separation of the free drug, such as dialysis tubes, desalting columns, amicons, ultrafiltration system and also the tangential filtration. Tangential filtration was the only approach that allowed an effective separation of the free drug, being possible the quantification of the encapsulated MTX-

PTS/MTX-OEt Mass ratio Z-average (d.nm) PdI Zeta-potential (mV) 8:1 87.3 ± 3.1 0.127 ± 0.011 12.80 ± 0.71 10:1 99.4 ± 1.5 0.098 ± 0.009 15.65 ± 0.78 
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OEt and the determination of the EE. Beyond the MTX-OEt quantification, the samples after the tangential filtration were also analyzed in terms of size and PdI (table 6).  Table 6 | Physicochemical characteristics (size (Z-average) and PdI values)), concentration of encapsulated MTX-OEt and the EE of PTS micelles loaded with MTX-OEt after tangential filtration. Values are the mean ± SD of 2 independent experiments 

*Determined by absorbance measurements at 303 nm  The samples obtained through the auxiliary solvent and the sonication methods were placed in the tangential filtration system using water as compensation solution, which is the same solvent used for their production. The samples prepared by sonication showed smaller size values but higher PdI than the samples prepared using the auxiliary solvent method. Moreover, the EE of the micelles produced by sonication was the lowest. In this way, the micelles prepared through the auxiliary solvent method demonstrated to be more promising for therapeutic applications. These micelles presented smaller PdI values, being more homogenous, and also presented more encapsulated MTX-OEt. Taking into account the desired application of these micelles, the tangential filtration was also tested using PBS as compensation solution. This process was performed for the separation of the free drug but also allowed the exchange of the solvent to a buffer solution. The obtained micelles demonstrated suitable physicochemical properties (small size and PdI values) and a similar concentration of encapsulated MTX-OEt. The zeta-potential value of this sample was < -10 mV, indicating that these micelles presented neutral surface charge [156].  The stability of the samples after the tangential filtration process was also evaluated and it was observed that the micelles obtained by the auxiliary solvent method demonstrated high stability through a period of time of at least 8 weeks. In the case of micelles obtained from the sonication method, they lost their stability after only 4 weeks of storage. 

Method Compensation solution Z-average (d.nm) PdI MTX-OEt Concentration* (mg/mL) EE  (%) 
Auxiliary solvent  Water 68.7 ± 23.7 0.227 ± 0.045 0.152 ± 0.035 8.1 ± 1.9 

PBS 104.4 ± 3.9 0.162 ± 0.024 0.136 ± 0.023 7.3 ± 1.2 
Sonication Water 41.5 ± 14.1 0.332 ± 0.296 0.102 ± 0.013 5.5 ± 0.7 
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In conclusion, the selected method for the production of PTS micelles loaded with MTX-OEt was the auxiliary solvent method at 30 ºC, using PTS at 15 mg/mL and a PTS/MTX-OEt mass ratio of 8:1. Using these conditions, it was possible to obtain homogeneous populations of small and stable micelles with a higher drug EE. Furthermore, the whole process of production demonstrated to be more reproducible. In this way, further characterization processes were performed with these samples after the separation of free drug using the tangential filtration.  3.4.3. Biological effect of PTS micelles loaded with MTX-OEt MTX is one of the most widely used drugs in cancer therapy [136, 140] also being one of the most effective [135]. However, MTX therapy presents some limitations such as high toxicity in normal cells due to its low specificity and short plasma half-life [136, 140]. Therefore, the use of DDS for MTX delivery to the tumor site appears as a promising approach [139, 140] that can reduce the side effects of MTX and improve its therapeutic efficacy [138]. NPs are able to protect the drug in the systemic circulation and can deliver the drug at a controlled and sustained rate [161-163]. Thus, the NPs can reduce the therapeutic toxicity and enhance drug bioavailability [161-163]. In sum, NPs are able to improve the pharmacokinetic and pharmacodynamic properties of pharmacological compounds [161, 163]. In order to compare the biological effect of the micelles loaded with MTX-OEt with free MTX-OEt at the same concentration, the cell viability was assessed on cancer cells (Caco-2 cell line). Caco-2 cells were incubated with micelles loaded with MTX-OEt, empty micelles, MTX-OEt and unmodified MTX that was used as a control. The results obtained are presented in figure 25. Figure 25 shows that the micelles loaded with MTX-OEt, free MTX-OEt and unmodified MTX revealed very similar values of cell viability. These results support two important points: the hydrophobic derivative of MTX presents the same anticancer effect than the unmodified drug and the developed micelles present the important ability to promote an effective release of the drug in vitro. As the modified MTX (MTX-OEt) and the commercial MTX demonstrated a similar behavior, it can be concluded that the modification did not affect the interaction of the drug with the cells. Also, the incubation of Caco-2 cells with empty micelles did not induce cytotoxicity even after 72 hours of incubation, as expected.   
