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Physico-chemical approach to the formulation of beta-lapachone, and its complexes with cyclodextrins, in liposomes

Approche physico-chimique de la formulation de bêta-lapachone complexée ou non à des cyclodextrines, dans des préparations liposomales.

Résumé : Beta-lapachone (β-lapachone) est un médicament semi-synthétique obtenu à partir de l'arbre lapachol. Il a attiré de plus en plus d'attention en raison de ses activités trypanocides, anti-infectieuses et anticancéreuses, avec une sélectivité thérapeutique. En effet, β-lap présente une activité antiproliferative à des concentrations micromolaires contre une variété de cellules cancéreuses. Ses caractéristiques physico-chimiques pourraient présenter un intérêt pour la pénétration dans les cellules par perméation à travers la membrane plasmique, tels que son faible poids moléculaire (242,3 g / mol) et son log P modérément élevé (2,5). Cependant, les applications thérapeutiques de β-lap sont limitées en raison de sa faible solubilité dans l'eau (0,038 mg ml -1 ou 0,16 mM) et de son hépatotoxicité. Il est donc nécessaire de le solubiliser, et de contrôler sa pharmacocinétique. Certaines approches telles que les micelles polymères, des liposomes pégylés et les cyclodextrines ont été proposées afin d'améliorer l'activité thérapeutique et réduire les effets secondaires de la β-lapachone.

Cependant, les tentatives pour former des complexes avec les cyclodextrines ne sont pas grandement amélioré sa solubilité. Calvacanti et al. ont montré que la β-lapachone a été incorporé dans des liposomes, avec la même taux d'encapsulation, en présence et en l'absence de β-cyclodextrines. En fait, peu de systèmes ont pris en compte des propriétés physicochimiques de ce médicament, à l'exception de sa faible solubilité dans l'eau.

Nous avons étudié son encapsulation dans des vésicules phospholipidiques, complexée ou non par des cyclodextrines. Nous avons d'abord analysé l'interaction de β-lapachone avec des excipients lipidiques par des mesures de pression de surface, DSC et SAXS. Elles ont montré que β-lapachone est insérée dans les bicouches lipidiques, proche des têtes polaires avec une solubilité maximale d'environ 3,5 mol%. Les résultats expérimentaux ont été confirmés par des simulations de dynamique moléculaire. Le taux d'encapsulation (ER%) de β-lapachone dans les liposomes s'est avéré en accord avec sa solubilité maximale dans les lipides. Des Table 1.1 Comparison of the trypanocidal activity (IC50), and cytotoxicity against VERO cells (CC50), of naphthoquinones and oxyrans derivatives; clogP is the calculated partition coefficient. Compound 1 is β-lapachone. Adapted from [START_REF] Ferreira | Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and biological features of lapachone derivatives[END_REF] 
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INTRODUCTION Introduction

Beta-Lapachone (β-lapachone) is a naturally occurring quinone originally isolated from the bark of South American lapacho trees (Tabebuia avellanedae). It has been shown to exert a number of pharmacological actions, including anti-bacterial, anti-fungal, anti-malarial, antiangiogenic, anti-inflammatory, but also anti-cancer activities. Its mechanism of action mostly relies on a redox cycle catalyzed by an enzyme, the cytosolic flavoprotein DT-diaphorase (NAD(P)H: quinone acceptor oxidoreductase (NQO1). Interestingly, it was reported that βlapachone has a certain specificity and limited toxicity, owing to the over-expression of NQO1 in many tumors. However, while promising, the poor water solubility of β-lapachone and its non-specific distribution have limited its clinical applications so far.

Although several groups have studied the therapeutic effects of β-lapachone in vitro and in vivo on various cell lines and diseases, methods to improve its solubility in aqueous medium and control its delivery are still pending. Early attempts of formulation for clinical tests focused on β-lapachone complexation with cyclodextrins (CDs) such as the hydroxypropyl-βcyclodextrin (HP-β-CD). The resulting formulation [-lapachone:HP-β-CD] demonstrated a 400-fold increase in solubility, but clinical trials for the treatment of various cancers were unsuccessful. The reasons for failure include a toxic effect (hemolytic anemia) and nonspecific drug distribution, resulting in poor antitumor efficacy. Other approaches have been tested, such as polymeric micelles, polymer nanoparticles, and more recently liposomes.

Cavalcanti and coworkers have published in 2011 an interesting but intriguing article describing the encapsulation of β-lapachone either in conventional liposomes or as [βlapachone:HP-β-CD] complexes in lipid vesicles made of soybean lecithin, cholesterol and stearylamine. In the two systems (conventional and double loaded), the encapsulation efficiency was as high as 97%, and no significant difference in efficiency was observed.

There was no information provided about the parameters controlling the encapsulation efficiency, nor the exact location of β-lapachone in the vesicles.

Many physico-chemical studies have been published on β-lapachone complexation with cyclodextrins, but none on the interaction of this drug with lipids which could help understand why there was apparently no difference between the two systems formulated. In Calvalcanti and coworkers' conventional liposomes, was the drug in the aqueous core owing to a certain solubility of β-lapachone in water, or was it inserted in the lipid bilayer? Did the insertion of β-lapachone in the bilayer of double loaded vesicles change [β-lapachone:CD] complex equilibrium, and modify the final location of the drug? What were the relative biological efficacies of free β-lapachone, β-lapachone in liposome and β-lapachone-in cyclodextrin-in liposome systems?

To get a better insight into the behavior of β-lapachone the different formulated systems, we have taken up the main elements of Cavalcanti's work and we have tried, especially, to go deeper into the physico-chemistry of drug-lipid interactions which had never been studied before. We could have created de novo a new formulation, but we preferred to rely on published works. The target was different, though. We studied the application of β-lapachone formulations to the treatment of prostate cancer.

In this manuscript, after a review of the literature on the origin, the therapeutic properties of beta-lapachone and the various formulations proposed (chapter 1), we describe the interaction between β-lapachone and phospholipids commonly used in liposomal formulations, alone or mixed with cholesterol and stearylamine (chapter 2). Theoretical and experimental approaches have been applied to elucidate β-lapachone interactions with lipids, including surface pressure measurements, differential scanning calorimetry, and small-angle X-ray scattering. Then, we have studied the morphology and physico-chemical properties of liposomes encapsulating βlapachone or [β-lapachone:CD complexes], and we have evaluated the in vitro toxicity of the formulated systems in contact with prostate normal and tumor cells (chapter 3). The description of this research work is followed by a general discussion (chapter 4) and the conclusion. The Red Lapacho (Tabebuia avellanedae, Pau d'Arco, Figure 1.1) is a tree abundantly found in Brazil and other countries in South America. Decoctions of its inner bark and heartwood have been used medicinally for centuries [START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF]. They contain orthonaphthoquinones like lapachol and its isomers and -lapachone that exhibit a variety of pharmacological properties, including anti-tumor, anti-inflammatory, anti-parasitic, antifungal and antimicrobial activities, and healing effect [START_REF] Kung | In vitro and in vivo wound healingpromoting activities of -lapachone[END_REF][START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF]. In 1994, the FDA registered the Red Lapacho tea as Dietary Supplement (DS). 1.1). Among lapachol isomers, it is βlapachone that exhibits the most interesting therapeutic properties, and it has thus been the focus of pre-clinical and clinical development since the seventies. In early biological evaluations, beta-lapachone appeared as a topoisomerase inhibitor and apoptosis inductor, and rapidly became the inspiration for the synthesis of derivatives or prodrugs with improved biological activities [START_REF] Chenna | Preparation and cytotoxicity toward cancer cells of mono(arylimino) derivatives of -lapachone[END_REF]Rios-Luci et al. 2002;[START_REF] Silva | Synthesis and anti-trypanosoma cruzi activity of derivatives from nor-lapachones and lapachones[END_REF][START_REF] Ferreira | Strategies for the synthesis of bioactive pyran naphthoquinones[END_REF][START_REF] Menna-Barreto | Effect of -lapachone-derived naphthoimidazole on Trypanosoma cruzi: identification of target organelles[END_REF][START_REF] Reinicke | Development of βlapachoneachone prodrugs for therapy agains human cancer cells with elevated NAD(P)H:quinone oxidoreductase 1 levels[END_REF][START_REF] Ferreira | Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and biological features of lapachone derivatives[END_REF][START_REF] Cardoso | Synthesis and anti-Trypanosoma cruzi activity of new 3-phenylthio-nor-lapachone derivatives[END_REF]. However, compared to centuries of empirical application, the development of synthetic β-lapachone and its therapeutic evaluation are quite recent [START_REF] Bian | Lewis acid mediated highly regioselective intramolecular cyclization for the synthesis of lapachone[END_REF]. In 2018, Web of Science reported less than 1000 articles mentioning this drug or its derivatives (Figure 1.2). The craze for beta-lapachone is only about 25 years old. In what follows, we will review the claimed therapeutic properties of β-lapachone, the mechanisms that support these properties, but also the potentially toxic effects of this molecule. We will analyze the reports on its intrinsic efficiency and consider the possibilities for potentiating its effects. We will evaluate its ability to enhance the effects of other therapeutic substances. We will take stock of our knowledge of its physicochemical and analytical properties, as well as the formulation routes already explored.

Beta-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]pyran-5,6-dione, β-lapachone or b-lap) is a component of the heartwood (Figure

A natural substance with promising therapeutic properties

If beta-lapachone has aroused such interest, especially in Latin America, it is because this molecule of natural origin was endowed with antioxidant and apoptosis activating properties.

It was thus expected to possess various therapeutic activities: anti-inflammatory, antiparasitic, anti-fungal, anti-microbial, and anti-cancerous.

Anti-Inflammatory properties

The antioxidant properties of β-lapachone have been put forward to explain its effect in the inflammatory reactions caused by the release of lipopolysaccharides (LPS) during bacterial infection. The inflammatory events triggering macrophages activation usually induce the production of inflammatory mediators such as nitric oxide, prostaglandin E2 (PG2) and tumor necrosis factor TNF- [START_REF] Byeon | In vitro and in vivo antiinflammatory effects of taheebo, a water extract from the inner bark of Tabebuia avellanedae[END_REF]. Β-lapachone proved able to suppress the inducible nitric oxide synthase (iNOS) and reduce the production of TNF- and PG2, in a concentration-dependent manner [START_REF] Tzeng | -lapachone reduces endotoxin-induced macrophage activation and lung edema and mortality[END_REF][START_REF] Tseng | Synthesis and anti-inflammatory evaluations of -lapachone derivatives[END_REF]).

Anti-parasitic properties

Some parasitic diseases are endemic in Latin America. In particular, malaria and Chagas disease (Trypanosoma cruzi) which affect several million people, represent a particularly acute public health problem [START_REF] Menna-Barreto | Effect of -lapachone-derived naphthoimidazole on Trypanosoma cruzi: identification of target organelles[END_REF][START_REF] Cardoso | Synthesis and anti-Trypanosoma cruzi activity of new 3-phenylthio-nor-lapachone derivatives[END_REF]. Many works have highlighted the interest of β-lapachone in parasitosis treatment. De Andrade-Neto and coworkers (2004), for example, compared the efficiency of a series of benzo[a]phenazines, βlapachone and chloroquine on Plasmodium falciparum (malaria) in vitro, and Plasmodium berghei (malaria) in vivo in mice. The compounds were administered by oral or subcutaneous route. Beta-lapachone proved more effective against the two studied parasites than the benzo[a] phenazines, but much less efficient than chloroquine, the reference drug.

The activity of β-lapachone in Chagas disease has been attributed to both the generation of free radicals and inhibition of macromolecule biosynthesis [START_REF] Menna-Barreto | Effect of -lapachone-derived naphthoimidazole on Trypanosoma cruzi: identification of target organelles[END_REF][START_REF] Boveris | Effect of -Lapachone on superoxide anion and hydrogen peroxide production in Trypanosoma cruzi[END_REF][START_REF] Docampo | Lipid peroxidation and the generation of free radicals, superoxide anion, and hydrogen peroxide in -lapachone-treated Trypanosoma cruzi epimastigotes[END_REF][START_REF] Goijman | Effects of -lapachone, a peroxide-generating quinone, on macromolecule synthesis and degradation in Trypanosoma cruzi[END_REF][START_REF] Hillard | Electrochemical parameters and techniques in drug development, with an emphasis on quinones and related compounds[END_REF]).

Indeed, it has been shown that beta-lapachone, when catalytically reduced, induces intracellular (mitochondrial and microsomal) production of reactive oxygen species (ROS) in trypanosoma cruzi. The presence of radicals in parasites was demonstrated using electron spin resonance spectroscopy [START_REF] Docampo | Lipid peroxidation and the generation of free radicals, superoxide anion, and hydrogen peroxide in -lapachone-treated Trypanosoma cruzi epimastigotes[END_REF]. Addition of β-lapachone to T. cruzi cultures was followed by an immediate response suggesting fast penetration of the drug into cells. The easy permeation of the drug through membranes is of importance: radicals may be formed at the level of the parasite membrane, induce lipid peroxidation (as suggested by the observed formation of malondialdehyde), and subsequently lead to membrane damage [START_REF] Docampo | Lipid peroxidation and the generation of free radicals, superoxide anion, and hydrogen peroxide in -lapachone-treated Trypanosoma cruzi epimastigotes[END_REF]).

In the presence of β-lapachone at low concentrations (≤ 4 µM), superoxide anion and hydrogen peroxide were released in the medium in a 1/3 ratio [START_REF] Boveris | Effect of -Lapachone on superoxide anion and hydrogen peroxide production in Trypanosoma cruzi[END_REF]. At high drug concentrations, the release of the superoxide ion kept increasing linearly, whereas the release of the hydrogen peroxide reached a plateau and slightly decreased. The authors suggested that this plateau could reflect the saturation of intracellular superoxide dismutase.

Although no direct demonstration of superoxide toxicity towards T. cruzi had been reported at the time, the authors found that ten different β-lapachone-related naphthoquinones were toxic against the parasite.

Beside the action of β-lapachone on the production of ROS, a specific effect of the drug on DNA synthesis was also reported. According to [START_REF] Goijman | Effects of -lapachone, a peroxide-generating quinone, on macromolecule synthesis and degradation in Trypanosoma cruzi[END_REF], 1.6 µM βlapachone would prevent the incorporation of thymidine, uridine and leucine into the DNA of the parasite, inhibiting DNA synthesis irreversibly in a time and concentration-dependent manner.

The toxicity of β-lapachone against parasites is not without effect on human cells. [START_REF] Ferreira | Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and biological features of lapachone derivatives[END_REF] compared the anti-parasitic effect of various derivatives of beta-lapachone (Figure 1.3). They tested the toxicity of these compounds against T. Cruzi and mammalian VERO cells (monkey kidney CRL-1586). Β-lapachone exhibited the highest toxicity against the parasite, but also proved toxic against the studied mammalian cells (Table 1.1). Only one derivative (compound 7a in Figure 1.3 and table 1.1) showed the same activity profile as βlapachone against the parasites, with a much lower toxicity against VERO cells (Figure 1.4). The activity of β-lapachone depends on the studied model: for example, the IC50 of βlapachone for the Dm28c epimastigote form of the parasite (0.9 µM) appeared much lower than the one for the bloodstream trypomastigote form of T. cruzi obtained from contaminated albino mice (391.5 µM) [START_REF] Ferreira | Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and biological features of lapachone derivatives[END_REF][START_REF] Cardoso | Synthesis and anti-Trypanosoma cruzi activity of new 3-phenylthio-nor-lapachone derivatives[END_REF]. This means that the efficacy of β-lapachone might not be as high in vivo as in vitro on isolated parasite cells.

Compound

Anti-fungal and antibacterial properties

It is the cost of amphotericin B and its nephrotoxicity that led the scientific community to look for new molecules that possessed anti-fungal properties, such as beta-lapachone.

Brilhante and coworkers (2016) compared terpinen-4-ol, tyrosol and β-lapachone against

Coccidioides posodasii and Histoplasma capsulatum. Their results showed that β-lapachone was the most effective of the three studied compounds, although its MIC (minimum inhibitory concentration) and MFC (minimal fungicidal concentration) were very high (0.125-4 µg/mL and 0.5-16 µg/mL) compared to those of amphotericin B (0.0078-0.5 µg/mL and 0.0039-0.5 µg/mL). The authors suggested that the effect of β-lapachone exerted on plasma membranes, disrupting the metabolic pathways and functionalities of cellular processes. Beta-lapachone altered the permeability of the cytoplasmic membrane of fungi, favoring membrane degeneration. The mechanism of this alteration was not detailed, though.

As already mentioned about T. cruzi and VERO cells [START_REF] Ferreira | Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and biological features of lapachone derivatives[END_REF]), β-lapachone may be very effective against resistant germs such as staphylococci, but also highly cytotoxic towards eukaryotic cells [START_REF] Pereira | Tabebuia avellanedae naphthoquinones: activity against methicillin-resistant staphylococcal strains, cytotoxic activity and in vivo dermal irritability analysis[END_REF]. This may compromise the use of β-lapachone in therapy. Combining β-lapachone with an antibiotic may help reducing the doses of both drugs, while boosting antibiotic efficacy. Macedo and coworkers (2013) studied the synergy of β-lapachone with conventional antimicrobials against methicillin-resistant Staphylococcus aureus strains. Compared to commercial antibiotics, beta-lapachone exhibited MICs between 8 and 32 µg/mL, generally lower than those of ampicillin, cefotoxin, and ciprofloxacin, in the same order as meropenem or amoxicillin/clavulanic acid, and higher than gentamicin. Codeposition of β-lapachone and the antimicrobial drugs, then determination of the fractional inhibitory concentration index (FICI) demonstrated the synergy of effects of β-lapachone with all associated molecules, against all studied strains. All FICI values were below 0.5. The MICs were also considerably reduced. As an example, the isobole in Figure 1.5 reveals the synergistic effect of β-lapachone and amoxicillin/clavulanic acid. 

Anti-cancer properties

Red lapacho extracts have long shown activity against a large variety of cancer cell lines [START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF]. Lapachol (2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphtoquinone)

was the first compound to attract attention: It showed significant in vivo anti-tumor activity in early mouse models. However, the phase I clinical trials initiated by the National Cancer Institute (NCI) in the 1970s were terminated due to unacceptable levels of toxicity [START_REF] Cragg | Plants as a source of anti-cancer agents[END_REF][START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF].