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 Figure 25 | Caco-2 cell line viability after 72 hours of contact with micelles obtained by auxiliary solvent method, compared with cells (negative control) and cells incubated with 30 % of DMSO (death control), determined by MTS assay. Values are the mean ± SD of 3 independent experiments.   
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4. CONCLUSIONS The results obtained in this work showed that the PTS production in the laboratory was successfully achieved. The characterization by NMR, FTIR and MALDI-TOF demonstrated that the synthetized PTS presents the same structure as the commercial one. Furthermore, the synthetized PTS enabled the formation of micelles with the best physicochemical characteristics, being also a low-cost way of obtaining the compound.  Using two different methods, several optimizations were performed in order to obtain the most promising PTS micelles. The optimal production method was reached, which was based on the auxiliary solvent method with evaporation at 30 ºC, an agitation speed of 100 rpm and a PTS concentration of 15 mg/mL. These PTS micelles were then tested in human skin fibroblasts cell line and the results showed that these micelles did not induce cytotoxicity in normal human cells, even after 72 hours.  In order to encapsulate MTX in these PEGylated micelles it was used a hydrophobic derivative of MTX (MTX-OEt). The characterization of this new compound allowed the confirmation of its structure and purity. Several mass ratios of PTS/MTX-OEt were tested and the best results were obtained when the 8:1 (w/w) ratio was used. These micelles showed a small size and low PdI values, being promising NPs for IV therapeutic applications. Moreover, these PEGylated micelles loaded with MTX-OEt revealed the expected biological effect against cancer cells (Caco-2 cells). In conclusion, the results obtained in this work highlight the development of PTS micelles as suitable therapeutic DDS, which have potential for further research studies. In the future, one of the main objectives is the incorporation of a targeting ligand in the PTS micelles loaded with MTX-OEt in order to allow a specific delivery of the drug to the cancer cell population. With these final PEGylated micelles it is also expected the performance of in vivo experiments. Similarly, using the optimized micelle formulation it can also be tested the incorporation of other pharmacological compounds, widening its therapeutic range to different clinical applications.    



         CHAPTER IV FA-tagged liposomes for delivery of a methotrexate derivative  
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Chapter IV – FA-TAGGED LIPOSOMES FOR DELIVERY OF A METHOTREXATE DERIVATIVE  1. FRAMEWORK In this chapter is described the development of FA-tagged liposomes loaded with another hydrophobic MTX derivative, MTX-DODAB, produced in our laboratory. For the liposomes preparation was used a formulation previously developed by colleagues of the laboratory, which results in the production of FA-tagged liposomes. The liposomes were prepared by the ethanol injection method and several optimizations were performed in order to produce liposomes with suitable characteristics for IV therapeutic applications. Then, their physicochemical and biological characterizations were performed.  In sum, it is expected that the developed liposomes can improve the efficacy and safety of MTX, overcoming the several limitations associated with conventional cancer therapy.   