Beta-lapachone caught attention of the scientific community after lapachol was discarded. As lapachol, β-lapachone exhibited significant activity in vitro against a large variety of cancers, and especially against breast [START_REF] Bey | Catalase abrogates β-lapachoneachone-induced PARP1 hyperactivation-directed programmed necrosis in NQO1-positive breast cancers[END_REF][START_REF] Glorieux | Overexpression of NAD(P)H:quinone reductase 1 (NQO1) and genomic gain of the NQO1 locus modulates breast cancer cell sensitivity to quinones[END_REF]), leukemia (Schaffner-Sabba et al. 1984) prostate [START_REF] Li | Induction of apoptosis by beta-lapachone in human prostate-cancer cells[END_REF][START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF][START_REF] Lee | Down-regulation of cyclooxygenase-2 and tlomerase activity by β-lapachoneachone in human prostate carcinoma cells[END_REF], and several multidrug resistant cell lines [START_REF] Cragg | Plants as a source of anti-cancer agents[END_REF][START_REF] Ravelo | Recent studies on natural products as anticancer agents[END_REF]). Its activity against lung and epidermoid carcinoma was also demonstrated: Indeed, strains of A549 (lung) and A431 cells (epidermoid carcinoma) were exposed in vitro to 10 μM β-lapachone, and after only 4 hours, the drug killed 70% of tumor cells [START_REF] Park | Systemic delivery and preclinical evaluation of Au nanoparticle containing for radiosensitization[END_REF].

Furthermore, a particular interest developed for beta-lapachone after Li and coworkers published in 2003 a paper reporting that healthy cells were more resistant to β-lapachone than tumor ones. The authors tested MCF-7 (tumorigenic) and MCF 10A (non-tumorigenic) breast cells and observed that unlike conventional anticancer drugs, β-lapachone induced selective apoptosis in transformed cells, but not in proliferating normal ones (Figure 1.6). The mechanism for this selectivity was not explained at the time. This paper was repeatedly cited, although no other study confirmed these results. 

Mechanisms involved in the therapeutic activity of β-lapachone

As the activity of β-lapachone in the various pathologies mentioned above implies, the mechanism of action of this drug is complex. There is not one, but several mechanisms involved. Some are based on the inhibitory properties of the drug against topoisomerases I and II in eukaryotic and prokaryotic cells, and others on its ability to generate intracellular reactive oxygen species (ROS) which weaken the target cells by oxidative stress. In fact, all the mechanisms are intertwined and result from the electron acceptor property of β-lapachone and from a futile redox cycle catalyzed by an enzyme, the cytosolic flavoprotein DTdiaphorase (NAD(P)H: quinone acceptor oxidoreductase (NQO1).

Oxidative pathway

The oxidative pathway results from the intracellular generation of ROS [START_REF] Chau | Involvement of hydrogen peroxide in topoisomerase inhibitor β-lapachoneachone-induced apoptosis and differentiation in human leukemia cells[END_REF][START_REF] Pink | NAD(P)H:quinone oxidoreductase activity is the principal determinant of beta-Lapachone cytotoxicity[END_REF][START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF][START_REF] Kim | Activation of NAD(P)H:Quinone oxidoreductase 1 prevents arterial restenosis by suppressing vascular smooth muscle cell proliferation[END_REF]. The reactive oxygen species encompass the non-radical species hydrogen peroxide (H 2 O 2 ) and singlet oxygen ( 1 O2), the radical superoxide anion (O2 . ) and the hydroxyl radical HO . [START_REF] Agostinelli | Non-irradiation-derived reactive oxygen species (ROS) and cancer: therapeutic implications[END_REF].

ROS activate and modulate apoptosis when cells are under stress.

In biological systems, naphthoquinones are reduced to semiquinone radicals through two NQO1 is located in the cytosol of cells and participates in the first defense barrier against oxidative stress by regenerating the reduced form of coenzyme Q using NAD(P)H produced by the pentose pathway [START_REF] Atia | A review of NAD(P)H:Quinone oxidoreductase 1 (NQO1); A multifunctional antioxidant enzyme[END_REF][START_REF] Hyun | Calorie restriction up-regulates the plasma membrane redox system in brain cells and suppresses oxidative stress during aging[END_REF].

Beta-lapachone penetrates into cancer cells in its oxidized form and is activated when catalytically reduced by NQO1. It may thus be considered as a prodrug or as biologically activatable, because it is only active once reduced. It has strong structural analogies with CoQ and can take its place within the active site of NQO1. Another reaction is then catalyzed, which leads to the semiquinone [START_REF] Boveris | Effect of -Lapachone on superoxide anion and hydrogen peroxide production in Trypanosoma cruzi[END_REF].

The futile cycle generates hydrogen peroxide and radical chemical species (HO . and . O2 -)

that are highly cytotoxic: The auto-oxidation of semiquinones causes the univalent reduction of oxygen, generating the superoxide anion . O2 -. This superoxide anion is converted to H2O2, either spontaneously or by superoxide dismutase (SOD) [START_REF] Hillard | Electrochemical parameters and techniques in drug development, with an emphasis on quinones and related compounds[END_REF]. In addition, . O2 - and H2O2 react non-enzymatically to form the hydroxyl radical HO . .

Through the enzyme NADP (H) quinone oxidoreductase 1 (NQO1), β-lapachone is thus responsible for a high production of reactive oxygen species in cells. Both . O2 -and HO . can initiate free-radical chain reactions that lead to the peroxidation of the polyunsaturated fatty acids of membrane lipids [START_REF] Docampo | Lipid peroxidation and the generation of free radicals, superoxide anion, and hydrogen peroxide in -lapachone-treated Trypanosoma cruzi epimastigotes[END_REF]. Beta-lapachone also affects mitochondrial 1.3.2. Different pathways of apoptosis Pink and coworkers (2000) were the first to hypothesize that the apoptotic activity of βlapachone was activated by a metabolic pathway involving NQO1 [START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF]).

As mentioned above, beta-lapachone has the ability to accept electrons to form radical anion or dianion species and thus, to stimulate the production of intracellular ROS, especially in mitochondria, which contributes to disrupt the mitochondrial function [START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF][START_REF] Anaissi-Afonso | Derivatives with Enhanced Mitochondrial-Based Toxicity[END_REF]. Many cancer cell strains naturally over-express the enzyme NQO1. This over-expression was observed in lung, prostate, breast, and pancreas tumor cells, where the level of NQO1 was up to 20 times higher than the normal rate [START_REF] Blanco | -containing PEG-PLA polymer micelles as novel nanotherapeutics against NQO1-overexpressing tumor cells[END_REF]. Βeta-lapachone would therefore naturally target cancer cells rather than healthy cells. Clinical studies have demonstrated good correlation between NQO1 protein levels in tumors and their sensitivity to beta-lapachone [START_REF] Ough | Efficacy of beta-lapachone in pancreatic cancer treatment: Exploiting the novel, therapeutic target NQO1[END_REF].

Parkinson and coworkers (2013) studied various NQO1 substrates including β-lapachone, and the way these molecules killed cancer cells by a NQO1-dependent mechanism. [START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF] demonstrated that NQO1 was involved in β-lapachone induction of apoptosis in prostate cancer cells (LNPCaP). This effect was inhibited by dicoumarol. Using Resox cells (the oxidative stress-resistant MCF-7 cells), [START_REF] Glorieux | Overexpression of NAD(P)H:quinone reductase 1 (NQO1) and genomic gain of the NQO1 locus modulates breast cancer cell sensitivity to quinones[END_REF] showed that NQO1 overexpression was a main determinant for increased sensitivity of these cells to quinone-bearing compounds. NQO1-bioactivatable substances appeared promising for selective treatment of pancreatic cancers, including the pancreatic ductal adenocarcinoma (PDA) (Li et al. 2011;[START_REF] Chakrabarti | Tumor-selective use of DNA base excision repair inhibition in pancreatic cancer using the NQO1 bioactivatable drug, -lapachone[END_REF].

The futile cycle leads to the unbalance of intracellular ROS and has two main consequences:

(i) It consumes the stock of NAD(P)H of the cells, leading to massive release of Ca 2+ from endoplasmic reticulum, which depletes ATP levels and activates apoptosis; Mitochondria are a major source of ROS during the course of apoptosis [START_REF] Benhar | ROS, stress-activated kinases and stress signaling in cancer[END_REF]. [START_REF] Ma | Mitochondrial targeted -lapachone induces mitochondrial dysfunction and catastrophic vacuoliezation in cancer cells[END_REF] showed that when β-lapachone was conjugated to a ligand targeting specifically the mitochondria, it accumulated there and produced ROS that damaged these organelles and ended up killing the cell. ROS provoke a series of events, including an increase in permeability of the mitochondrial inner membrane, a reduction in mitochondrial membrane depolarization, the release of cytochrome c, the activation of poly ADP ribose polymerase (PARP) and caspase cascade, finally inducing cell death [START_REF] Liu | Inhibition of poly(ADP-ribose)polymerase activation attenuates β-lapachoneachone-induced necrotic cell death in human osteosarcoma cells[END_REF]de Witte et al. 2004). Chelating agents that block early increases in intracellular Ca 2+ levels arrest apoptosis, which highlights the crucial role of calcium cations in the NQO1 apoptotic pathway [START_REF] Tagliarino | Calcium is a key signaling molecule in -lapachone-mediated cell death[END_REF].

(ii) It produces high levels of superoxide and massive concentrations of hydrogen peroxide which break DNA strands [START_REF] Silvers | The NQO1 bioactivatable drug, lapachone, alters the redox state of NQO1+ pancreatic cancer cells, causing perturbation in central carbon metabolism[END_REF], causing cellular stress capable of activating the cleavage of both the transcription factor protein p53 [START_REF] Harris | Structure and function of the p53 tumor suppressor gene: Clues for rational cancer therapeutic strategies[END_REF] and poly ADP ribose polymerase (PARP) by calpain [START_REF] Bey | Catalase abrogates β-lapachoneachone-induced PARP1 hyperactivation-directed programmed necrosis in NQO1-positive breast cancers[END_REF][START_REF] Pink | NAD(P)H:quinone oxidoreductase activity is the principal determinant of beta-Lapachone cytotoxicity[END_REF], Tagliarino et al. 2001, Kurfustova et al. 2016) (Figure 1.9). Activation of p53 induces the expression of the BAX gene. By dimerizing, the BAX protein triggers the release of intracellular calcium from the endoplasmic reticulum (ER), which activates Ca 2+ -dependent calpain, and subsequently, the apoptosis mediator caspase 12 [START_REF] Choi | Upregulation of NAD(P)H:Quinone Oxidoreductase by radiation potentiates the effect of bioreductive -lapachone on cancer cells[END_REF]. BAX also causes the release of cytochrome c from mitochondrial membranes. This release is a central event in the intrinsic apoptotic process involving the caspase chain. Survival and maintenance of cellular function involves preserving the integrity of DNA. It is well known that oxidative stress, or exposure to ionizing radiation leads to genomic abnormalities. The hydroxyl radicals produced by the futile cycle create single or doublestrand breaks within the DNA macromolecule by breaking phosphodiester bonds. Some bases are also altered by oxidation. In normal times, the cell uses repair mechanisms to fight several thousand changes a day. But when too many errors accumulate in the DNA, the repair system can no longer maintain its structural integrity, and apoptosis is engaged [START_REF] Choi | Upregulation of NAD(P)H:Quinone Oxidoreductase by radiation potentiates the effect of bioreductive -lapachone on cancer cells[END_REF].

Beta-lapachone targets DNA topoisomerase I, an enzyme controlling the topological structure of DNA by breaking and creating phosphodiester bonds. It interacts directly with topoisomerase I and blocks the formation of the topoisomerase I-DNA cleavable complex [START_REF] Castellanos | Red Lapacho (Tabebuia impetiginosa) -A global ethnopharmacological commodity?[END_REF][START_REF] Rosso | Novel o-naphtoquinones induce apoptosis of EL-4 T lymphoma cells through the increase of reactive oxygen species[END_REF]. In vitro, β-lapachone also appears as an inductor of topoisomerase II-mediated DNA breaks [START_REF] Frydman | Induction of DNA Topoisomerase II-mediated DNA Cleavage by beta-Lapachone and Related Naphthoquinones[END_REF].

Another The various mechanisms resulting from the futile cycle have been summarized by Kung et al.

In 2014 (Figure 1.10). All these mechanisms have been reported in β-lapachone action against cancers, but they were not necessarily observed in a same tumor.

Synergies with other treatments

Association of drugs

As observed in the study of its antimicrobial and anti-fungal activities, β-lapachone is often not as efficient as the studied reference drugs. However, its efficacy or the efficacy of the other drugs may be enhanced when β-lapachone is co-administered with them. Synergy may allow reducing drug dosage. [START_REF] Macedo | -lapachone activity in synergy with conventional antimicrobials against methicillin resistant Staphylococcus aureus strains[END_REF] showed the existence of a synergy between β-lapachone and a series of antibiotics as previously reported (Figure 1.5). Synergies were observed with other drugs like cisplatin, resveratrol or the anti-inflammatory drug sulindac which raised NQO1 levels in cells, thus stimulating quinone activity [START_REF] Kung | The chemotherapeutic effects of Lapacho tree extract[END_REF]. [START_REF] Kumi-Diaka | Chemosensitivity of human prostate cancer cells PC3 and LNCaP to genistein isoflavone and -lapachone[END_REF] separately. Interestingly, the authors noted that normal mammary epithelial cells were less sensitive to the association of drugs, compared to breast cancer ones.

Combination of ionizing radiations and β-lapachone

Some studies have shown that ionizing radiation and β-lapachone have a synergistic effect on cancer cells. Irradiation sensitizes cancer cells to β-lapachone treatment (Park et al. 2005b). If a pulmonary tumor strain is subjected to a 5 mg/kg dose of β-lapachone alone, the tumor volume trebles in 15 days. If the same strain of tumor cells is subjected to the action of an identical dose of β-lapachone, injected one hour after 5 Gy irradiation, the volume of the tumor trebles after 22 days. The synergistic effect is maximized when the anticancer drug is injected shortly after cell irradiation [START_REF] Park | Systemic delivery and preclinical evaluation of Au nanoparticle containing for radiosensitization[END_REF]. It is interesting to note that for A549 cells that over-express NQO1, 4 Gy irradiation for few minutes induced 50% increase in enzyme activity after 24h [START_REF] Choi | Upregulation of NAD(P)H:Quinone Oxidoreductase by radiation potentiates the effect of bioreductive -lapachone on cancer cells[END_REF]). The addition of β-lapachone to cell cultures should always be post-irradiation.

What makes the association of β-lapachone and radiations interesting is that it is a two-way synergy: Irradiation boosts the over-expression of the enzyme and thus makes β-lapachone more efficient, whereas β-lapachone behaves as a radiosensitizer, increasing the sensibility of cancer cells to radiotherapy by inhibiting DNA repair [START_REF] Boothman | Potentiation of halogenated pyrimidine radiosensitizers in human carcinoma cells by beta-Lapachone (3,4-Dihydro-2,2-dimethyl-2H-naphthol-[1,2b]pyran-5,6-dione) a novel DNA repair inhibitor[END_REF][START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF][START_REF] Dong | Prostate cancer radiosensitization through poly(ADP-ribose) polymerase-1 hyperactivation[END_REF][START_REF] Kung | The chemotherapeutic effects of Lapacho tree extract[END_REF]. The latter effect is particularly interesting for certain tumors deemed to be weakly sensitive to radiation, like laryngeal, colon, breast, lung and prostate cancers. However, the radio-sensitizing mechanism of β-lapachone is still unknown [START_REF] Dong | Prostate cancer radiosensitization through poly(ADP-ribose) polymerase-1 hyperactivation[END_REF].

Combination with other physical methods

Hyperthermia (Park et al. 2005a), thermal shock [START_REF] Youn | Heat shock increases expression of NAD(P)H:quinone oxidoreductase (NQO1), mediator of betalapachone cytotoxicity, by increasing NQO1 gene activity and via Hsp70-mediated stabilization of NQO1 protein[END_REF]) and photodynamic therapy [START_REF] Lamberti | Synergistic enhancement of antitumor effect of -lapachone by photodynamic induction of quinone oxidoreductase (NQO1)[END_REF]) can stimulate the production of NQO1 and thus activate βlapachone. Park et al. (2005a), for example, showed that 1h-incubation of cells at 42°C

resulted in an almost immediate increase in NQO1 level, which persisted for 72 hours.

Lamberti and coworkers ( 2013) studied the induction of quinone oxidoreductase (NQO1) in MCF-7c3 cells by photodynamic therapy (PDT), using ME-ALA as photosensitizer.

Illumination of cells with 0.5 mM ME-ALA and a fluence of 2 J/cm 2 caused a significant increase in NQO1 expression. After 24 h following exposure to light, the expression of NQO1 was about 1.5 times that in control cells and then began to decline. Lower fluence (1 J/cm 2 and 1.5 J/cm 2 ) failed to induce an increase in NQO1 expression (Figure 1.11). The percentage of inhibition of cell viability caused by β-lapachone treatment applied 24 h after PDT was greater than that caused by β-lapachone alone. However, the synergy of effects was only observed when MCF-7c3 cells were photosensitized 24h before β-lapachone treatment.

Challenges in β-lapachone development

In WoS, when keywords beta-lapachone and formulation are associated, the number of publications drops from about 1000 references to only 45. Most of them (34) concern oral treatments. If one looks for marketed beta-lapachone pharmaceutical forms, none are found.

There is some on-going clinical development however, on an enteric tablet (MB 12066) and an injectable prodrug of β-lapachone (ARQ761, -lapachone hydroquinone complexed with HP--cyclodextrin). Several phase I and II trials have been announced between 2005 and 2011, but no data were published. Zhang et al. (2015a) and Zhou et al. (2106) however reported that some toxicity of the drug had been observed during a phase I clinical study.

1.4.1. Pre-clinical and clinical studies

Pre-clinical studies

Prior to the investigation of the pharmacokinetic properties of orally and intravenously given β-lapachone in rats, the stability and degradation profiles of β-lapachone in a variety of conditions were assessed to see any possible effect on pharmacokinetic profiles [START_REF] Kim | Preclinical pharmacokinetic evaluation of -lapachone: Characteristics of oral bioavailability and first-pass metabolism in rats[END_REF]. The authors found that the drug was stable in plasma, with less than 1% change in drug amount. This enabled proper measurement of the pharmacokinetic parameters of β-lapachone exposed to the systemic circulation. On the basis of the pharmacokinetic study, the absolute oral bioavailability of β-lapachone was measured to be 15.54%. This low bioavailability was attributed to the limited solubility and first-pass metabolism of the drug [START_REF] Kim | Preclinical pharmacokinetic evaluation of -lapachone: Characteristics of oral bioavailability and first-pass metabolism in rats[END_REF]. [START_REF] Miao | Identification of the in vitro metabolites of 3,4dihydro-2,2-dimethyl-2H-naphthol[1,2-b]pyran-5,6-dione (ARQ 501; β-lapachoneachone) in whole blood[END_REF] had previously reported a good stability of β-lapachone in human plasma for 120 min, but they had also observed that more than 90% of the drug had disappeared from the blood within 30 min. This was explained by an extensive enzymatic metabolism of βlapachone in red blood cells, justifying the rapid separation of plasma from the total blood for pharmacokinetic evaluation.

Clinical trials

As mentioned above, clinical trials have been conducted on synthetic -lapachone (ARQ501)

and its complex with HP--cyclodextrin, ARQ761.

Phase I trials on ARQ501 were announced in the years 2005-2011 by ARQule and the Dana-Farber Cancer Institute. They were intended for treatment of squamous cell carcinoma of head and neck (2006)(2007)(2008)(2009), for co-treatment with docetaxel of metastatic carcinoma (2004)(2005)(2006)(2007)(2008)(2009),

for co-treatment with gemcitabine of pancreatic cancer (2005)(2006)(2007)(2008)(2009), and for exploratory biomarker study in patients with advanced solid tumors (2007)(2008)(2009)(2010)(2011). Fast renal clearance and a short half-life (0.4h) in the blood were observed [START_REF] Blanco | Β-lapachoneachone micellar nanotherapeutics for non-small cell lung cancer therapy[END_REF]. It was suggested that the low binding constant of the drug-cyclodextrin complex (1.1 × 10 3 M -1 ) resulted in its rapid dissociation [START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF]). In addition, serious side-effects were observed, such as hemolysis and methemoglobinemia, which led to the arrest of the clinical trials. One patient died of hemolysis after ARQ501 infusion [START_REF] Hartner | Phase 2 dose multi-center, open-label study of ARQ 501, a checkpoint activator, in adult patients with persistent, recurrent or metastatic leiomyosarcoma (LMS)[END_REF].

ARQ761 is another [-lapachone:HP--CD] complex currently undergoing clinical studies at the Southwestern Medical Center (Dallas, Texas, USA). It is an intravenous form of βlapachone tested on patients with tumors with high levels of NQO1. The targeted cancers are, first and foremost, pancreatic cancer and non-small cell lung cancer (NSCLC), of which 90% over-express NQO1 10 to 100 times, and breast, colon and prostate cancers, 60% of which over-express NQO1 15 to 20 times. The prodrug is presented as an NQO1 inhibitor leading to cell necrosis. ARQ761 is in phase 1 in oncology and phase 2 for pancreatic cancer [START_REF] Chakrabarti | Tumor-selective use of DNA base excision repair inhibition in pancreatic cancer using the NQO1 bioactivatable drug, -lapachone[END_REF]. The results obtained on pancreatic cancer were described by [START_REF] Silvers | The NQO1 bioactivatable drug, lapachone, alters the redox state of NQO1+ pancreatic cancer cells, causing perturbation in central carbon metabolism[END_REF]. One of the toxic effects reported for this prodrug was hemolytic anemia, in agreement with previous clinical trials.

A phase II trial was declared in 2014 by a Korean group: It concerns a beta-lapachone tablet (MB 12066) administered orally to healthy volunteers and patients with hepatic disease (nonincluding cirrhosis) [START_REF] Lee | Pharmacokinetic and safety evaluation of MB12066, and NQO1 substrate[END_REF]. We could not find any published report on this trial.

Clearly β-lapachone, despite its great attractiveness is still not applied therapeutically, and its clinical development remains in early phase. What are the reasons, beside the observed blood toxicity, why this molecule led to such poor results in terms of clinical development?

Explanation is partially found in β-lapachone physico-chemical properties.

Physicochemical and analytical properties of beta-lapachone

In technical and pharmaceutical literature, beta-lapachone (C15H14O3, CAS number: 4707-32-

8) is found under the names 3,4-dihydro-2,2-dimethyl-2H-naphtho [1,2-b] pyran-5,6-dione (NIH) or 2,2-dimethyl-3,4-dihydro-2H-benzo[h]chromene-5,6-dione (IUPAC). Information
about its physicochemical properties is still scarce. It is a tricyclic pyrano-orthonaphthoquinone with a molecular weight of 242.274 g/mol. Its orange needle-like crystals have a melting point at 158-159°C. Β-lapachone solubility in water is only 0.038-0.040 mg/mL (0.16-0.17 mM) at 25°C [START_REF] Nasongkla | Enhancement of solubility and bioavailability of using cyclodextrin inclusion complexes[END_REF][START_REF] Kim | Solubility evaluation and thermodynamic modeling of -lapachone in water and ten organic solvents at different temperatures[END_REF]. In aqueous medium, β-lapachone aggregates due to π-π stacking and to C-H…O hydrogen bonding [START_REF] Cunha-Filho | -lapachone[END_REF]. Conversely, the drug is soluble in chloroform, acetone, and sparingly soluble in alcohols [START_REF] Kim | Solubility evaluation and thermodynamic modeling of -lapachone in water and ten organic solvents at different temperatures[END_REF]. Β-lapachone partition coefficient (expressed as log P) has apparently not been the subject of an experimental determination and was evaluated, by calculation, at 2.82 (ALOGPS, www.drugbank.ca; Kujawski et al. 2012) or 2.63 (www.chemaxon.com).

The spectral properties of β-lapachone have been studied because for some ortho-quinones, efficient intersystem-crossing occurs following a moderately long-lived (μs) triplet. Βlapachone absorbs UV light with a maximum at 256 nm [START_REF] Pardee | Cancer therapy with -lapachone[END_REF]) (Figure 1.12). Its visible band shows red shift with an increase in solvent polarity [START_REF] Ci | Electron and hydrogen atom transfer mechanisms for the photoreduction of o-quinones Visible-light induced photoreactions of beta-lapachone with amines, alcohols and amino alcohols[END_REF]. Like other oquinones, β-lapachone exhibits very weak fluorescence with a maximum near 482 nm in benzene. The lifetime for its triplet in argon-degassed benzene is in the range of 400-600 ns. The same group also found that light and humidity promoted β-lapachone degradation in the solid state (Figure 1.14), and that β-lapachone was more sensitive to hydrolysis in alkaline medium [START_REF] Cunha-Filho | Effect of storage conditions on the stability of -lapachone in solid state and in solution: -lapachone stability studies[END_REF]. Β-lapachone stability was maximal in the 2-4 pH range. 1.4.3.1 Cyclodextrins (CDs) Cyclodextrins (CDs) are cyclic oligosaccharides consisting of 6, 7, or 8 glucopyranose units delimiting a hydrophobic inner cavity and hydrophilic outer surface, usually referred to as -, -, or -cyclodextrins, respectively (Figure 1.15). Due to their limited toxicity and exceptional solubilizing properties, cyclodextrins are nowadays broadly applied in the pharmaceutical industry for improving drug bioavailability and stability [START_REF] Loftsson | Evaluation of cyclodextrin solubilization of drugs[END_REF]. Some CDs and their derivatives have gained Food and Drug Administration (FDA) approval or have been accredited as being "generally recognized as safe" (GRAS) [START_REF] Jansook | Cyclodextrins: structure, physicochemical properties and pharmaceutical applications[END_REF].

Currently, more than 50 pharmaceutical products containing CDs can be found commercially, mostly intended for the oral route [START_REF] Jansook | Cyclodextrins: structure, physicochemical properties and pharmaceutical applications[END_REF].

Cyclodextrins enhance the apparent solubility and/or dissolution rate of lipophilic drugs in aqueous media. By taking up a portion or all the hydrophobic moiety of these drugs into their cavity, cyclodextrins form water-soluble inclusion complexes (Figure 1.16, Jansook et al.

2018

). In a polar medium, the hydrophobic interactions between a poorly soluble guest and the apolar cavity of a CD molecule are the main driving force for the formation of the drug-CD complex. The difference in cavity size of the host molecules, the geometry of the guest compound and both their physicochemical properties are important parameters to consider. Although quite soluble in water [START_REF] Sabadini | Solubility of cyclomaltooligosaccharides (cyclodextrins) in H2O and D2O: a comparative study[END_REF]), α-CD (0.1295 ± 0.0007 g/g), β-CD (0.0184 ± 0.0002 g/g) and γ-CD (0.2492 ± 0.0002 g/g) often show insufficient solubility for solubilizing poorly soluble drugs necessitating high dosage [START_REF] Jansook | Cyclodextrins: structure, physicochemical properties and pharmaceutical applications[END_REF]). Bcyclodextrin is generally the preferred parent cyclodextrin, because of its commercial availability, approval status, low cost, and cavity dimension which is suitable for complexing compounds with aromatic and heterocyclic rings [START_REF] Singh | Biotechnological applications of cyclodextrins[END_REF][START_REF] Szejtli | Utilization of cyclodextrins in industrial products and processes[END_REF]. Various hydrophilic, hydrophobic and ionic -CD derivatives have been developed to extend the physicochemical properties and inclusion capacity of native CDs. Their solubility, especially, was markedly improved through chemical or enzymatic modifications [START_REF] Szejtli | Utilization of cyclodextrins in industrial products and processes[END_REF]. CD derivatives currently found in marketed pharmaceutical products are listed in Table 1.2 [START_REF] Jansook | Cyclodextrins: structure, physicochemical properties and pharmaceutical applications[END_REF] and their chemical structure are presented in Figure 1.17. A number of researchers have attempted to overcome the poor solubility and bioavailability of β-lapachone by forming inclusion complexes with commercially available cyclodextrins [START_REF] Nasongkla | Enhancement of solubility and bioavailability of using cyclodextrin inclusion complexes[END_REF], De Abreu et al. 2007;Cunha-Filho et al. 2007a;Cunha-Filho et al. 2007b;[START_REF] Wang | A mechanistic model of controlled drug release from polymer millirods: Effects of excipients and complex binding[END_REF][START_REF] Mangas-Sanjuan | Intestinal permeability of -lapachone and its cyclodextrin complexes and physical mixtures[END_REF][START_REF] Xavier-Junior | Supramolecular interactions between -lapachone with cyclodextrins studied using isothermal titration calorimetry and molecular modeling[END_REF]) (Figure 1.18). Using the phase solubility method, Nasongkla et al. showed that β-CD and the hydroxypropyl (HP)-β-CD were significantly better host molecules for β-lapachone encapsulation than αand γ-CDs (Figure 1.19). The much higher association constants obtained with HP-β-CD and β-CD showed the importance of appropriate cavity size and amphipathy of the CDs for complexation with the drug, as further supported by molecular recognition studies of host-guest chemistry [START_REF] Connors | The stability of cyclodextrin complexes in solution[END_REF][START_REF] Mura | Influence of the preparation method on the physicochemical properties of ketoprofen-cyclodextrin binary systems[END_REF]. Also, the intrinsic solubility of CDs plays a critical role: Although it has the same cavity size as β-CD, HP-β-CD is more soluble in water and improved β-lapachone aqueous solubility 400-fold. The - and HP--CD/β-lapachone phase diagrams were linear-solubility curves (Figure 1.19B) (as defined by [START_REF] Higuchi | Phase-solubility techniques[END_REF]. The β-lapachone-β-CD complex stoichiometry was 1:1 (mol/mol). In contrast, γ-CD showed a typical B S -type solubility curve, in which an initial rise in the solubility of the solute occurred, followed by a plateau and a decreasing region due to the limited solubility of the complexes. The β-lapachone-CD complexes showed interesting features and results:

-Firstly, Cunha- [START_REF] Cunha-Filho | Effect of storage conditions on the stability of -lapachone in solid state and in solution: -lapachone stability studies[END_REF] demonstrated that RM--CD was partially able to protect β-lapachone against hydrolytic process. In darkness, inclusion of the labile groups in the CDs promoted drug stability; conversely under light, orientation of the labile bonds in the inclusion complex led to photolysis. Molecular modeling predicted that the 1:1 stoichiometry gave the most stable conformation for β-lapachone -RM--CD inclusion complexes.

-Secondly, [START_REF] Mangas-Sanjuan | Intestinal permeability of -lapachone and its cyclodextrin complexes and physical mixtures[END_REF] observed that β-lapachone permeability (1.17 × 10 -4 cm.s -1 ) across rat small intestine wall (slightly) increased when the drug was physically mixed with -cyclodextrin derivatives or included in inclusion complexes with them. Only β-CD and SBE-β-CD inclusion complexes (1.6 × 10 -4 and 1.73 × 10 -4 cm.s -1 , respectively) presented statistically significant differences versus free β-lapachone. RM-β-CD exerted a less significant effect (1.51 × 10 -4 cm.s -1 ). There was almost no difference between inclusion complexes and physical mixtures.

-Thirdly, Xavier-Junior et al. -Fourthly, incorporation of β-lapachone:CD complexes in other excipient systems allowed finely tuning the release of β-lapachone. Cunha- [START_REF] Cunha-Filho | Temperature-sensitive gels for intratumoral delivery of -lapachone: Effect of cyclodextrins and ethanol[END_REF] were able to modulate β-lapachone release with time when RM-β-CD was added to the drug in a thermoresponsive Pluronic F127 gel system. They showed that the total amount of drug diffused from F127 films was almost doubled when 5% (w/v) RM-β-CD were added, and that this release could be significantly slowed down by increasing F127 concentration. The same group studied the three-component system in the form of micellar solution at room temperature and gel above 29°C. They observed an enhanced solubilization of β-lapachone by F127 and RM-β-CD compared to expectations, and zero-order kinetics of β-lapachone release with a release constant of 1.67 µg.mL -1 .h -1 [START_REF] Seoane | Administration of the optimized -lapachone-poloxamer-cyclodextrin ternary system induces apoptosis, DNA damage and reduces tumor growth in a human breast adenocarcinoma xenograft mouse model[END_REF]. In another work, Wang et al.

(2007) incorporated 1:1 inclusion complexes of β-lapachone with HP-β-CD in poly (lactideco-glycolide) nanorods (PLGA) and showed that the CD allowed fast release of β-lapachone, by preventing its dissolution and retention in PLGA.

-Last, the clinical study of ARQ761 showed evidence of poor stability and toxicity of the [-lapachone:HP--CD] complexes in contact with red blood cells.

In conclusion, cyclodextrins significantly improve β-lapachone solubilizing, intestinal permeation and may be used to control drug release from polymeric delivery systems. They also may improve its stability in darkness. The results obtained with them are summarized in Table 1.3. The -cyclodextrin and its derivatives exhibit the most appropriate cavity size to form water-soluble inclusion complex with β-lapachone. The [-lapachone:β-CD] stoichiometry is 1:1 (mol/mol). Phase solubility diagrams demonstrated that RM--CD allows maximum enhancement of β-lapachone solubility, followed by SBE-β-CD and HP-β-CD.

However, RM-β-CD has shown renal toxicity after parenteral administration, and it has been considered since then as not suitable for intravenous administration of medicinal products (Loftsson et al. 2010) sodium deoxycholate (PC-SDC) and sodium lauryl sulfate (SLS) micelles on the oral absorption of β-lapachone, using a single-pass rat intestinal perfusion technique (Figure 1.21).

Micelles were about 110 and 140 nm-large, respectively. The PC-SDC micelles proved much more efficient than SLS ones for enhancing the intestinal absorption of β-lapachone, especially in the large intestine. However, the authors did not provide any explanation of the observed difference between the two formulations. It was not clear also whether the micelles modeled digestive micelles or were actual formulation for a pharmaceutical form. [START_REF] Blanco | -containing PEG-PLA polymer micelles as novel nanotherapeutics against NQO1-overexpressing tumor cells[END_REF] produced β-lapachone-containing PEG-PLA micelles by three different methods (dialysis, solvent evaporation and film sonication). Of the three methods, only the film sonication method proved efficient. In this protocol, 10 wt% β-lapachone were dissolved in acetone with the copolymer. The solvent was evaporated, and the resulting film was hydrated with water and sonicated for 5 min before filtration through 0.45µm-membranes.

The resulting 30 nm-in size micelles contained 4.7 wt% drug, with almost 42% loading efficiency and 85% micelle yield (Figure 1.22). When the amount of drug was increased to 20 wt%, drug loading reached 6.5 wt%. Release experiments showed that 50% of active ingredient were released in 18h. The micelles were stable for two weeks in PBS buffer at 37°C. Β-lap proved effective for treating tumor strains: indeed 50% of prostate cancer cells (DU-145, NQO1+) were killed following the addition of 6 μM β-lapachone in micelles.

However, the in vitro cytotoxicity study showed that polymeric micelles were less efficient than the free drug. An attempt was made to encapsulate β-lapachone in PEG-PLA micelles (Zhang et al. 2015b).

Unfortunately, the encapsulation efficiency was low (about 42%). Β-lapachone crystallized at concentrations exceeding 2 wt%, and the micelles precipitated in less than 1h. In a second attempt, β-lapachone was associated to paclitaxel (3:1) in the micelles for better solubilization and synergetic therapeutic effect, taking advantage of the H-bonding and π-π interactions between the two drugs that could inhibit the crystallization of β-lapachone. Drug encapsulation was improved 10 times compared to β-lapachone alone in the micelles, and the system proved able to increase drug delivery and to optimize the therapeutic window for NOQ1-targeted therapy in lung and pancreatic cancers. The release of the drugs from the micelles was faster for both β-lapachone and paclitaxel (Zhang et al. 2015b).