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2. MATERIALS AND METHODS  2.1. Reagents and Equipment  2.1.1. Reagents For liposomes preparation were used: SP-DS3-FA peptide, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG 2000), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), cholesterol, MTX-DODAB, ethanol, PBS and ultrapure water. MTX and DODAB were purchased from TCI Chemicals (Belgium). DOPE and DSPE–mPEG 2000 were purchased from Lipoid GmbH (Germany). SP-DS3-FA peptide was purchased from CSBio (CA, USA). Cholesterol was obtained from Sigma-Aldrich (USA). Ethanol was acquired from Fisher Scientific (UK). PBS was purchased from Biochrom GmbH (Germany) and ultrapure water was obtained from a Milli-Q Water Purification System (Germany). For the characterization of the developed liposomes through 1H NMR spectroscopy, DMSO-d6 (Cortecnet, France) was used as a solvent. Pyridine (Sigma-Aldrich, USA) as an internal standard was added to NMR tube for drug quantification.  Liposomes for the cellular tests were filtered under sterile conditions using 0.22 µm PES filter, purchased from Merck Millipore (Ireland). Caco-2 cell line from ATCC (UK) was used in all cellular tests. T75 flasks and 96-well tissue culture polystyrene plates were purchased from SPL Life Sciences (Korea). Culture medium and supplements were purchased from Sigma-Aldrich (USA). The cell viability tests were done using MTS assay, which was purchased from Promega (USA).  2.1.2. Equipment For the separation of free drug from the liposomes, PD-10 sephadex desalting columns (MWCO= 5 kDa) were used. DLS analysis was performed in a Malvern Zetasizer Nano ZS from Malvern Panalytical (UK). Nanoparticle tracking analysis (NTA) measurements were performed using a NanoSight NS500 instrument, from Malvern Panalytical (UK). All absorbance measurements were conducted at a wavelength of 303 nm using a Synergy Mx Multi-Mode Reader from BioTek (USA). The samples analyzed through NMR spectroscopy were previously lyophilized using the Lyophilizer FreeZone 2.5, purchased from Labconco® (USA). 1H NMR spectroscopy was executed in a Bruker Avance III 400 (Bruker Daltonics GmbH). 
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All cellular tests were done in a ScanLaf Mars laminar flow chamber from Labogene (Denmark) and the cell culture was maintained in Thermo Heraeus HeraCell 150 CO2 Incubator from Hofstra Group (USA).   2.2. Production of the methotrexate derivatives  2.2.1. MTX disodium salt (MTX-Na) Commercial MTX was dissolved in water and 2 equivalents of NaOH were added to the solution. The solution was vortexed until total MTX solubilization and the pH was corrected until pH=7 using a solution of HCl 5 M. Then, the solution was freeze-dried to obtain the MTX-Na as an orange solid.   2.2.2. MTX-DODAB complex For MTX-DODAB complex production, MTX-Na and DODAB (1:2 molar ratio) were dissolved in a mixture of water and ethanol at a 50/50 (v/v) ratio. The reaction was performed for 70 minutes at 70 °C and under a magnetic stirring of 700 rpm. Afterwards, the solution was filtered by gravity (Prat Dumas, France) and dried overnight, obtaining MTX-DODAB complex as a yellow solid. Several optimizations were performed in the MTX-DODAB complex production method in order to develop a green method and to obtain the best yield of reaction. Initially, the organic solvent used was chloroform, however, later it was substituted for ethanol. Also, different quantities of both compounds were tested, maintaining the molar ratio. The complex characterization was performed by 1H NMR and the yield was calculated using equation 3, being DODAB the limiting reagent and ƞ the yield of the reaction expressed in percentage. 
ƞ % = º    𝑀𝑇𝑋 − 𝑂  º    𝑖 𝑖 𝑖  ∗  

Equation 3 | Determination of the yield of the reaction for MTX-DODAB complex production.  The 1H NMR spectroscopy of MTX-DODAB was performed using the same conditions used for the characterization of MTX-OEt. The absorbance spectrum of MTX-DODAB was performed in order to verify if the wavelength of maximum absorbance is the same as the unmodified MTX ( = 303 nm).  