Micelles of β-lapachone prodrug and PEG-PLA were also proposed [START_REF] Ma | Mitochondrial targeted -lapachone induces mitochondrial dysfunction and catastrophic vacuoliezation in cancer cells[END_REF]Zhou et al. 2016). Ma and coworkers synthesized amphiphilic diester derivatives of β-lapachone, and encapsulated them into poly(ethylene glycol)-b-poly(D,L,-lactic acid) (PEG-b-PLA) micelles.

The prodrug allowed increasing drug loading in the micelles. These micelles exhibited prolonged blood circulation time, which was interesting, since free β-lapachone is rapidly cleared from the blood. They also proved effective in vitro against lung cancer. The authors also pointed out the lower toxicity of these micelles compared to the ARQ501 formulation which induces hemolytic anemia and methemoglobinemia. [START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF] 

Nanoparticles

Compared to drug-CD complexes and polymeric micelles, polymer nanoparticles do not result of an equilibrium and could encapsulate and stabilize β-lapachone to a much larger extent.

There were a few attempts to encapsulate β-lapachone into nanoparticles, but never using the conventional nanoparticle materials (poly lactide PLA, or poly lactide-co-glycolide PLGA).

For example, β-lapachone was encapsulated in lecithin-chitosan nanoparticles for topical treatment of cutaneous leishmania with an encapsulation efficiency varying between 26 and 52% depending on the adjuvant used (monolaurin or didecyldimethyl ammonium bromide) [START_REF] Moreno | Assessment of -lapachone loaded in lectithin-chitosan nanoparticles for the topical treatment of cutaneous leishmaniasis in L. major infected BALB/c mice[END_REF]. Drug loading was not determined. In L. major infected BALB/c mice, nanoparticles were able to penetrate through ulcerative skin and release β-lapachone there.

Although the topical treatment did not reduce parasite contamination, it stopped progression of the lesion [START_REF] Moreno | Assessment of -lapachone loaded in lectithin-chitosan nanoparticles for the topical treatment of cutaneous leishmaniasis in L. major infected BALB/c mice[END_REF]. In a more recent study, a photo-responsive nanoparticle system was prepared with β-lapachone, using two photo-responsive polymers cross-linked by polyethylene glycol dimethacrylate [START_REF] Li | Photo-responsive nanoparticles for β-lapachoneachone delivery in vitro[END_REF]). Β-lapachone was successfully released after polymers degradation caused by UV-irradiation.

The most original system including β-lapachone was described by [START_REF] Park | Systemic delivery and preclinical evaluation of Au nanoparticle containing for radiosensitization[END_REF]. This group designed a gold nanoparticle system [AuNP:β-lapachone] for targeting tumor cells and enhancing the effects of radiotherapy. Gold was chosen as core material not only because of its low cytotoxicity in vivo over other nanoparticles and its efficiency in radiotherapy [START_REF] Haume | Gold nanoparticles for cancer radiotherapy: A review[END_REF]), but also because gold nanoparticles can be synthesized with defined sizes and their surface can be modified by reaction with thiolated molecules. The smart system of Jeong et al. is quite complex (Figure 1.24). AuNPs were modified by PEG2000 and per-6-thio-cyclodextrin (SH-CD) to enhance the bioavailability of β-lapachone. Anti-EGFR antibody was grafted at PEG end to target the epithelial growth factor receptor (EGFR) generally overexpressed by cancer cells. The radiosensitizer β-lapachone was complexed by the CDs, and its release was supposedly controlled by glutathione levels in cells [START_REF] Hong | Glutathione-mediated delivery and release using monolayer protected nanoparticle carriers[END_REF]. Tumor targeting was demonstrated in vitro using cell lines expressing different levels of EGFR. The tumor growth delay after intravenous injection of [AuNP:β-lapachone] to xenograft mice confirmed the selectivity of the nanoparticles and the enhanced radiotherapeutic effectiveness.

The [AuNPs:β-lapachone] appeared as possible new modality for cancer therapy. However, there was no further publication on this system. Many liposomal products are on the market, and even more are at various stages of clinical development (Table 1.4, [START_REF] Sercombe | Advances and challenges of liposome assisted drug delivery[END_REF].

Liposome membrane is composed of natural or synthetic lipids, which are generally biodegradable, biocompatible and non-immunogenic materials. The vesicles can entrap hydrophilic drugs in their aqueous compartment, lipophilic ones in their membrane, and amphiphilic compounds oriented in the bilayer (Jesorka et al. 2008[START_REF] Sercombe | Advances and challenges of liposome assisted drug delivery[END_REF].

Numerous researchers have studied these vesicles since Bangham's first description of them [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF], making liposomes the most popular nanocarrier system to date. Liposomes can deliver their content when in close vicinity to the cell membrane, fuse with it, or be internalized in cells via endocytosis [START_REF] Torchilin | Recent advances with liposomes as pharmaceutical carriers[END_REF], Figure 1.29). There have not been many attempts to encapsulate β-lapachone in liposomes. Cavalcanti and coworkers (2011) published an interesting article describing the encapsulation of either free βlapachone or HP--CD-β-lapachone complexes in lipid vesicles made of soybean lecithin, cholesterol and stearylamine in a 7:2:1 molar ratio. Unexpectedly, they reported that βlapachone was loaded in the two vesicle batches with the same efficiency (93% and 97% for [β-lapachone:HP--CD] and β-lapachone loaded liposome, respectively). In fact, besides the release kinetics from the liposomes, there was no significant difference between the two systems. Compared to the PEG-PLA micelles of [START_REF] Blanco | -containing PEG-PLA polymer micelles as novel nanotherapeutics against NQO1-overexpressing tumor cells[END_REF], the liposomes of Cavalcanti and coworkers showed a much higher encapsulation efficiency (98.8 ± 0.6 and 98.1 ± 1.3 % for β-lapachone and [β-lapachone:HP--CD] loaded stealth neutral liposome, respectively, and 98.9 ± 0.4 and 97.9 ± 0.3 % for β-lapachone and [β-lapachone:HP--CD] loaded positively charged stealth liposome, respectively). There was no significant difference in the properties of these four formulations. They were tested in vitro. The results showed that β-lapachone incorporated in liposomes retained its anti-bacterial activity against methicillinresistant staphylococcus aureus (MRSA) and improved its anti-fungal effect against C.

neoformans [START_REF] Cavalcanti | Antimicrobial activity of -lapachone encapsulated into liposomes against methicillin-resistant Staphylococcus aureus and Cryptococcus neoformans clinical strains[END_REF].

Careful . According to their report, the loading efficiency was about the same (98%) for both formulations. It seemed surprising that the loading efficiency was as high as 98% for a drug embedded in lipids only, and that it was the same with CDs solubilized in the aqueous phase of the liposome suspension. If β-lapachone could be solubilized in lipids at the 1:28 ratio when free in the lipid solution, did it remain in the aqueous core of vesicles when encapsulated at the same drug/lipid ratio from a drug/CD solution?

So, in the former formulation, was β-lapachone in the aqueous core or in the lipid bilayer? In vesicles containing β-lapachone-CD complexes, did the presence of the bilayer modify βlapachone-CD complexes equilibrium, owing to the fact that the drug is hydrophobic? These questions were the starting point of our study.

Overview and reflection on the future development of beta-lapachone

Strengths

There are several strengths in favor of β-lapachone development:

(i) A pharmacological activity of particular interest for the treatment of certain cancers such as pancreas, breast and prostate cancers;

(ii) the possibility of a certain specificity and limited toxicity, thanks to the over-expression of NQO1 in tumors;

(iii) the synthesis of many derivatives, some of which are more effective and less toxic; for example, [START_REF] Menna-Barreto | Effect of -lapachone-derived naphthoimidazole on Trypanosoma cruzi: identification of target organelles[END_REF] synthesized 45 derivatives and evaluated the efficiency of the most active one on trypomastigote-infected J774G-8 macrophages cultures obtained from infected albino Swiss mice. This derivative was 10.6 time more effective than βlapachone.

(iv) ongoing clinical trials that will increase knowledge on the effects of this potential drug;

(v) good membrane permeation;

(vi) good synergy effect with other drugs, including antibiotics;

(vii) apparently effective solubilization by cyclodextrins. This is encouraging for its application, especially in addition to other therapies (anti-cancer, anti-Chagas disease).

Weaknesses

There are still numerous questions to answer, regarding it pharmacological properties, its effectiveness, and its physicochemical properties with respect to formulation. Weak points include:

(i) an essentially in vitro evaluation, rather little information published on β-lapachone activity in vivo;

(ii) rapid renal clearance (iii) blood toxicity;

(iv) an action controlled by redox properties: it could cause β-lapachone to lose its activity in vivo before reaching its target;

(v) a lower effect than chloroquine, amphotericin B and many antibiotics, which does not make it a revolutionary competitor as compared to already marketed anti-infectious or antiparasitic drugs;

(vi) a limited activity in Chagas disease for which effective treatment is still missing;

(vii) a too low solubility, limiting its oral bioavailability and weakly compensated by the formulation of self-solubilizing or self-emulsifying systems;

(viii) too little information about its actual encapsulation capacity in vesicles or nanoparticles;

(ix) poorly encouraging clinical trials.

Conclusions

It is clear that the pathways of formulation of β-lapachone have been relatively little explored.

Very few groups have published on this drug. In fact, when considering the whole literature on β-lapachone, only the same 2 or 3 groups have studied this drug, for decades. Except for cyclodextrins, the studies conducted were not very thorough in terms of physicochemical approach. Yet some published results, related to the vectorization of β-lapachone seem promising, even if they are still insufficiently documented.

The aim of our work was therefore to take up some published works, to better understand the choices made by the experimenters, to study the physical chemistry properties of this compound in relation to its formulation and stability, and to test certain β-lapachone delivery systems in vitro, particularly liposomes and cyclodextrins.

In the following two chapters, we describe (i) the physicochemical characterization of β-lapachone/lipid and β-lapachone/cyclodextrin interactions and (ii) the formulation and biological effect of vesicles encapsulating β-lapachone or [β-lapachone:CD] complexes, in contact with fibroblasts, and prostate normal and tumor cells.

CHAPTER 2: Experimental and theoretical approaches for deciphering beta-lapachone behavior in lipid monolayers and bilayers.

Chapter 2: Experimental and theoretical approaches for deciphering betalapachone behavior in lipid monolayers and bilayers

Introduction

Despite the promising therapeutic potential of β-lapachone, its poor stability, low watersolubility (160 µM), and toxicity at high dose [START_REF] Queiroz | Comparative studies of the effects of Tabebuia avellanedae bark extract and lapachone on the heamatopoietic response of tumour-bearing mice[END_REF]) have limited its clinical use so far [START_REF] Kim | Stability of -lapachone upon exposure to various stress conditions: resultant efficacy and cytotoxicity[END_REF]. In vitro and in vivo studies have revealed the need for a formulation of this drug. The incorporation of β-lapachone into liposomes could be a way to improve its physico-chemical properties. However, the literature about the interfacial properties of β-lapachone and its miscibility with lipids is nonexistent.

To this day, only two works have reported on β-lapachone encapsulation in liposomes, and they were published by the same group. [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Cavalcanti | Antimicrobial activity of -lapachone encapsulated into liposomes against methicillin-resistant Staphylococcus aureus and Cryptococcus neoformans clinical strains[END_REF] The preferential location of the drug in the vesicles, i.e., in the lipid bilayers or the aqueous core, was not determined by Calvacanti and coworkers. It may be assumed, however, that due to its hydrophobicity, β-lapachone intercalates in between lipid molecules. Moreover, the drug could interact more specifically with one of the three lipids, i.e., phosphatidylcholine (PC), CHOL or SA and change the organization of the lipids in the bilayer. Conversely, lipids organization could influence the extent of β-lapachone insertion in mixed lipid bilayers, and the stability of formed vesicles, as previously reported for poorly soluble drugs [START_REF] Mohammed | Liposome formulation of poorly water-soluble drugs: optimisation of drug loading and ESEM analysis of stability[END_REF][START_REF] Ali | Solubilisation of drugs within liposomal bilayers: alternatives to cholesterol as a membrane stabilising agent[END_REF]. [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF] mentioned in their article that the 1:28 drug/lipid ratio was the highest ratio that allowed obtaining stable vesicles. If β-lapachone is merely encapsulated in the lipid phase of vesicles, this ratio must be related to the maximum solubility of the drug in the lipid mixture.

The interactions of many drugs with lipids have been deciphered thanks to biophysical techniques [START_REF] Azouzi | The potent antimalarial drug cyclosporin A preferentially destabilizes sphingomyelin-rich membranes[END_REF][START_REF] Borissevitch | Interaction of dipyridamole with lipids in mixed Langmuir monolayers[END_REF][START_REF] Bourgaux | Interactions of anticancer drugs with biomembranes: What can we learn from model membranes?[END_REF][START_REF] Jablonowska | Interactions of ibuprofen with Langmuir monolayers of membrane lipids[END_REF][START_REF] Rosilio | How can artificial lipid models mimic the complexity of molecule-membrane interactions?[END_REF] 

Methods

Surface tension measurements

Surface tension measurements were performed by the Wilhelmy plate method using a K11 tensiometer (Krüss, Germany). To maintain a constant level of the liquid, all experiments were performed under vapor pressure. Successive aliquots of β-lapachone in a chloroform/methanol (9:1 v/v) solution were deposited onto the buffer subphase, and the surface tension was measured continuously. The measurements were carried out at a constant temperature (21 ± 1°C) and their accuracy was estimated to 0.1 mN/m.

Surface pressure measurements

Surface pressure-surface area (π-A) measurements of lipid monolayers, in the absence or presence of β-lapachone, were performed using a thermostated Langmuir film trough (775.75 cm 2 , Biolin Scientific, Finland) enclosed in a plexiglas box, protected from light (Figure 2.3).

All experiments were performed at 21 ± 1°C. Prior to monolayer deposition, the buffer subphase was cleaned by suction. Phospholipids and the drug in a chloroform and methanol (9:1 v/v) mixture were spread at the air/buffer interface, and the system was left for 15 min to allow complete evaporation of the organic solvents. Monolayer compression was then performed at 5 Å 2 .molecule -1 .min -1 speed. The compression isotherm obtained (Figure 2.4)

showed different organization state of the monolayers: the gaseous state, the liquid expanded and liquid condensed states and the solid state. Β-lapachone was added to the lipids at 3.5 and 50 mol%. Compression cycles included a first compression of monolayers up to 30 mN/m followed by a full expansion and a second complete compression. Results are mean values of at least 3 measurements. The surface compressional moduli (K) of monolayers were calculated from equation ( 1):

𝐾 = -𝐴 𝑑𝜋 𝑑𝐴 (1) 
where A is the molecular area, and dπ the surface pressure change. Excess free energies of mixing were calculated from equation (2):

∆𝐺 𝑒𝑥𝑐 = ∫ (𝐴 12 𝑒𝑥𝑝 -𝑋 1 𝐴 1 -𝑋 2 𝐴 2 ) 𝜋 0 𝑑𝜋 (2)
with A12 exp -X1A1-X2A2 is the excess molecular area (∆A exc ), and A12 exp the experimental mean molecular area in the mixed monolayer, A1 and A2 the molecular areas of the pure components 1 and 2, and X1 and X2 the molar fractions of the two components in the mixed film [START_REF] Ambike | Interaction of self-assembled squalenoyl gemcitabine nanoparticles with phospholipid-cholesterol monolayers mimicking a biomembrane[END_REF].

Surface potential measurements

Surface potential (V) measurements were performed using a home-made Langmuir trough (217.2 cm 2 surface area) coupled to a SPOT1 instrument (KSV, Finland). Surface potential changes were continuously measured during monolayer compression. Each experiment was performed at least thrice. The standard error was 2 mV. The surface potential ∆V resulted from the contribution of the double-layer potential (0) and the non-Coulomb potential related to the effective dipole moment ⊥ of the molecules [START_REF] Taylor | Developments in the theoretical modelling and experimental measurement of the surface potential of condensed monolayers[END_REF]. However, since all ∆V measurements were performed onto a pure water subphase, the double-layer potential was considered as negligible, and ∆V was proportional to the effective dipole moment, ⊥, thus providing information on molecule orientation at the interface (equation 3):

∆𝑉 = 𝜇 ⊥ 𝐴𝜀 0 𝜀 (3) 
with A, the molecular area,  the apparent relative permittivity of the monolayer, and 0, the permittivity of the free space.

Differential scanning calorimetry (DSC)

DSC measurements were carried out using a DSC Diamond calorimeter (Perkin Elmer) calibrated with lauric acid and cyclohexane. The samples, about 20 mg lipids with 3.5 and 10 mol% β-lapachone, were accurately weighted and dissolved in 500 µL of chloroform. The mixture protected from light was first dried under nitrogen flux for 1 hour at room temperature, then freeze-dried to eliminate all organic solvent residues. HEPES buffer (80 µL) was added to the dried lipid film under heating at 60°C and vortexing. The mixture was then left to hydrate for 24 h. The hydration rate was 80%. Aliquots (10-15 µL) were poured in aluminum capsules, which were hermetically sealed before measurement. Samples were repeatedly cooled/heated at 5°C.min -1 in the [30-65°C] and [-10-30°C] temperature ranges for DPPC, DSPC and POPC, respectively. Enthalpy variations (ΔH) were calculated by integrating the area under transition peaks.

Formation and characterization of multilamellar (MLV) and unilamellar (LUV) vesicles

Vesicles were prepared by a combination of thin film hydration method [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF], tip sonication and extrusion. In brief, β-lapachone (10 mol% of the total mixture) and pure POPC or DPPC were dissolved in a chloroform/methanol (9:1 v/v) mixture. The solvents were evaporated under reduced pressure for 2 h at 45°C yielding a thin phospholipid-βlapachone film. Then, 4 mL milli-Q water were added to the thin film to obtain 5 mM lipid suspension. Lipid vesicles were formed by 5 min heating at 45°C, 5 min vortexing, and 5 min sonication at 45°C. For downsizing, tip sonication was performed in ice bath, using a probe sonicator Vibracell 75041 (750 W, 20 kHz, Bioblock Scientific, Aalst, Belgium) at 20% amplitude, applying 10 sec-on/10 sec-off cycles for 15 min. Then liposomal suspensions were extruded through polycarbonate membranes by means of a mini-extruder (Avanti polar lipids,

Inc.) at 45°C for POPC and 65°C for DPPC: 15 times through 100 nm-membranes for MLVs;

15 times sequentially through 400 nm, 200 nm and 100 nm, for LUVs.

The hydrodynamic diameter and zeta potential (ζ) of vesicles were measured by dynamic light scattering (DLS), and laser doppler electrophoresis, respectively, using a zetasizer Nano ZS90

(Malvern), after dilution of the liposome suspension. Measurements were carried out in triplicate at 21 ±1°C.

Β-lapachone loaded liposomes were purified by two cycles of ultra-centrifugation (45 min, 150,000 g and 4°C) using a Beckman Coulter Optima TM LE-80K (Palo Alto, CA, USA) with a 70.1-Ti rotor. The supernatant containing free β-lapachone was carefully discarded and the pellet containing the liposomes was resuspended in Milli-Q water, to obtain a liposome suspension containing about 10 mM lipid.

Small-angle X-ray Scattering (SAXS)

SAXS measurements were carried out on multilamellar POPC and DPPC vesicles and unilamellar POPC vesicles.

SAXS experiments on multilamellar vesicles (MLVs) were performed Dr Claudie Bourgaux on the BioSAXS beamline BM29 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using the standard automated setup for high throughput solution studies [START_REF] Pernot | Upgraded ESRF BM29 beamline for SAXS on macromolecules in solution[END_REF]. About 40 microliters of samples were injected via an automated sample changer into a quartz capillary (1.8 mm internal diameter). Suspensions were streamed at a constant flow rate through the capillary during beam exposure to avoid possible degradation under X-ray irradiation [START_REF] Round | BioSAXS sample changer: a robotic sample changer for rapid and reliable high-throughput X-ray solution scattering experiments[END_REF]. The whole setup was under vacuum to avoid Xray absorption by air and parasitic scattering. Data were recorded at 12.5 keV in the scattering vector q-range 0.04 < q < 5 nm -1 , using a Pilatus 1M detector. Samples at the concentration of 150 mg/mL were analyzed at 20°C. For each sample 12 frames of 0.3 s were averaged after having checked that they were identical. Water scattering, corresponding to background to be subtracted, was measured before and after each sample. The dedicated beamline software BsxCuBe was used for data collection and data processing was carried out using EDNA software [START_REF] Brennich | Online data analysis at the ESRF BioSAXS beamline BM29[END_REF].

SAXS experiments on unilamellar vesicles (LUVs) were performed on the SWING beamline at the SOLEIL synchrotron (St-Aubin, France) using an automated sample changer. Samples flowed through a quartz capillary (1.5 mm internal diameter) during beam exposure. Data were recorded at 12 keV in the scattering vector q-range 0.04 < q < 3.5 nm -1 , using a bidimensional Eiger detector. For each sample, 200 frames of 0.15 s were recorded at 20°C.

Identical frames were then averaged. Water scattering, measured before and after each sample, was subtracted from the sample scattering. The beamline software Foxtrot was used for data collection and processing. For all of the samples, the scattering intensity was normalized with respect to the incident beam intensity, acquisition time and sample transmission. The scattering intensity I(q) was reported as a function of the scattering vector q = 4  sin  / where 2 is the scattering angle and  the X-ray wavelength ( = 0.0992 nm).

In lamellar phases, the regular stacking of bilayers gives rise to equidistant peaks at q1, 2q1, 3q1… The repeat distance (or d-spacing) can be deduced from the position of the peaks using the Bragg law (equation 4):

d = 2π 𝑞 1 (4) 
Structural information was retrieved from the SAXS patterns using the GAP program (Global Analysis Program) of Pabst that allows a full-q-range analysis of data for multilamellar or unilamellar lipid vesicles. The underlying model has been described in detail [START_REF] Pabst | Structural information from multilamellar liposomes at full hydration: full q-range fitting with high quality x-ray data[END_REF]Pabst et al. 2003) and applied successfully to various phospholipids (see for example [START_REF] Drasler | Fullerene up-take alters bilayer structure and elasticity: A small angle X-ray study[END_REF], Pabst 2003b). Briefly, the scattered intensity is expressed as I= S(q)|F(q)| 2 /q 2 . The form factor, F(q), is given by the Fourier Transform of the electron density profile along the direction normal to the bilayer plane. This profile is modeled by three Gaussians representing the polar head groups and the hydrocarbon chains. The structure factor, S(q), reflects the positional correlations of the bilayers in MLVs, considering their bending fluctuations and the finite size of the lamellar stacks. According to the modified Caillé theory (MCT), bending fluctuations of the bilayers result in characteristic line-shapes of the Bragg peaks and in a rapid decrease in peak amplitudes with increasing diffraction order. The Caillé parameter, , which is a function of the bilayer bending modulus and bulk compression modulus, could be determined from fitting of the Bragg peaks. The lamellar repeat distance (or d-spacing), d, corresponding to the sum of the bilayer and water thicknesses, and the head group-to-head group thickness, dHH, were also obtained. The dHH thickness is the distance between the maxima of the two head group Gaussians, corresponding to PO4 groups that strongly scatter X-rays.

Molecular dynamic (MD) simulations

MD simulations were carried out using four lipid bilayer compositions, namely POPC, DOPC, CHOL:POPC (1:3) and CHOL:DOPC (1:3). Each membrane contained 128 molecules (i.e., 38 molecules of CHOL in the mixtures). An 888 nm box was created which included the bilayer, explicit water molecules and ions (Na + and Cl -) at physiological concentration (0.9%).

The periodic boundary conditions were applied in all directions. The z-axis was defined by the normal vector to membrane surface.

The Gromos43A1-s3 force field was used for the lipids and β-lapachone. Atomic charges of β-lapachone were derived from the Restrained fit of Electrostatic Potential (RESP) calculated at the DFT B3LYP/aug-cc-pVTZ level of theory. The explicit SPC (single point charge) water model was used for water molecules surrounding the membrane. All MD simulations were performed using the GROMACS package, version 5.0.4. The DFT calculations were performed by the Gaussian09 software.

Each membrane model was prior equilibrated without β-lapachone. Β-lapachone was then positioned inside or outside the lipid bilayers. For each membrane, 1, 2, 3 and 4 molecules of β-lapachone per leaflet were successively included in the membrane models, corresponding to 1.5, 3, 4.7, 6.3 mol%, respectively. The MD simulations were 600 ns long each. They were carried out in the NPT ensemble. The temperature was regulated by the Nose-Hoover thermostat at 293 K (0.5 ps coupling constant), the pressure was kept constant semiisotropically at 1 atm by the Parinello-Rahman barostat (5.0 ps coupling constant and 4.5 x 10 -5 compressibility). The cutoff for short-range van der Waals and Coulomb interactions was set to 1.0 nm. Long range electrostatic interactions were calculated with the particle mesh Ewald (PME) algorithm. All analyses were performed over the last 400 ns of each simulation to ensure sampling over the well-equilibrated system.

Results and discussion

Our objective was to analyze the interfacial behavior of β-lapachone and its ability to mix with the most often used lipids in liposome formulation. Beyond the better understanding of the interaction of this drug with the three-lipid mixture of Cavalcanti et al. in the absence and presence of cyclodextrins, we wanted to select the best lipid components for further encapsulation studies. In this chapter, only the interaction of β-lapachone with lipids was considered.

Impact of β-lapachone on interfaces

Interfacial behavior of pure β-lapachone

Amphiphilic or poorly soluble compounds are prone to exhibit intrinsic interfacial behavior, and form monolayers at air/water interface [START_REF] Desroches | Incorporation of glycoconjugated porphyrin derivatives into phospholipid monolayers: A screening method for the evaluation of their interaction with a cell membrane[END_REF][START_REF] Henni-Silhadi | Enhancement of the solubility and efficacy of poorly water-soluble drugs by hydrophobicallymodified polysaccharide derivatives[END_REF]).

However, Christopher Thorne in his Pharm.D. thesis [START_REF] Thorne | Developpement d'une formulation liposomale pour l'administration d'une substance médicamenteuse difficilement formulable[END_REF] showed that β-lapachone did not decrease the surface tension at air/water or air/buffer interfaces. The successive deposition of aliquots of a 1 mg/mL β-lapachone solution at the air-water or air/buffer interface initially led to a transient reduction of the surface tension, systematically followed by a gradual return to the initial value before the next deposit (Figure 2.5). It was not possible to obtain a β-lapachone monolayer neither by spreading, nor by adsorption from the subphase, even when increasing the concentration in salts. It was only when the subphase was saturated with β-lapachone prior to β-lapachone solution deposition, that a decrease in the surface tension (about -12 mN/m) could finally be monitored. No further reduction was observed even when more β-lapachone was spread at the interface. Also, we could not record a compression isotherm after deposition of a pure β-lapachone solution at the surface of a Langmuir trough, and compression of the surface. These experiments demonstrated that βlapachone is not a surfactant. This is not a unique case : A number of studies showed that some purely hydrophobic compounds or amphiphilic ones were unable to form monolayers at air-water interface, including griseofulvin [START_REF] Corvis | Interactions of a fungistic antibiotic, griseofulvin, with phospholipid monolayers used as models of biological membranes[END_REF], benzophenone [START_REF] Henni-Silhadi | Enhancement of the solubility and efficacy of poorly water-soluble drugs by hydrophobicallymodified polysaccharide derivatives[END_REF], trans-dehydrocrotonin [START_REF] Filho | Thermodynamic investigation of mixed monolayers of trans-dehydrocrotonin and phospholipids[END_REF], curcumin [START_REF] Karewicz | Interaction of curcumin with lipid monolayers and liposomal bilayers[END_REF], paclitaxel [START_REF] Zhao | Effects of lipid chain length on molecular interactions between paclitaxel and phopsholipid within model biomembranes[END_REF][START_REF] Zhao | Effects of cholesterol component on molecular interactions between paclitaxel and phospholipid within the lipid monolayer at the air-water interface[END_REF], resveratrol [START_REF] Sarpietro | Effect of resveratrolrelated stilbenoids on biomembrane models[END_REF]), or 7-ethyl-10-hydroxy-campthothecin [START_REF] Casado | Langmuir monolayers and differential scanning calorimetry for the study of the interactions between campthothecin drugs and biomembrane models[END_REF]).

However, the same studies also showed that even if these hydrophobic/amphiphilic compounds did not exhibit any surface properties, they affected phospholipid monolayers, altering their π-A profiles. For example, [START_REF] Sarpietro | Effect of resveratrolrelated stilbenoids on biomembrane models[END_REF] described two poorly surfaceactive resveratrol derivatives that were able to enlarge the molecular area of DMPC in mixed monolayers, at all surface pressures and almost all molar fractions. So even if these compounds did not display interfacial properties on their own, they could be retained at the interface when mixed with lipids. 

Interfacial behavior of the studied lipids and their mixtures

The composition of a bilayer may have an impact on a drug insertion, and a drug release. This is true for a pure phospholipid depending on its unsaturation rate, but also for mixtures of lipids of different nature, like a phosphatidylcholine, cholesterol and stearylamine. Depending on the packing parameter of these molecules [START_REF] Israelachvili | Intermolecular and surface forces[END_REF], their concentration in the mixture and their mutual affinity, the organization and structure of the bilayer may vary. At the level of a monolayer, the affinity and geometric constrains may affect the miscibility of the molecules and the thermodynamic stability of their mixture. This, in turn, may influence the incorporation of the drug. Thus, prior to the study of lipid-β-lapachone mixtures, we studied the miscibility of the three film-forming components, depending on the unsaturation rate of the phosphatidylcholine.

The addition of CHOL to all phospholipids led to the expected reduction of the molecular area at collapse and to an increase in the compressibility moduli of the phospholipid monolayers, which were partially counter-balanced by SA (except Kmax for POPC) (Table 2.1). However, all ternary mixtures exhibited more condensed and organized monolayers than the pure phospholipids. The excess free energies of mixing (∆G exc ) were calculated using equation 2, at various surface pressures for the phospholipid-CHOL-SA mixtures (Table 2.2).

The sign of the excess free energy of mixing gives an indication of the quality of a mixture.

When it is negative, interactions between components are favorable, whereas when it is positive, interactions are unfavorable. They were all negative for POPC and DOPC, accounting for the good miscibility of these phospholipids with CHOL and SA, especially 

Interfacial behavior of β-lapachone in mixture with lipids

We investigated the interaction of β-lapachone (at both 3. The results in Tables 2.3, 2.4. and 2.5 confirm the π-A isotherm profiles in Figure 2.6 and show that in the presence of 3.5 or 50 mol% β-lapachone, no significant change was observed in the characteristic values (surface pressure πc and molecular area Ac at collapse, onset and mean molecular areas) of the lipid π-A isotherms, irrespective of the lipid system. Molecular areas at collapse were reduced almost proportionally to the amount of lipid spread at the interface, compared to the pure lipid monolayers, as if no β-lapachone was present at the interface.

For DLOPC, however, the monolayer appeared more condensed and more expanded in the presence of 3.5 mol% and 50 mol% β-lapachone, respectively (Tables 2.3 and 2.5).

The maximal compressibility modulus Kmax values slightly decreased in the presence of 3.5 mol% β-lapachone for the unsaturated DOPC and DLOPC (Table 2.3), and they slightly increased for the hybrid POPC, suggesting a different interaction of β-lapachone with saturated and unsaturated chains. The decrease or increase in K values may seem insignificant and they certainly are. However, they were observed systematically when the experiments were repeated. For this reason, we believe that they indicate a tendency of β-lapachone to either rigidity or desorganize lipid monolayers. At 50 mol% β-lapachone, Kmax values increased for all phospholipids (Table 2.5), reflecting more rigid phospholipid monolayers in the presence of an excess of β-lapachone. For DPPC and DSPC monolayers spread at the airwater interface, surface potential values were also recorded (Table 2.5). We observed in both cases that the ΔV values were increased in the presence of β-lapachone, accounting for a more vertical orientation of the lipid molecules relative to the plane of the interface. This reorientation of molecules towards the perpendicular with respect to the interface in the presence of β-lapachone goes well with the increase in compressibility moduli observed in π-A isotherms.

Table 2.5 also shows that contrarily to phospholipids, pure cholesterol and stearylamine monolayers were disorganized by β-lapachone. The effect of the drug was, however, only studied at high concentration. For cholesterol this disorganization was also reflected by the decrease in the maximal surface potential value (Table 2.5). For stearylamine, the value of the surface potential is dependent of the orientation of the molecules (dipole moment) but also of the contribution of the positive charge of the molecules. It is therefore difficult to use it for confirming the K values. Interestingly, β-lapachone lowered the compressibility modulus of all bi-and three-lipid monolayers containing either cholesterol or cholesterol and stearylamine (Table 2.4). So, the disorganizing effect of β-lapachone on pure cholesterol and stearylamine monolayers observed with 50% β-lapachone, had an impact on the bi-and threelipid monolayers formed with only 3.5 mol% of drug. We checked that the change from water to buffer was without consequence on the charge of βlapachone (pKa = -4.9) and phosphatidylcholines. 2.5. Main characteristics of the π-A isotherms of pure lipids, and phospholipid-CHOL (7:3) and phospholipid-CHOL-SA (7:2:1) mixtures, spread with 50 mol% β-lapachone onto HEPES buffer or water at 21°C ± 1°C. Ac: molecular area at collapse; πc: surface pressure at collapse; Kmax: maximal compressibility modulus. We checked that the change from water to buffer was without consequence on the charge of β-lapachone (pKa = -4.9) and phosphatidylcholines.

Film forming components

The results of the surface pressure experiments, although they gave an indication of the possible presence of β-lapachone at the interface did not provide clear evidence of the presence of the drug in the lipid monolayers. The fact that even at 50 mol%, the drug did not modify the molecular area and the surface pressure at collapse, but at the same time was able to induce some significant changes in surface potential and compressibility modulus values for at least DPPC, DSPC and cholesterol, and to a lower extent for the unsaturated phospholipids, was unexpected. Additional experiments were therefore necessary to better understand the data obtained from these first experiments.

To better characterize the impact of β-lapachone on the rheological properties of the lipid monolayers, compression cycles were performed. We compared DLOPC, DOPC, POPC and DSPC, four lipids with similar acyl chain length, but different unsaturation rate, mixed with CHOL and SA, and spread with or without 3.5 mol% β-lapachone (Figure 2 In summary, β-lapachone did not significantly change the surface pressures and surface areas of lipid monolayers, but had a noticeable impact on their compressibility moduli, surface potential, and compression cycles. This suggests that β-lapachone partitions into the monolayers, more likely close to the lipid head group region and not deeply buried in between lipid tails.

If one considers the liposomes described by [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Thorne | Developpement d'une formulation liposomale pour l'administration d'une substance médicamenteuse difficilement formulable[END_REF], our study shows that the DLOPC-CHOL-SA mixture is not controlled by favorable interactions. Moreover, the mixed monolayer is disorganized by β-lapachone, at low and high concentrations. We have also observed a certain instability of pure DLOPC at the air-water interface, even when experiments were performed in the dark. The POPC-CHOL-SA monolayer was more stable, but it was also disorganized by β-lapachone. This could compromise the long-term stability of vesicles prepared with PC, CHOL and SA.

Study of the interactions between β-lapachone and lipids in lipid bilayers by differential scanning calorimetry

To better understand the interaction between β-lapachone and lipid bilayers, we evaluated the thermal properties of the phospholipid bilayers by DSC. Only DPPC, DSPC and POPC were studied, because their gel-to-liquid phase transition temperatures were in an accessible temperature range (41 and -2°C, respectively). The phospholipid-CHOL-SA mixtures with βlapachone could not be analyzed, as SA strongly alters the thermal behavior of hydrated phospholipids [START_REF] Sakai | Characterizing the structural transition of cationic DPPC liposomes from the approach of TEM, SAXS and AFM measurements[END_REF] 2.6). In the presence of 3.5 mol% β-lapachone, the pre-transition vanished while for the main transition peak, Tm and ΔH slightly decreased and the peak was slightly broadened (Table 2.6). This confirmed that β-lapachone interacts with the DPPC lipids, most likely in the upper part of the phospholipids, in close contact with the phosphate groups. Similar observation was made for the DSPC-β-lapachone mixtures. The thermograms of the POPC bilayers (onset Tm = -4.48°C and ∆H = 5.12 kJ.mol -1 ) also agreed with the literature [START_REF] Koynova | Phases and phase transitions of the phosphatidylcholine[END_REF]). When 3.5 mol% β-lapachone was added, Tm and ∆H were significantly and slightly lowered, respectively. The endotherm was split into two peaks (Figure 2.9 B and Table 2.6), one overlapping the transition peak of pure POPC, the other one ranging at lower temperatures. This suggested the coexistence of two populations in the bilayer, namely β-lapachone-poor and β-lapachone-enriched POPC nanodomains. The decrease in ∆H in the presence of 3.5 mol% β-lapachone was higher for POPC (~12.5%) than for DPPC (~5.5%), suggesting a stronger interaction of β-lapachone with POPC, possibly due to a deeper penetration in the bilayer.