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2.3. Production and characterization of FA-tagged liposomes loaded with MTX-DODAB  2.3.1. Preparation of liposomes by ethanol injection method Ethanol injection method is based on the injection drop by drop of the organic phase (ethanol) into the aqueous phase (water or PBS) using a syringe. For all formulations, the ratio (v/v) between organic and aqueous phases was set to 50/50 %. In the organic phase (ethanol) were dissolved DOPE/Cholesterol/DSPE-mPEG 2000 in a 54/36/10 molar ratio (at a final DOPE concentration of 9 and 18 mM), the drug (MTX-DODAB) and also FA-peptide. After the solubilization of all components, the ethanol phase was injected into the aqueous phase through a syringe. This process was conducted at 70 °C and under magnetic stirring at 500 rpm for 10 minutes, leading to the ethanol evaporation and the liposomes production. The free FA-peptide and the free drug that were not incorporated into liposomes were removed from the liposomal formulations through the desalting columns (MWCO= 5 kDa). Finally, the liposomes were filtered under sterile conditions using 0.22 µm PES filter.  2.3.2. Liposomes characterization  2.3.2.1. Physicochemical characterization of liposomes The liposomes were characterized through two different techniques, DLS and NTA. The average size, PdI and zeta-potential values were obtained using the first technique where the liposomes dispersed in PBS buffer were analyzed at pH 7.4 and at 25 °C. The viscosity and refractive index values used were 0.8616 cP (PBS) and 1.440, respectively. Lipid concentration was held constant at 600 µM. Liposomal formulations were stored at 4 °C for a period of 16 weeks and their physicochemical parameters were periodically measured in order to study NPs stability.  The concentration of the liposomes as well as their size distribution were obtained by NTA. NTA measurements allowed the visualization and tracking of the Brownian motion of laser-illuminated particles in suspension. The samples were diluted with water, injected into the system and analyzed at RT. Then, the video sequence of each sample was captured over 60 seconds with manual shutter and gain adjustments, providing important parameters in liposomes’ characterization, namely the concentration of liposomes and its size distribution.  
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2.3.2.2.  Determination of the encapsulation efficiency  
1H NMR spectroscopy of the liposomes loaded with MTX-DODAB was performed using DMSO-d6. Pyridine was used as an internal standard for drug quantification and the chemical shifts were reported as δ  (ppm). Taking into account the values of the integration of one aromatic peak of MTX (δ H= 6.80 ppm), the calculations of the drug concentration encapsulated in the liposomes were performed. Using this drug concentration obtained by NMR spectroscopy, the EE was calculated using equation 1 (Chapter III), previously described in PTS micelles characterization. As the components of the liposomal formulations showed an interference in the quantification of MTX by absorbance, in this case, the free drug was quantified measuring the absorbance at λ= 303 nm, after separation from the liposomes phase. A calibration curve was performed and the free MTX concentration was calculated. The EE was determined using the equation 4, where [drug]initial is the total concentration of drug added to the initial formulation and [drug]free  is the total concentration of drug that was not encapsulated in the liposomes. 

𝑖  𝑖 𝑖  % = [ ]𝑖𝑛𝑖 𝑖𝑎𝑙 − [ ][ ]𝑖𝑛𝑖 𝑖𝑎𝑙 ∗  
Equation 4 | Determination of liposomes EE.   2.4. Evaluation of the biological effect of the developed liposomes loaded with MTX-DODAB  2.4.1. Cells and culture conditions The biological effect of liposomes loaded with MTX-DODAB was analyzed using Caco-2 adherent cell line. These cells were grown in T75 flasks and maintained under a humidified atmosphere of 5 % CO2 in air and at 37 °C. Caco-2 cell line required specific medium conditions, which are detailed in table 2 (Chapter III).  2.4.2. Cell Viability Assay Cell viability was tested using the Cell Proliferation MTS assay, the same method described for the biological characterization of the PTS micelles. Caco-2 cells were seeded in 96-well tissue culture polystyrene plates at a density of 1×104 cells/well and incubated overnight to promote cell adhesion. Then, the cells were incubated with two different concentrations (10 and 25 µg/mL) of 
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free MTX and with liposomes loaded with the same concentrations of MTX, as well as with the respective controls of empty liposomes, for 72 hours at 37 ºC. Subsequently a MTS mixture was added to each well and the cells were incubated for 4 hours at 37 ºC. Finally, the absorbance of the formazan product was read at 490 nm. Cell viability was calculated using equation 2 previously described in Chapter III and expressed as a percentage relative to the negative control, the untreated cells.  