The DPPC and POPC thermograms (Tm and ∆H) were not further modified upon increasing the amount of β-lapachone from 3.5 to 10 mol%, suggesting a limit of β-lapachone solubilization in the bilayers at 3.5 mol%, in agreement with the maximum encapsulation rate of β-lapachone measured in POPC liposomes, as previously mentioned. High diffusibility of β-lapachone was highlighted by high standard deviation as well as two βlapachone flip-flop events which occurred within the 600 ns of the MD simulations (400 ns + 200 ns for equilibration). Although not tightly anchored in a preferred position, the keto groups are, in average, oriented towards membrane surface to maximize H-bonding with the polar head groups. The analysis of the molecule orientation showed that the longest axis of βlapachone was perpendicular to the z-axis, with greater fluctuations in POPC than in DOPC membrane (Figure 2.11). At high concentration (i.e., up to four molecules per leaflet), the depth of penetration was almost not affected, however, the orientation was more constrained (less fluctuations). The presence of CHOL slightly pulled β-lapachone towards the polar head groups (Table 2.7). This is consistent with the structuring effect of CHOL in membranes;

namely, the better packing of CHOL with lipid chains reduces free volume, which drives βlapachone in closer contact to the polar head groups with an increase of H-bonding interactions with the keto groups of β-lapachone. 

Structural impact of β-lapachone on lipid bilayers

The impact of β-lapachone on the structural properties of the membrane was analyzed from the data obtained by MD simulations. As expected, CHOL decreases area per lipid and conversely increases thickness of the different membranes (Table 2.8). Β-lapachone (using up to four molecules per leaflet) generally tends to exhibit either the reverse effect -namely slight increase of area per lipid and decrease of thickness -or has no effect (Table 2.8). If any, the effect remains very weak due to the small molar fraction of β-lapachone.

CHOL increases lipid order parameters for the two acyl chains of both POPC and DOPCbased membranes (Figure 2.12), which is consistent with its structuring effect. In the absence of CHOL, no significant effects attributed to β-lapachone are observed on the order parameter.

Conversely, in CHOL-containing membranes, β-lapachone decreases the order parameter values. In DOPC, its effect is greater at the second half of the lipid chain (i.e., below unsaturation, see Figure 2.12 A,B). In POPC, its effect is clearer on the sn1 chain, whereas almost no effect is observed on sn2 (Figure 2.12 C,D).

This noticeable observation reflects a destructuring effect assigned to β-lapachone, which counterbalances the structuring effect of CHOL, as seen in surface pressure measurements.

This again agrees with the presence of β-lapachone in contact with the polar head group region. The scattering pattern of LUVs yields directly the form factor of the bilayer, reflecting the electron density profile along the axis perpendicular to the membrane plane. Owing to the large electron density contrast between the head groups, on one hand, and the hydrocarbon chains and aqueous medium, on the other hand, an accurate value for the head group-to-head group thickness, dHH, can be retrieved from the electron density profile. Possible changes in membrane thickness in the presence of a host molecule could therefore be highlighted. The electron density profile can also be determined from the scattering patterns of MLVs using the GAP program.

Owing to the higher lipid concentration in MLV samples the signal-to-noise ratio of the MLV patterns is improved.

The MLV SAXS curves provide additional information. Indeed, the balance of attractive and repulsive forces between two bilayers results in a well-defined thickness of the water layer.

The d-spacing should therefore be very sensitive to any change in interactions between bilayers arising from the presence of a drug. Likewise, the shape of the Bragg peaks is expected to be sensitive to changes in membrane properties, through modification of the Caillé parameter.

As shown in Figure 2.13, the SAXS patterns of POPC LUVs and MLVs were unchanged in the presence of 3.5 mol% of β-lapachone. Both the LUV and MLV patterns were fitted using the GAP program. The fits are superimposed on the experimental curves and the corresponding electron density profiles are displayed. The head group-to-head group thickness, dHH, the half width at half maximum of the Gaussians representing the head groups, h, and the half width at half maximum of the Gaussian representing the hydrocarbon chains, c, provided by the fit of LUV or MLV profiles were in good agreement (Table 2.9).

From the fit of MLV curves we also obtained the d-spacing, d = 6.45 nm, and the Caillé parameter,  = 0.065. The area per lipid, A, could be derived from these data. It was calculated as A = (VL-VH)/dc where VL is the POPC molecular volume (1.26 nm 3 ), VH = 0.319 nm 3 the volume of the phosphatidylcholine head group, and dc is the hydrocarbon chain length; dc was defined as dc = dHH/2 -dH1 where dH1 is the distance from the PO4 group to the boundary between the polar and the lipophilic regions of the bilayer (dH1 = 0.41 nm). The value of the area per lipid, A = 62.7 Å 2 , and those of the other structural parameters agree with values reported in the literature for POPC [START_REF] Kucerka | Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a function of temperature[END_REF][START_REF] Heftberger | Global small-angle X-ray scattering data analysis for multilamellar vesicles: the evolution of the scattering density profile model[END_REF][START_REF] Drasler | Fullerene up-take alters bilayer structure and elasticity: A small angle X-ray study[END_REF]Fogarti et al. 2015;[START_REF] Eicher | Joint small-angle Xray and neutron scattering data analysis of asymmetric lipid vesicles[END_REF]. The area per lipid deduced from SAXS data is close to the molecular area determined by surface pressure-surface area measurements on POPC monolayers, in the absence or presence of β-lapachone: 60 Å 2 at a surface pressure of 44 mN/m (collapse) and 66 Å 2 at 35 mN/m. The experimental values of A and dHH agree with the results of the molecular dynamic simulations (i.e., the constant thickness and molecular areas upon addition of β-lapachone). Similar results were reported on ketamine interacting with POPC [START_REF] Jerabek | Membrane-mediated effect on ion channels induced by the anestheric drug ketamine[END_REF], suggesting a similar position to that we propose here for β-lapachone.

We have further ascertained that β-lapachone was able to insert within phospholipid in a gel 2.3.5. Partitioning of β-lapachone in saturated-chain nanoclusters [START_REF] Huynh | Structural properties of POPC monolayers under lateral compression: Computer simulations analysis[END_REF][START_REF] Huynh | Comment on 'Structural Properties of POPC monolayers under lateral compression: Computer simulation analysis[END_REF] showed evidence, both experimentally and theoretically, of dynamic nanoclusters of acyl chains in POPC monolayers. The existence of these nanoclusters of palmitoyl (sn-1) or oleoyl (sn-2) chains was confirmed here in the MD simulations.

The lateral diffusion coefficients of the lipids were calculated over the simulation time (Table 2.10), and they were in the same order of magnitude than the experimental values. This confirmed a sufficient sampling, permitting local re-organization of lipids in the bilayer and the observation of these dynamic nano-clusters within the timescale of MD simulations. This supramolecular arrangement allows similar chains to transiently pack with each other, namely segregation of palmitoyl chains on, one hand, and oleoyl chains, on the other hand.

The diffusion coefficient of β-lapachone was also in the same range than for lipids, allowing its diffusion within the bilayer to segregate in a given nano-cluster. Indeed, the radial distribution function (RDF), also denoted g(r), clearly showed that β-lapachone preferentially partitioned in the sn-1 chain clusters in POPC bilayers and to a less but still significant extent in POPC-CHOL bilayers (Figure 2.15 A). This can also be seen on one snapshot depicting the density mapping of these nano-clusters and the location of β-lapachone (Figure 2.15 B-E). In other words, in bilayers made of a hybrid phospholipid, β-lapachone appeared prone to interact more with the saturated than with the unsaturated chains, inducing a rigidifying effect on partially or fully saturated phospholipid monolayers. 

Conclusion

Experimental and molecular dynamic simulation approaches yielded a consistent picture of the behavior of β-lapachone in lipid monolayers and bilayers. Β-lapachone exhibits a peculiar interfacial membrane behavior. Namely, it does not induce any change in surface pressure and molecular area of lipid monolayers when mixed with the lipids, whereas a thorough analysis of the compression moduli and compression cycles of monolayers reveals its presence in monolayers. Β-lapachone increases the rigidity of membranes formed with saturated phospholipids, while tending to lower that of unsaturated phospholipid membranes. It also strongly interacts with CHOL and SA as inferred from monolayer experiments. The ability of β-lapachone to mix with the lipids is confirmed by DSC measurements which suggest that βlapachone inserts in the upper part of the bilayers, in close contact with the polar head groups, and disorganizes more the phospholipid containing one unsaturated chain (POPC) than the one with both chains saturated (DPPC). Its maximum solubility is close to 3.5 mol%, which is consistent with β-lapachone quantification in liposomes. X-ray scattering indicates that βlapachone modifies neither the structure of the bilayers nor the interaction between them. Its position within bilayers is similar to that of CHOL, which may reflect a competition between the two molecules. This is supported by MD simulations revealing that β-lapachone, lying between the lipid chain unsaturation and the phosphate groups, is preferentially positioned in contact with the polar head groups. In hybrid phospholipid (POPC) monolayers, β-lapachone preferentially partitions in nano-clusters made of the saturated chains.

All these observations suggest that in liposome formulations, the maximal loading rate of βlapachone in vesicles would be low, and that the drug would insert in a location close to the liposome surface. Furthermore, when the bilayers display a complex composition such as phospholipid-CHOL-SA, β-lapachone could be moved further towards vesicle surface and could contribute to liposome destabilization. The use of phospholipid liposomes as βlapachone carriers may be therefore considered with care.

CHAPTER 3: Formulation and characterization of liposomes of betalapachone and beta-lapachone-cyclodextrin complexes for prostate cancer therapy

characterization of these systems, and (iv) the evaluation of β-lapachone efficacy in vitro on prostate epithelial (PNT2) and cancer (PC-3) cells.

Prostate cancer is the second most common cancer and the fifth cause of cancer-related mortality in men. There are over 180,000 new cases per year [START_REF] Siegel | Cancer statistics[END_REF]). However, this cancer is treatable if diagnosed in the early stages. Indeed, local therapies such as radical prostatectomy and target radiation therapy are effective, leading to favorable clinical outcomes [START_REF] Almeida | Local treatment of metastatic prostate cancer: what is the evidence so far?[END_REF]. When metastatic disease develops, patients are initially treated with androgen deprivation therapy. Although response rates to this therapy are as high as 80%, a resistance mechanism may appear, allowing the tumor to grow in a low testosterone environment. Β-lapachone has shown in vitro on cells and in vivo on mice a synergistic effect with radiation for treating colon and prostate cancers [START_REF] Kim | Synergistic effect of ionizing radiation and beta-lapachone against EKO human colon Adenocarcinoma cells[END_REF][START_REF] Suzuki | Synergistic effect of radiation and beta-lapachone in Du-145 human prostate cancer cells[END_REF][START_REF] Ahn | Enhancement of radiation effect using beta-lapachone and underlying mechanism[END_REF]. Additionally, this drug exhibited promising selective activity and good efficiency against prostate cancer. Indeed, β-lapachone is activated by the NAD(P)H:quinone oxidoreductase (NQO1), a multifunctional antioxydant enzyme predominately located in the cytoplasm. Its activity is a key determinant for β-lapachone-mediated apoptosis and cytotoxicity in prostate cancer cells, and its expression can be stimulated by β-lapachone [START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF][START_REF] Kumi-Diaka | Chemosensitivity of human prostate cancer cells PC3 and LNCaP to genistein isoflavone and -lapachone[END_REF][START_REF] Lee | Down-regulation of cyclooxygenase-2 and tlomerase activity by β-lapachoneachone in human prostate carcinoma cells[END_REF][START_REF] Blanco | -containing PEG-PLA polymer micelles as novel nanotherapeutics against NQO1-overexpressing tumor cells[END_REF]. 

Materials and methods
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3.2.2. Methods

Liposome preparation and characterization

Liposomes were prepared by the thin film hydration method [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF]. Βlapachone (10 mol% of the total mixture amount) and the lipids (pure POPC or POPC-CHOL-SA 7:2:1 molar ratio) were dissolved in a mixture of chloroform and methanol (9:1 v/v). The solvents were evaporated under reduced pressure for 2 h at 45°C yielding a thin lipid-βlapachone film. Then 1 mL buffer, containing or not the cyclodextrins, was added to the thin film to obtain 4 to 10 mM lipid suspension.

Extruded lipid vesicles were prepared by submitted the lipid-β-lapachone suspension to 5 min heating at 45°C, 5 min vortexing, and 5 min sonication at 40°C. For downsizing, vesicles were extruded 21 times through a 200 nm pore-sized polycarbonate membrane by means of a mini-extruder (Avanti Polar Lipids, Inc.) at room temperature. Vesicles were also obtained by tip sonication in ice bath, using a probe sonicator Vibracell 75041 (750 W, 20 kHz, Bioblock Scientific, Aalst, Belgium) at 20% amplitude. A series of 10 sec-on/5 sec-off cycles were applied for 30 min. All obtained β-lapachone-loaded vesicle suspensions were stored at 4°C, in darkness.

The hydrodynamic diameter and zeta potential (ζ) of the obtained vesicles were measured by dynamic light scattering (DLS), and laser doppler electrophoresis, respectively, using a zetasizer Nano ZS90 (Malvern), after dilution of the liposome suspension. Measurements were carried out in triplicate at 21 ±1°C.

The morphology of the vesicles was analyzed by cryogenic transmission electron microscopy (cryo-TEM) using a JEOL 2200FS (JEOL USA, Inc., Peabody, MA, U.S.A.) equipped with a Gatan Ultrascan 2K camera (Gatan, Evry, France). Experiments were conducted with the assistance of Dr Sylvain Trépout (Curie Institute, Orsay). Samples were diluted to 1 mg/mL in 1 mM NaCl solution and 5 µL of the suspensions were deposited onto a perforated carboncoated, copper grid (TedPella, Inc.). After removal of the excess liquid with a filter paper, the grid was quickly frozen in a liquid ethane bath at -180°C and mounted on the cryo holder for microscopic analysis.

Formation of β-lapachone:cyclodextrin inclusion complexes

Based on the study by [START_REF] Xavier-Junior | Supramolecular interactions between -lapachone with cyclodextrins studied using isothermal titration calorimetry and molecular modeling[END_REF], [β-lapachone-CD] inclusion complexes were prepared using hydroxyl propyl (HP)-β-CD and sulfobutylether (SBE)-β-CD in a 1:8 and 1:4 β-lapachone:CD molar ratio, respectively. The β-lapachone solution in methanol went through a 30 min nitrogen purging and was freeze-dried to form a thin film. This film was then hydrated with 2.5 mL of aqueous CD solution. The obtained dispersion was sonicated for 30 min, and then submitted to 16 h magnetic stirring at 1.5 g, at 25 ± 1°C. The obtained [βlapachone:CD] solution was then filtered through a 0.22 μm membrane filter (Millipore) to remove the non-solubilized drug. The samples were freeze-dried prior to β-lapachone assay and characterization of the inclusion complexes.

Characterization of β-lapachone:CD complexes by Nuclear Magnetic

Resonance spectroscopy (NMR 2D ROESY)

Proton nuclear magnetic resonance ( 1 H-NMR) chemical shifts (δ) and 2D ROESY (rotating frame nuclear Overhauser effect spectroscopy) experiments were performed under the supervision of Rémi Franco using a Bruker Avance 400 MHz NMR spectrometer with probe:

direct BreadBand BB/Fluor-Proton (BBFO 400 5mm) with Z gradient operating at 300 K. For 

Β-lapachone assay

Β-lapachone assay was performed by high-performance liquid chromatography and UVvisible spectroscopy using similar setting and conditions to those of Cunha- [START_REF] Cunha-Filho | Dissolution rate enhancement of the novel antitumoral -lapachone by solvent precipitation of microparticles[END_REF]. HPLC measurements were performed in the laboratory of Analytical Chemistry of the Faculty of Pharmacy (LipSys 2 ) under the supervision of Dr A. Kasselouri. We used a HPLC system equipped with a SHIMADZU LC-10AS pump, a Kontron 465 auto sampler and a Kontron HPLC 335 UV detector. Data acquisition were carried out using the Chroma system 2000 software. The analytical column was a Kromasil C18 column (150 × 4.6 × 5 µm) purchased from Supel Co Inc. UV-visible detection was set at the 256 nm wavelength.

Chromatographic analysis was performed on 20 µL of sample solutions in methanol with a methanol/water (65-35%) mobile phase at the constant flow rate of 1 mL/min at 21°C. The quantitative determination of β-lapachone by UV-visible spectroscopy was carried out using a CARY 300 Bio UV-Visible spectrophotometer (Varian, USA). Standard calibration curves were obtained with β-lapachone concentrations ranging from 5 × 10 -6 to 3.5 × 10 -5 M in a mixture of methanol and buffer.

Determination of the loading efficiency of liposomes and cyclodextrins

The freeze-dried [β-lapachone:CD] complexes were accurately weighed and dissolved in methanol before β-lapachone assay.

The effective loading efficiency of β-lapachone-containing liposomes was determined after centrifugation of the vesicle suspensions at 100,000 g, at 4°C for 1 h to remove the unentrapped drug and collect β-lapachone-loaded liposomes. The liposomal pellet was disrupted by a HEPES buffer/methanol/THF (0.2:0.8:1 v/v/v) solution for liposomes without CDs, and by HEPES buffer/methanol (1:25 v:v) for liposomes containing CDs. Indeed, THF appeared incompatible with CDs: A white precipitate was observed, and the absorbance of the × 100 (7)

Lipid assay

POPC was quantified using the phosphorus quantitative method described by Chen et al.