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3. RESULTS AND DISCUSSION  3.1. Synthesis and characterization of the hydrophobic MTX derivative, MTX-DODAB In order to synthetize the MTX-DODAB complex, it was necessary the production of MTX-Na, which reactional scheme can be visualized below in figure 26.  
 Figure 26 | Conversion of MTX to MTX-Na, with the addition of 2 equivalents of NaOH.  MTX-DODAB complex was formed by an ionic interaction between the MTX that presents a negative charge (carboxylic groups) and the cationic lipid DODAB. Since DODAB has a quaternary amine, it is impossible the formation of a covalent bond with other molecules. In this way, the most favorable interaction to occur with this molecule is ionic. The reactional scheme for the complex formation is represented in figure 27.  

 Figure 27 | Reactional scheme of MTX-DODAB formation.  During the MTX-DODAB synthesis the ethanol was evaporated and a yellow solid precipitated in the aqueous medium. After the product isolation and identification, the hydrophobic MTX derivative was obtained. The yield of MTX-DODAB production was ɳ = 45.5 %. The complex was then analyzed by 1H NMR (figure 28) in order to confirm the MTX-DODAB complex structure and purity.  
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 Figure 28 | 1H NMR spectrum of MTX-DODAB complex. The peaks labeled in bold lowercase letters correspond to the protons indicated in the structure of MTX-DODAB complex.  The 1H NMR spectrum of the MTX-DODAB complex (figure 28) showed a chemical shift of the peaks that correspond to the protons in the proximity of the ionic interaction (g to j). By the comparison of the integration between protons b and protons n, the 1H NMR spectroscopy also allowed to determine that there were 2 molecules of DODAB for 1 molecule of MTX. The absence of free initial reactants proved the purity of the complex.  Additionally, the absorbance spectrum of the MTX-DODAB complex was also performed (figure 29).  

 Figure 29 | Absorbance spectra of MTX and MTX-DODAB complex, both at 0.1 mM of MTX. 
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The absorbance spectrum of the MTX-DODAB complex revealed to be very similar to the unmodified MTX spectrum (figure 29), indicating that DODAB did not interfere in the quantification of MTX through the absorbance.     3.2. Preparation and characterization of liposomes loaded with MTX-DODAB The formulation used for the production of liposomes was the same previously optimized by a colleague of our laboratory [164-167]. The physicochemical and biological characterizations of empty liposomes were already performed and published. According to Nogueira et al., 2015, the liposomal formulation exhibited a narrow size distribution (PdI< 0.1), small size (< 150 nm) and neutral surface charge [166]. The evaluation of the cytotoxicity demonstrated that the liposomal formulations, over a broad range of concentrations (up to 750 µg/mL), did not induce cytotoxicity in normal human cells (BJ5ta cell line) [166]. For liposomal formulations, a PdI value of 0.1 and below indicates monodispersity [168, 169]. Relatively to the size, it has been described that liposomes used for drug delivery should have a size lower than 300 nm [153]. Additionally, an optimal size range for NPs is between 100 and 200 nm, being large enough to avoid uptake in the liver and small enough to avoid filtration in the spleen, leading to a prolonged circulation time [170]. In this way, several optimizations were performed in the ethanol injection method in order to produce liposomes with suitable characteristics for the intended purpose. For that it was tested different agitation speeds, magnetic stirring bars and concentrations of DOPE (9 and 18 mM) using MTX-DODAB at a concentration of 2.91 mg/mL. It was observed that all these parameters affected the physiochemical characteristics of the produced liposomes. In this way, taking into account the size and PdI values of the obtained liposomal formulations it was established the agitation speed at 500 rpm, the use of a magnetic stirring bar with specific size and a DOPE concentration of 9 mM. Additionally, two different aqueous solutions were tested (water and PBS), however, it was observed that the use of PBS resulted in liposomal formulations with higher size and PdI values (data not shown). A possible explanation is the dissociation of the MTX-DODAB complex due to the interaction with the salts of the PBS and the fact that the free DODAB can induce a destabilization of the liposomes. Using these optimized conditions further optimizations were performed, relatively to the initial volume of water/ethanol (4 mL/4 mL versus 6 mL/6 mL) and the initial concentration of MTX-DODAB (2.18; 2.91 and 4.37 mg/mL). Table 7 shows the results obtained for these different conditions tested.  
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Table 7 | Characterization of the liposomal formulations obtained after several optimizations. Values are the mean ± SD of 2 independent experiments 

*Free MTX concentration was quantified by absorbance at 303 nm and then the final MTX concentration was calculated  The results obtained from the last optimizations (table 7) showed that the samples 1, 2, 4 and 5 revealed very similar size and PdI values. Sample 3, in which was tested a higher initial concentration of MTX-DODAB, revealed bigger values of size and PdI. Therefore, it can be inferred that the presence of a higher MTX-DODAB concentration can induce a destabilization in the liposomes formation, resulting in a more heterogeneous population of larger liposomes. Comparing the samples 1 and 2, which were produced using the same conditions with the exception of the water/ethanol volume, it was observed that sample 2 prepared using a higher volume of water/ethanol resulted in a higher EE of MTX. The same behavior was observed for the samples 4 and 5, where it was tested a lower concentration of MTX-DODAB (2.18 mg/mL). In this way, taking into account the final MTX concentration in the formulations as well as their stability along the time, sample 2 was selected for the next steps. This liposomal formulation demonstrated to be a monodispersed population of small and stealth liposomes with a high EE and stability during the storage, which are suitable characteristics for an IV therapeutic application.    In order to produce liposomes with targeting ability, the next step was the incorporation of a peptide containing FA in the chosen formulation. FA, as a targeting agent for drug delivery, presents several advantages in addition to its high affinity for the FR, such as low MW, easy chemical conjugation, lack of immunogenicity, water solubility and stability to diverse solvents, pH and temperature [88]. Moreover, FA is a widely used targeting approach in cancer because its receptor is overexpressed in cancer cells while its expression in healthy cells and organs is extremely limited [171]. In this 

Samples Water/ ethanol volume (mL) Z-average (nm) PdI Initial  MTX (mg/mL) Final  MTX* (mg/mL) EE (%) Stability (weeks) 
1 4/4 100.2 ± 0.2 0.049 ± 0.011 2.91 2.06 ± 0.08 70.8 ± 2.6 > 16 2 6/6 121.0 ± 3.6 0.055 ± 0.008 2.91 2.26 ± 0.06 77.5 ± 2.0 > 16 3 4/4 217.6 ± 0.6 0.132 ± 0.014 4.37 3.52 ± 0.15 80.6 ± 3.4 > 16 4 4/4 100.3 ± 0.9 0.055 ± 0.018 2.18 1.58 ± 0.07 72.3 ± 3.0 > 16 5 6/6 109.8 ± 0.4 0.066 ± 0.018 2.18 1.66 ± 0.14 76.4 ± 6.7 < 12 
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work it was used the targeting ligand FA linked to a peptide [166]. This conjugate inserts deeply into the lipid bilayer with high stability, resulting in the FA part located in the membrane surface, while the peptide is inserted into the lipid bilayer interior [166]. The physicochemical characterization of the empty liposomes and liposomes loaded with MTX-DODAB containing or not the FA-peptide was performed using DLS and NTA (table 8). All formulations revealed low PdI values (< 0.1), small size and high stability along time (> 16 weeks).  Also, all developed formulations presented a zeta-potential close to zero (0 ± 3 mV), therefore these NPs have neutral charge. Furthermore, the NTA results corroborate the data obtained by DLS analysis. The concentration of particles, which was obtained by NTA, indicated a large number of particles in solution, increasing the probability of success of these formulations.  Table 8 | Physicochemical characterization of the optimal liposomal formulations evaluated by DLS and NTA. Values are the mean ± SD of 3 independent experiments 
Formulations DLS NTA Z-average (d.nm) PdI Stability (weeks) Mean (d.nm) Concentration (E13 particles/mL) Liposomes 154.3 ± 1.4 0.072 ± 0.009 > 16 151.8 ± 6.3 2.26 ± 0.18 FA-Liposomes 147.0 ± 1.8 0.060 ± 0.009 > 16 142.0 ± 2.0 1.61 ± 0.24 Liposomes + MTX-DODAB 124.2 ± 0.7 0.046 ± 0.015 > 16 136.0 ± 7.4 3.95 ± 0.46 FA-Liposomes + MTX-DODAB 149.0 ± 1.2 0.090 ± 0.008 > 16 169.5 ± 3.4 2.57 ± 0.25  Figure 30 A, B, C and D shows the size distribution of liposomes, FA-liposomes, liposomes loaded with MTX-DODAB and FA-liposomes loaded with MTX-DODAB obtained by NTA, respectively. These distributions corroborate all the results obtained, indicating that these formulations are homogeneous populations with small liposomes.  