( 1956). The determination of total phosphorus (TP) in aqueous samples is based on the digestion of the sample and conversion of phosphorus compounds into orthophosphate, which can then be quantified by spectrophotometry. In a typical procedure for digestion, 0.45 mL of the 1:3 v:v H2SO4:water solution is added to the glass tubes containing 10 or 5 µL of the aqueous samples and various quantities of phosphorus standard (0 µmoles (0 µl) blank, 0.0325 µmole (50 µl), 0.065 µmole (100 µl), 0.114 µmole (175 µl), 0.163 µmole (250 µl), and 0.228 µmole (350 µl)). These tubes are placed in an aluminum block in the hood at 200-215°C for 25 minutes. Then 150 µL of H2O2 are added, and the solution is heated for an additional 30 minutes. After digestion, 3.9 mL deionized water, 0.5 mL of a 2.5% ammonium molybdate (VI) tetrahydrate solution and 0.5mL of 10% ascorbic acid solution are added sequentially to the cooled digested solution and mixed thoroughly. The characteristic blue color fully develops within 7 min at 100°C. The absorbance of the formed compound is measured at 820 nm against the blank. The phosphorus concentration of samples was calculated according to the calibration curve generated using the phosphorus standard. All reagents were provided by Sigma.

Fluorescence measurements

Fluorescence measurements on β-lapachone solutions were carried out using a Perkin Elmer luminescence spectrometer LS 500B coupled to the logic FL WinLab version 4.00.02. The fluorescence signal was measured after excitation at two different wavelengths (330 nm or 428 nm). The excitation wavelengths were deduced from the absorption spectrum of βlapachone. The excitation slots were set at 4-10 nm. The excitation and fluorescence emission spectra were recorded after scanning wavelengths in the range 350-600 or 450-700 nm depending on the excitation wavelength.

Cell culture

The prostate adenocarcinoma cells PC-3, derived from metastatic bone, were purchased from ATCC® CRL-1435™. Normal human prostate epithelium cells immortalized with SV40 (PTN2), were purchased from Sigma-Aldrich. Fibroblast from mouse embryo (NIH 3T3)

were obtained from ATCC® CRL-1658™.

PNT2 et PC3 cells were cultured in RPMI 1640 medium (Sigma-Aldrich) and NIH 3T3 in DMEM (Dulbecco's Modified Eagle Medium, Sigma-Aldrich). Both media were supplemented with 10% fetal bovine serum (Gibco ® by Life Technologies TM ) and 0.5% penicillin-streptomycin (Sigma-Aldrich) in humidified atmosphere containing 5% CO2 at 37°C.

Quantification of NQO1 expression in prostate cells

Western blot analysis of NQO1 expression was performed as reported elsewhere with some modifications. About 2 million cells par line were treated with 100 µL of a mixture of RIPA buffer and protease inhibitor cocktail (9:1 v:v). After 30 minutes incubation in ice (vortexing every 10 min), non-soluble materials were eliminated by centrifugation (5000 g, 5 min).

Aliquots of soluble fractions containing 30 μg of total proteins (quantified by bicinchoninic acid assay, Thermo Scientific) were combined with Laemmli-2-mercaptoethanol (95:5 v:v) sample buffer (1:1 v:v), heated at 80 °C for 10 min, before electrophoresis on Mini-PROTEAN® TGX™ gels at 180 V for 45 min and electro-transfer onto PVDF membrane at 100 V for 45min. The membrane was blocked in 5% skim milk in Tris buffered saline-Tween-20 (TBS-Tween) (100 mM Tris buffer saline, 900 mM water, 0.1% Tween-20) for 1 hour at room temperature with agitation, incubated with the anti-NQO1 antibody (1:200 dilution) in blocking buffer (TBS-Tween milk-5%) overnight at 4°C. Blot was rinsed in TBS-T(1h incubation with replacement of the TBS-Tween buffer by fresh one each 10 min) and then incubated with the secondary antibody (2 h, room temperature, Goat anti mouse IgG, 1:2000 dilution in blocking buffer), followed by rinsing. Bands were visualized with enhanced chemiluminescence (ECL) substrate and then imaged using MFChemiBIS 3.2 (DNR Bio-Imaging Systems Ltd., Jerusalem, Israel). Molecular weight of NQO1 bands was determined by comparison to the Euromedex protein ladder plus prestained (France). The content of soluble NQO1 assemblies was quantified by measuring the intensity of the chemiluminescent bands using GelCapture Software. All samples were analyzed in triplicate. In Tables 3.1 and 3.2, sample A is the full liposomal suspension finally obtained in the roundbottom flask. To obtain sample B, this liposomal suspension was centrifuged, yielding a pellet and a supernatant. The pellet contained the vesicles, and the supernatant contained the free βlapachone (i.e., the β-lapachone that was not encapsulated in the liposomes). Sample B corresponds to the addition of these two fractions (pellet and supernatant), and that of the βlapachone possibly remaining in the round bottle flask after collection of the suspension.

Cytotoxicity tests

The liposomal suspension (A), and the pellet and flask fractions (in B) were assayed by the two methods. Β-lapachone in the supernatant (in A and B) was only assayed by UV spectroscopy, because non-encapsulated β-lapachone could be easily dissolved in methanol and quantified by UV-Visible spectroscopy.

Theoretically, the concentration of β-lapachone should be the same in A and B. This was true when we used UV-Visible spectroscopy: The total β-lapachone recovered in B was 66.62 % and 71.03 % for POPC and POPC-CHOL-SA, respectively, and was similar to that measured in A: (66.97% or 69.40%, respectively). Conversely, when HPLC was used, much lower concentrations were measured in the liposomal suspension and the pellet, and there was thus no correlation between β-lapachone amounts found in B (46.94 % and 37.25 %, respectively)

and A (11.10 % and 9.65 %, respectively). This problem persisted even after varying the solvents in which the liposome pellet was dissolved, like Triton X-100 (10% solution), chloroform, methanol, ethanol, and also after adding a pre-column to separate the phospholipids before the sample reached the column. To this day, we have found no clear explanation nor solution to this problem. We guess that the HPLC column retained most of the β-lapachone mixed with the phospholipids by hydrophobic interaction, and that, therefore, only a small fraction of β-lapachone could be detected. We could not try another column neither another HPLC system due to limitation in laboratory equipment and in time. Thus, we chose to use UV-visible spectroscopy for βlapachone assay. 

Fluorescence spectroscopy analysis

The fluorescence properties of β-lapachone are often mentioned without much information about them. We thought that it would be interesting to rely on β-lapachone fluorescence

properties to analyze β-lapachone interaction with phospholipid vesicles and cyclodextrins.

Indeed, β-lapachone could fluoresce more in a hydrophobic environment than in a hydrophilic one, as lipophilic fluorescent molecules like porphyrins do [START_REF] Ibrahim | Glycoconjugated porphyrins usable in photodynamic therapy: self-aggregation, association with albumin, and localisation in DMPC liposomes as a simplified cell membrane model[END_REF]. This property, if confirmed, could be exploited to use β-lapachone as a probe of its preferential encapsulation in lipid bilayers or CD cavities.

According to β-lapachone absorption spectra in methanol, we performed fluorescence measurements after excitation at 330 nm and 428 nm. Several solvents were chosen for this test -ethanol, heptane, acetonitrile, toluene, and glycerol -but we first studied the fluorescence of β-lapachone in ethanol, as it is a usual solvent for this drug. Since fluorescence may be quenched by fluorophore aggregation, and is usually enhanced at low concentrations, we tested concentrations of β-lapachone in ethanol in the range (10 -6 -10 -4 M).

However, all the emission spectra were similar to that of pure ethanol (Figure 3.6), indicating the absence of fluorescence of β-lapachone in ethanol.

Ethanol is likely to form H bonds with the C = O of β-lapachone which could impact βlapachone fluorescence. Therefore, we tested other organic solvents (heptane, acetonitrile, toluene) with less propensity to H-bonding. Glycerol was also tested because its high viscosity could reduce the vibration of electrons and/or molecules. Each organic solvent was degassed by nitrogen to eliminate oxygen-potential inhibitor of fluorescence. As no fluorescence was observed when β-lapachone was excited at 428 nm, we excited it at 330 nm. Indeed, at this wavelength another absorbance peak of β-lapachone was detected in the drug absorption spectrum. Unfortunately, whatever the studied solvent, no fluorescence maximum could be detected. We may therefore conclude that beta-lapachone does not fluoresce, or too little to be detected. [START_REF] Ci | Electron and hydrogen atom transfer mechanisms for the photoreduction of o-quinones Visible-light induced photoreactions of beta-lapachone with amines, alcohols and amino alcohols[END_REF] observed that β-lapachone emits a very weak fluorescence with a maximum around 482 nm in benzene, and that this fluorescence does not vary with prior application of degassing.

Characterization of β-lapachone-loaded liposomes

At first, β-lapachone was encapsulated in liposomes composed of a POPC-CHOL-SA (7:2:1 molar ratio) mixture. The liposomes of [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF] (our reference) contained DLOPC. However, our previous physicochemical analysis (see Chapter 2) predicted that the DLOPC-CHOL-SA mixture could be unstable. Conversely, stable mixtures could be formed with POPC. This explains our change in phospholipid.

As previously explained, UV-visible spectroscopy was used to assay β-lapachone. There was one problem with this method, however, when measuring the absorbance of samples containing stearylamine (SA). Indeed, the absorbance curve of β-lapachone appeared always shifted towards lower wavelengths in the presence of this lipid (Figure 3.8).

According to [START_REF] Ci | Electron and hydrogen atom transfer mechanisms for the photoreduction of o-quinones Visible-light induced photoreactions of beta-lapachone with amines, alcohols and amino alcohols[END_REF], β-lapachone may be reduced to the corresponding semiquinone radical upon photolysis in degassed solution with alcohols, amine or beta-amino alcohols.

Since POPC does not display any absorbance peak at wavelengths higher than 203 nm [START_REF] Mchowat | Quantitation of individual phospholipid molecular species by UV absorption measurements[END_REF], it is possible that β-lapachone interacted with stearylamine. We observed that when β-lapachone was encapsulated in liposomes made of POPC only, or solubilized by CDs, the UV-visible absorption spectrum of β-lapachone remained unchanged.

This problem was not reported by Cavalcanti et al. who quantified β-lapachone by UV-visible spectroscopy like us, probably because they read only one point of absorption of β-lapachone at 256 nm. They could not see the modification of the spectrum. Therefore, we chose to discard stearylamine from the composition of liposomes.

We have shown in chapter 2 that cholesterol and β-lapachone compete for the same localization in the vesicles, and that β-lapachone strongly disorganizes PC-CHOL monolayers (see compressibility modulus values in tables 2.4 and 2.5). MD simulations predicted that in the presence of cholesterol, β-lapachone is pulled towards the phospholipid headgroups. This absence of difference in size between the liposomes obtained by the two methods [START_REF] Lapinski | Comparison of liposomes formed by sonication and extrusion: Rotational and translational diffusion of an embedded chromophore[END_REF][START_REF] Cho | Comparison of extruded and sonicated vesicles for planar bilayer self-assembly[END_REF].

Figure 3.9 (A, B, C) and Table 3.3 show the morphology and characteristics of the liposomes prepared. Considering the conditions applied for tip sonication, we expected to obtain LUVs using this method. In fact, cryo-TEM analysis did not show much difference between morphologies of liposomes prepared by extrusion or sonication (Figure 3.9 A, B, C). Both methods yielded oligo-and multilamellar liposomes, with similar size. Usually, repeated extrusion of liposome suspensions leads to oligo or unilamellar vesicles. We did not see that, even after 21 passages across the polycarbonate membrane. On the contrary, we noticed many "onions" in the extruded vesicle batches. Neither did we observe many LUVs for liposomes prepared by tip sonication. Comparison of vesicles in various places of the cryo-TEM grid showed, however, an apparent higher number of oligolamellar vesicles following tip sonication. A reason for not obtaining LUV by repeated extrusion process could be the system used for extrusion. Indeed, we used a mini-extruder, which is a manual system that imposes to work with very small volumes (≤ 1 mL). The pressure applied is lower than in a conventional extruder. The existence of multi-bilayers might also be due to the fact that POPC is a neutral phospholipid and in the absence of surface charge or pegylated-lipid, there was no repulsion between phospholipid bilayers. A PhD student in our laboratory prepared POPC-DOTAP vesicles and easily obtained 100 nm-in size true LUVs with only 10 mol% DOTAP, a cationic phospholipid, using the same sonication procedure as us, for only 10 min. Perhaps LUVs could have been obtained if our vesicles were smaller [START_REF] Lapinski | Comparison of liposomes formed by sonication and extrusion: Rotational and translational diffusion of an embedded chromophore[END_REF][START_REF] Cho | Comparison of extruded and sonicated vesicles for planar bilayer self-assembly[END_REF].

Some tests were made, but they led to polydisperse vesicles.

We looked in the literature for cryo-TEM pictures of pure POPC vesicles. There are only few papers showing the lamellarity of these vesicles. In one article authored by Luisi's group (Berklaz et al. 2001), we found the picture of unilamellar ferritin-loaded POPC liposomes prepared by the reverse-phase method, followed by 10 time-extrusion of the POPC suspension in borate buffer across filters with decreasing pore size from 400 to 100 nm. These liposomes were almost all unilamellar (Figure 3.9 D). We first thought that it was the preparation method that made the difference in the lamellarity of vesicles. However, more recently, Luisi's group published a study in which they used the film hydration method (like us), but apparently obtained unilamellar vesicles, after extrusion of the POPC suspension in bicine buffer 20 times through two stacked polycarbonate membranes of unspecified pore size (Sousa et al., 2015). They did not show any cryoTEM picture of their pure POPC vesicles, but they did not mention the formation of MLVs, either.

Both loaded and unloaded vesicles had monodisperse narrow size distribution characterized by a PDI < 0.2 and a mean diameter around 190 nm (Table 3.3). Sonicated β-lapachone loaded vesicles appeared a little smaller than extruded ones. The EE% varied between 27 and 34%. These values are much lower than the 97-98% EE% value published by [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF].

The presence of β-lapachone in liposome bilayers did not (apparently) affect the stability of the vesicles over time. However, a formal stability study was not performed, due to the limited volume of vesicle suspensions available for each sample (1-2 mL/batch). The presence of β-lapachone did not change the morphology of liposome bilayers. This is not surprising considering the low encapsulation rate of β-lapachone in these vesicles and its shallow insertion in lipid bilayers according to simulation experiments (Chapter 2). Indeed, the encapsulation rate of β-lapachone in POPC vesicles amounted to 3.42 mol%, a value very close to the maximal percentage of β-lapachone that was miscible with lipids, as deduced from the DSC measurements (Chapter 2). Compared to the theoretical 10 mol% β-lapachone added to the lipids to form the dry film, there was obviously an important loss of drug during vesicles preparation. Liposomes prepared by extrusion allowed obtaining a higher drug loading (3.42 mol%) compared to liposomes formed by tip sonication (about 2.8 mol%). One factor influencing the ER% value could be the difference in the concentration of liposomal suspension during liposome preparation. Indeed, lipid-β-lapachone films prepared for extrusion or by tip sonication were identical. They were hydrated by the same volume of buffer. However, for tip sonication, it was necessary to dilute the liposome suspension. Thus, the final liposome suspension obtained by tip sonication was less concentrated in lipids [START_REF] Singh | Biotechnological applications of cyclodextrins[END_REF](2)(3)(4) mM) than that prepared by extrusion (10 mM). Dilution could have affected the partitioning of β-lapachone in the lipid/buffer medium.

The encapsulation rate obtained by sonication or extrusion was very similar to that achieved with other lipophilic drugs. For example, for paclitaxel which is much more lipophilic than βlapachone, the solubility limit in lipid bilayers was reported to be 3 mol% only [START_REF] Steffes | Distinct solubility and cytotoxicity regimes of paclitaxel-loaded cationic liposomes at low and high drug content revealed by kinetic phase behavior and cancer cell viability studies[END_REF][START_REF] Bhatt | Liposomes encapsulating native and cyclodextrin enclosed paclitaxel: enhanced loading efficiency and its pharmacokinetic evaluation[END_REF]. [START_REF] Aloisio | Liposomes containing cyclodextrins or meglumine to solubilize and improve the bioavailsability of poorly soluble drugs[END_REF] prepared vesicles by the thin film hydration and dehydration-rehydration methods and compared the encapsulation rate of lipophilic drugs depending on the method used. The thin hydrated film method led to vesicles with only 1 mol% maximal encapsulation rate for pure indomethacin, whereas it was 43 times higher using the dehydration-rehydration method with drug-cyclodextrin complexes entrapped in the aqueous core of vesicles. Obviously, in the latter work, encapsulation of the drug was dramatically enhanced by complexation with cyclodextrins. This is an interesting result because [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Thorne | Developpement d'une formulation liposomale pour l'administration d'une substance médicamenteuse difficilement formulable[END_REF] also reported on the encapsulation of β-lapachone-CD complexes in vesicles. However, the authors did not indicate the change in the encapsulation rate of βlapachone in these conditions.

Formation of [β-lapachone:cyclodextrin] complexes

As described in Chapter 1, a number of researchers have attempted to overcome the problems of β-lapachone solubility and bioavailability by formation of inclusion complexes with commercially available authorized cyclodextrins. The association constants of β-lapachone with cyclodextrins were determined by the phase solubility method, 1 H-NMR, and fluorescence spectroscopy.

Beta-CD and HP-β-CD showed higher binding affinity (Kc = 0.9-1.2 × 10 3 M -1 ) to βlapachone than α-CD (20 M -1 ) and γ-CD (160 M -1 ) [START_REF] Nasongkla | Enhancement of solubility and bioavailability of using cyclodextrin inclusion complexes[END_REF]. However, RM-β-CD and SBE-β-CD demonstrated even better enhancement of β-lapachone solubility (Cunha- Filho et al. 2007). Since RM-β-CD showed some renal toxicity, we decided to study SBE-β-CD and HP-β-CD only, and to use the already successfully tested drug-to-CD molar ratio 1:8 and 1:4 for [β-lapachone:HP--CD] and [β-lapachone:SBE--CD complexes, respectively [START_REF] Xavier-Junior | Supramolecular interactions between -lapachone with cyclodextrins studied using isothermal titration calorimetry and molecular modeling[END_REF]. These two CDs are well tolerated in humans and did not show any adverse effects on the kidneys or other organs following oral or intravenous administration (Stella et al. 2008).