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 Figure 30 | Size distribution of the optimal liposomal formulations obtained by NTA. A) Liposomes; B) Liposomes + MTX-DODAB; C) FA-liposomes and D) FA-liposomes + MTX-DODAB.  Another important parameter in liposomes characterization, the concentration of MTX encapsulated in the liposomes containing or not FA at the surface, was determined by two different methods, 1H NMR spectroscopy and absorbance method. The results demonstrated a great discrepancy between the values of encapsulated MTX obtained by the two methods (table 9).  Table 9 | Concentrations of MTX and its EE in liposomes containing or not FA at the surface determined by 1H NMR and absorbance at 303 nm. Values are the mean ± SD of 3 independent experiments 
Formulations Initial MTX (mg/mL) Final MTX   (mg/mL)  Absorbance (303 nm) Final MTX (mg/mL)  

1H NMR EE* (%) 
Liposomes + MTX-DODAB 2.91 2.11 ± 0.13 0.44 ± 0.03 15.1 ± 1.0 

FA-Liposomes + MTX-DODAB 2.91 2.05 ± 0.10 0.46 ± 0.03 16.0 ± 1.2 *EE was calculated taking into account the MTX concentration values obtained by 1H NMR  The MTX quantification through 1H NMR was performed in a direct way, in which the MTX was quantified by the liposomes analysis. On the other hand, using the absorbance method the 
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concentration of the encapsulated MTX was calculated after the quantification of free MTX (indirect method). This indirect method can induce more errors associated with the quantification of the encapsulated MTX. In this way, for further assays were taking into account the concentrations of MTX determined by 1H NMR.   3.3. Evaluation of the biological effect of liposomes loaded with MTX-DODAB The biological effect of the liposomes loaded with MTX-DODAB was evaluated using the Caco-2 cancer cell line. The cell viability of Caco-2 cells incubated with these liposomes and respective empty liposomes and free MTX (complexed with DODAB or not) was assessed by MTS assay. The results obtained can be visualized below in figure 31.  

 Figure 31 | Caco-2 cell line viability after 72 hours of contact with liposomes and free MTX, compared with cells (negative control) and cells incubated with 30 % of DMSO (death control), determined by MTS assay. Values are the mean ± SD of 3 independent experiments. The concentrations tested were 10 and 25 g/mL.  Figure 31 shows that the liposomes containing or not FA loaded with MTX-DODAB and free MTX revealed very similar values of cell viability. A control using liposomes loaded with unmodified MTX was performed and it was observed that the cell viability is very similar to the liposomes loaded with MTX-DODAB. As expected, the empty liposomes did not induce cytotoxicity in Caco-2 cells. Also, cells incubated with MTX-DODAB demonstrated a slightly higher cell viability compared to cells incubated with MTX. A possible explanation is that the MTX-DODAB as a hydrophobic 
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derivative of MTX can precipitate in the presence of an aqueous medium (culture medium), reducing the MTX concentration that can interact with the cells, thus affecting the biological effect of the drug.  Cells incubated with FA-liposomes and non-targeted liposomes loaded with MTX-DODAB showed very similar cell viability values. Since DODAB is a lipid, it can be integrated into the bilayer of the liposomes, therefore the MTX complexed with this lipid can stay located on the outside of the liposomes. As MTX displays a similar chemical structure to FA [172-175], this drug is able to bind to FR and stop the pathways of de novo nucleotide synthesis, inducing cell death [172, 174]. Consequently, in addition to MTX presenting a great potential as a chemotherapeutic drug, it also appears to be a promising targeting ligand for cancer therapy [172, 175, 176]. This could explain the fact that the cells incubated with these formulations present very similar cell viability values, contrary to what is expected. Moreover, the liposomes were placed directly over the cells, which can induce their internalization through different ways and not only by the receptor-mediated endocytosis.            
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4. CONCLUSIONS First of all, in this chapter it was successfully produced a hydrophobic MTX derivative (MTX-DODAB complex), using a green method. Then, several optimizations were performed for the production of liposomes loaded with MTX-DODAB by ethanol injection. The ideal formulation was reached using a DOPE concentration of 9 mM, water as aqueous phase, a MTX-DODAB concentration of 2.91 mg/mL and an initial water/ethanol volume of 6/6 mL. The obtained liposomes showed suitable characteristics for IV therapeutic applications (monodisperse population (PdI< 0.1) of small particles with neutral charge). Additionally, the FA-peptide was added to the best liposomal formulation, in order to provide a specific targeting approach. It was observed that these FA-tagged liposomes also presented suitable characteristics for the intended purpose. The evaluation of the biological effect of the liposomes loaded with MTX-DODAB demonstrated a significant cytotoxicity against cancer cells, similar to free MTX.  In conclusion, with this work it was achieved the production of FA-tagged liposomes loaded with MTX-DODAB, which showed suitable characteristics for IV application in cancer therapy. In the future, it is expected to perform in vivo experiments using these promising liposomal formulations. Additionally, it can be tested the encapsulation of other MTX derivatives or other pharmacological compounds, for several other therapeutic purposes.   
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Chapter V – CONCLUSIONS  1. FINAL REMARKS With this master thesis it was achieved the production of two types of PEGylated NPs (PTS micelles and liposomes) for the delivery of hydrophobic MTX derivatives, as intended. Both hydrophobic MTX derivatives (MTX-OEt and MTX-DODAB) were successfully produced in our laboratory and their characterization revealed the expected structure and their purity. PEGylated micelles were produced using PTS, also produced in our laboratory, which demonstrated a similar structure to the commercial one. After several optimizations, a homogeneous population of small and stealth micelles loaded with MTX-OEt was obtained using the auxiliary solvent method with evaporation at 30 ºC, a PTS concentration of 15 mg/mL and a PTS/MTX-OEt mass ratio of 8:1. Liposomes with suitable characteristics were produced by ethanol injection using a DOPE concentration of 9 mM, water as aqueous phase, an MTX-DODAB concentration of 2.91 mg/mL and an initial water/ethanol volume of 6/6 mL. PTS micelles loaded with MTX-OEt and liposomes loaded with MTX-DODAB demonstrated the expected biological effect against cancer cells (Caco-2 cell line), which was very similar to the biological effect of free MTX. These results indicated that these micelles possess the important ability to release the drugs and the MTX derivatives are promising prodrugs that can be used in cancer therapy.   2. FUTURE PERSPECTIVES This master thesis showed promising results for both developed NPs (PTS micelles and liposomes), which revealed a great potential as DDS in cancer therapy. Therefore, additional research is needed for the development of more efficient DDS and for a better understanding of their biological effects. In the case of micelles, there is the need to incorporate a targeting agent, enabling a specific drug delivery. The developed liposomes already have a targeting agent, however, another important adjustment could be the introduction of alternative targeting agents. For both optimized NPs additional studies can be made such as in vivo experiments and testing their application in other relevant diseases, such as rheumatoid arthritis that is characterized by the presence of cells expressing the FR.  
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