Our solubilization tests showed that the drug-to-CD molar ratios were 1:8.4 (± 0. The interaction of β-lapachone with the two cyclodextrin derivatives was analyzed by UVvisible spectrometry and 1 H-NMR. As previously mentioned, the absorption spectrum of βlapachone was not modified by its complexation with cyclodextrins derivatives (Figure 3.11). To this day, we have not been able to demonstrate dipole interaction (spin-spin relaxation) between β-lapachone and CDs by 2D ROESY NMR (Figure 3.12). The reason for that is not yet clear: One explanation could be that there is no interaction between a CD and βlapachone, or that the interactions are too weak to be detected, and the off-diagonal peaks are in the noise. To obtain the complexation signal, the distance between protons should be small and remain small enough during the period of acquisition. As the complexation between βlapachone and CDs is dynamic, it is possible that protons do not stay close long enough, although β-lapachone:CD complexes are formed. If the complexation indeed exists as the publications of many authors suggest, one can hope to help highlight the correlation spots by (i) augmenting the number of scans for increasing the sensitivity of the signal/noise ratio, (ii) optimizing sequence parameters, or (iii) modifying the temperature to influence complexation kinetics.

Another explanation would be that the signal of single CDs in the sample is much stronger than that of the complexes, because the drug-to-CD ratio is 1: 8.4 and 1: 5.0 for HP-β-CD and SBE-β-CD, respectively. Now, theoretically, and according to the work of Nasongkla et al. the poor loading capacity of liposomes is related to the limited space offered by the lipid bilayer, which leads to low drug-to-lipid ratio [START_REF] Deo | Solution properties of amitriptyline and its partitioning into lipid bilayers[END_REF]). Furthermore, a large number of hydrophobic molecules can destabilize the structural integrity of the bilayer. For βlapachone, we observed that increasing the initial drug-to-lipid ratio invariably led to the same final encapsulation rate. Our DSC measurements showed that the maximal β-lapachone % relative to the PC-β-lapachone sample was close to 3.5 mol% (Chapter 2). In fact, in these experiments the drug-to-lipid ratio was 3.63 mol%, which is not very different from 3.50 mol%. Calculation of the drug-to-lipid ratio for β-lapachone-POPC liposomes confirmed this molar ratio: Indeed, for the vesicles prepared by extrusion, it was equal to 3.54 (± 0.31) mol% and for those prepared by 1-or 0.5h-tip sonication, to 2.99 or 2.80 mol%, respectively. That the drug-to-lipid ratio was slightly lower for oligolamellar vesicles than for multilamellar ones is not surprising.

Excess loading of a lipophilic drug may compromise bilayer stability, by alteration of the packing of phospholipid molecules. It has been demonstrated that, above a critical saturation concentration, lipophilic drugs such as ibuprofen by example, increase the permeability of the lipid bilayer by formation of transient pores and membrane defects [START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF].

They may even lead to the formation of mixed micelles [START_REF] Deo | Solution properties of amitriptyline and its partitioning into lipid bilayers[END_REF]). In the case of βlapachone, we did not note any apparent instability related to the presence of the drug, although no long-term stability trial was performed.

Double loaded liposomes are liposomes containing both free β-lapachone in their bilayers and [β-lapachone:CD] complexes in their aqueous core. During the last two decades, many double loaded liposomes have been proposed and investigated [START_REF] Fatouros | Liposomes encapsulating prednisolone and prednisolone-cyclodextrin complexes: comparison of membrane integrity and drug release[END_REF][START_REF] Gillet | Development of a new topical system Drugin-cyclodextrin-in-deformable liposome[END_REF][START_REF] Maestrelli | New "drug-in cyclodextrin-in deformable liposomes" formulations to improve the therapeutic efficacy of local anesthetics[END_REF][START_REF] Gharib | Liposomes incorporated cyclodextrin-drug inclusion complexes: Current state of knowledge[END_REF]2017;2018;Zhang et al. 2015a;Zhang et al. 2015c;Zhang et al. 2015d;[START_REF] Soo | Enhancing delivery and cytotoxicity of resveratrol through a dual nanoencapsulation approach[END_REF][START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF][START_REF] Azzi | First evaluation of drug-incyclodextrin-in-liposomes for an encapsulating system for nerolidol[END_REF]. These systems may allow combining fast and prolonged release. The encapsulation of the drug:CD complexes into liposomes combines the advantages offered by both CDs and liposomes [START_REF] Gharib | Liposomes incorporated cyclodextrin-drug inclusion complexes: Current state of knowledge[END_REF]. Liposomes prevent CD complex dissociation due to dilution in the plasma [START_REF] Mccormack | Comparative studies of the fate of free and liposome-entrapped hydroxypropyl-/3-cyclodextrin/drug complexes after intravenous injection into rats: implications in drug delivery[END_REF]. They also reduce the facile renal excretion of CD inclusion complexes [START_REF] Frank | Cyclodextrin nephrosis in the rat[END_REF]. Cyclodextrins increase drug water solubility and, therefore, drug availability. In principle, they can preserve the bilayer integrity from the perturbation due to drug insertion into the lipid membrane. However, [START_REF] Ohtani | Differential effects of alpha-, beta-and gammacyclodextrins on human erythrocytes[END_REF] have shown in vitro that certain cyclodextrins can also remove some components of human erythrocyte membranes (e.g., phospholipids, cholesterol, and proteins) forming inclusion complexes with them and destabilizing the cell bilayer. They can participate to the transfer and redistribution of phospholipids in a bilayer [START_REF] Zidovetzki | Use of cyclodextrins to manipulate plasma membrane cholesterol content: evidence, misconceptions and control strategies[END_REF]. They can interact with the inner lipid leaflet of the liposomes and transfer their cargo to the bilayer.

Destabilization of the bilayer may follow [START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF]. Methyl--cyclodextrin is particularly efficient: it can induce vesicle disruption and formation of micelles [START_REF] Anderson | Calorimetric measurement of phospholipid interaction with methyl--cyclodextrin[END_REF]Hatzi et al. 2007). Cyclodextrins, including HP--CD and SBE--CD, alter the permeability of soybean PC [START_REF] Piel | Study of the interaction between cyclodextrins and liposome membranes: effect on the permeability of liposomes[END_REF]. HP--cyclodextrin affects the fluidity and stability of liposomes [START_REF] Gharib | Effect of hydroxypropyl-b-cyclodextrin on lipid membrane fluidity, stability and freeze-drying of liposomes[END_REF]. It interacts with the polar head groups of all phospholipids, and with the acyl chains of saturated ones, while disorganizing the unsaturated ones (Soybean PC). Considering that POPC has both saturated and unsaturated chains, the effect of the cyclodextrin could be significant, and lead to the release of β-lapachone molecules inserted in the phospholipid leaflets.

The possible interaction of cyclodextrin derivatives with the vesicle bilayer is an important point to consider when intending to encapsulate CDs in the aqueous core of liposomes.

In this work, encapsulation of β-lapachone:CD complexes was performed following two protocols:

1) free CDs were added to a POPC film containing 10 mol% β-lapachone (Figure 3 Free β-lapachone was removed by ultracentrifugation, as for β-lapachone-POPC liposomes.

The characteristics of the various samples are summarized in Tables 3.4 and 3.5. The first protocol was based on previous observation that when 10 mol% β-lapachone were added to POPC, about 6.5% were not inserted in the lipid bilayers, and were lost when the vesicles were separated from the supernatant after centrifugation. It was hypothesized that free CDs could complex the excess free β-lapachone released from the dried POPC film during hydration by the buffer and that the β-lapachone:CD complexes would be encapsulated in the vesicle core, thus considerably improving the encapsulation efficiency and encapsulation rate.

Chapter 3. Liposomes of β-lapachone and [β-lapachone:cyclodextrin] complexes 123 However, this approach was unsuccessful: Indeed, the encapsulation rate in the end was very low (0.95 mol%) (Table 3.4), accounting certainly for the solubilization of the free βlapachone, but probably also for the extraction of β-lapachone from the POPC film, without much incorporation of β-lapachone:CD complexes in the vesicles. After centrifugation, more β-lapachone complexed with CDs was eliminated with the supernatant. So, instead of increasing the yield of β-lapachone encapsulation, this protocol, on the contrary, led to drastic drop in drug encapsulation efficiency. Based on the interaction of -CD derivatives with phospholipids reported by different research groups [START_REF] Fatouros | Liposomes encapsulating prednisolone and prednisolone-cyclodextrin complexes: comparison of membrane integrity and drug release[END_REF][START_REF] Anderson | Calorimetric measurement of phospholipid interaction with methyl--cyclodextrin[END_REF]Hatzi et al. 2007;[START_REF] Zidovetzki | Use of cyclodextrins to manipulate plasma membrane cholesterol content: evidence, misconceptions and control strategies[END_REF][START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF]Gharbi et al. 2018), it is also possible that the free cyclodextrin molecules interacted with phospholipid ones and interfered with the formation of liposomes during film hydration. (S). HD: hydrodynamic diameter.

The second protocol corresponded to β-lapachone double loading in liposomes, with βlapachone:CD complexes in the aqueous phase and free β-lapachone with POPC in the organic phase. There was excess β-lapachone in the dried film, and cyclodextrin cavities were also in excess, since the CD-to-drug ratio was higher than necessary for a 1:1 stoichiometry (Table 3 For all studied systems, β-lapachone encapsulation rates (ER%) and encapsulation efficiencies (EE%) ranged from 3.96% to 4.94% and 19.43% to 27.98%, respectively. These results may be attributed to factors such as the concentration of the phospholipid, the initial drug-to-lipid molar ratio, the preparation methods as well as the presence or not of PEG chains. The data show that the ER% was increased when β-lapachone:CD complexes were formed prior to their encapsulation into liposomes cavity. This agrees with most published research on drug-in-cyclodextrin-in-liposomes [START_REF] Gharib | Liposomes incorporated cyclodextrin-drug inclusion complexes: Current state of knowledge[END_REF][START_REF] Azzi | First evaluation of drug-incyclodextrin-in-liposomes for an encapsulating system for nerolidol[END_REF]Gahrib et al. 2017).

Conversely, the encapsulation efficiency was lower in the presence of cyclodextrins, which is not surprising: the increment in encapsulation rate was very low relative to the excess βlapachone in the medium. This demonstrates the non-proportionality between the initial βlapachone amount (in the lipid film and complexed with CDs) and the amount of successfully encapsulated drug. For single loaded liposomes, the encapsulation of drug-CD complexes generally leads to a significant increase in drug encapsulation efficiency compared to free drug-loaded liposomes [START_REF] Fatouros | Liposomes encapsulating prednisolone and prednisolone-cyclodextrin complexes: comparison of membrane integrity and drug release[END_REF][START_REF] Gillet | Development of a new topical system Drugin-cyclodextrin-in-deformable liposome[END_REF]Zhang et al. 2015).

Conversely, for double loaded vesicles, a decrease in EE% is often observed ( So far, neither the methods of preparation nor the chosen CD types showed an obvious role in the ER% value. However, since only one sample of each formulation could be prepared, it is premature to draw conclusions. It may be simply observed that the encapsulation efficiency was lower for samples hydrated with high β-lapachone concentration (complexed with CDs).

Our results also showed that the pegylated liposomes had a good ability to entrap the drug as their encapsulation efficiency was the highest. This would have to be studied more thoroughly.

One possible explanation for this higher ER% could be the enlargement of the space between bilayers in the presence of polyethylene glycol (PEG) chains. The increase in aqueous volume would allow to entrap more soluble β-lapachone:CD complexes. However, in this case, we could have observed a reduction of the lamellarity. New cryo-TEM experiments would be necessary to verify this point. Additional experiments should be performed using the second protocol to get more statistics on β-lapachone encapsulation in double loaded systems.

Morphology of the double loaded vesicles

Information on the morphology of β-lapachone-CD-liposomes was obtained by cryoTEM analysis. Liposomes prepared by extrusion (Figure 3.14 A and B) presented a regular and uniform shape; Sonication yielded more polydisperse vesicles (Figure 3.14C). This agreed with DLS measurement which showed slightly higher PDI values for sonicated vesicles, compared to extruded ones. Β-lapachone:CDs complexes had no obvious effect on the shape of liposomes when prepared by the same method. Apparently, there were less "onions" in the extruded sample in the presence of cyclodextrins than in their absence. This may explain the good encapsulation rate of "MLVs". At the same time, there was not much difference between samples sonicated and those extruded: So, the slight difference in encapsulation rate and encapsulation efficiency between samples could not be explained by a difference in vehicle morphology. This modification in the absorption spectra indicates a change in β-lapachone environment, probably due to CD-POPC interaction. Indeed, the free CD molecules may have interacted with POPC molecules during hydration, although more than -cyclodextrins have been reported to extract phospholipids from bilayers [START_REF] Ohtani | Differential effects of alpha-, beta-and gammacyclodextrins on human erythrocytes[END_REF]). There are examples, however, of phosphatidylcholines (DPPC, DOPC) solubilized by -CD and its derivatives, like HP--CD in particular [START_REF] Irie | Hydroxypropylcyclodextrins in parenteral use. I: Lipid dissolution and effects on lipid transfers in vitro[END_REF], or methyl--CD [START_REF] Anderson | Calorimetric measurement of phospholipid interaction with methyl--cyclodextrin[END_REF]Hatzi et al. 2007). [START_REF] Anderson | Calorimetric measurement of phospholipid interaction with methyl--cyclodextrin[END_REF] calculated that 2 methyl--CD per acyl chain would be necessary to solubilize POPC. At the same time, we observed a very low encapsulation rate of β-lapachone (Table 3.4). Complexation of phospholipid molecule would consume more CDs than β-lapachone. If there was a competition between β-lapachone and phospholipid molecules for CD cavities, phospholipid might win, due to the high lipid-to-drug ratio. We couldn't find in the literature any information about a specific interaction between the SBE-b-CD and phosphatidylcholines. 3.3.6. Biological efficiency of the various studied systems 

Cytotoxicity of free β-lapachone and [β-lapachone:CD] complexes

We studied the cytotoxicity of β-lapachone at 24, 48 and 72 h following addition of the drug in the cell culture medium. For NIH 3T3 (Figure 3.17), there was a clear time-dependent effect. The concentration of β-lapachone inhibiting 50% cell viability (IC50) decreased from 2.7 µM after 24 h incubation with cells, to 1.8 µM after 48 h and 0.8 µM after 72 h of contact. The effect of free β-lapachone on PNT2 and PC3 was also studied at three different times following β-lapachone addition to the cell culture medium (Figure 3.18). The IC50 values for PNT2 ranged between 1 and 2.2 μM depending on the incubation time. Those found for PC3 cells were slightly higher (1.83-2.15 µM).

The results in Figures 3.17 This could mean that cell toxicity would be dominated by one of the other mechanisms of action of β-lapachone, rather than by NQO1-mediated apoptosis.

The third observation is that for incubation times longer than 48 h, there was not much difference in cell viability between the two cell lines. Therefore, to simplify the graphs in the following figures and tables, we chose to present the results obtained after 48 h of contact only. However, all viability experiments were performed after 24, 48 and 72 h contact of cells with the drug. Cyclodextrins contributed to β-lapachone solubilization but seemed to have no effect on its permeability.

An important point is that the IC50 for PNT2 was again lower (1 µM) than that for PC3 (1.6 µM for free β-lapachone and [HP-β-CD:β-lapachone], and 1.7 µM for [SBE-β-CD:βlapachone]) confirming that healthy epithelial prostate cells are a little more sensitive to βlapachone than cancer cells. 

Cytotoxicity of liposomes loaded with β-lapachone and [β-lapachone:CDs].

We studied first the toxicity of POPC vesicles up to 1 mM phospholipids. As can be seen in Figure 3.21, a certain cytotoxicity of POPC vesicles against PNT2 cells was observed at very low concentration (50 µM). The IC50 was reached at 500 µM. For PC3 cells, the IC50 was higher than 1 mM. However, as for PNT2 cells, significant POPC toxicity was already apparent at a lower concentration (about 100 µM).

Unlike β-lapachone cytotoxicity against PNT2 cells, that against PC3 cells decreased (IC50 > 4 µM for extruded vesicles and 2.5 µM for sonicated ones, compared to 1.6 µM for free βlapachone) (Figure 3.23, and Table 3.7). There was no difference, again, between sonicated POPC-β-lapachone vesicles and sonicated POPC-CD-β-lapachone ones. According to [START_REF] Li | Selective killing of cancer cells by -lapachone: Direct checkpoint activation as a strategy against cancer[END_REF], normal cells are more resistant to β-lapachone than tumor cells.

From our results, it seems difficult to generalize this resistance to all cells. We have shown here that both NIH 3T3 and PTN2 cell lines are very sensitive to β-lapachone, even more sensitive than the PC3 one.

Conclusion

Our study was aimed at comparing various parameters of the encapsulation of β-lapachone and drug:cyclodextrin complexes in liposomes: morphology, encapsulation rate, encapsulation efficiency, and in vitro cytotoxicity. In agreement with most studies on double loaded liposomes, the drug:CD complexes showed higher encapsulation rates and lower encapsulation efficiency than POPC-β-lapachone vesicles. However, the double loading method with β-lapachone:CD complexes is costly, as more β-lapachone is wasted during liposome preparation.

The approach consisting in the addition of β-lapachone-CD complexes to a POPC film already mixed with 10 mol% β-lapachone (excess β-lapachone) was more efficient for reaching a high encapsulation rate than the addition of free CDs to the mixed POPC-βlapachone film. Indeed, in the latter case, very low ER% and EE% were obtained, which seems difficult to explain unless the CDs interacted with the phospholipids and affected the formation of vesicles (Figure 3.24). Contrarily to many in vitro studies, double loaded vesicles did not improve β-lapachone cytotoxicity compared to conventional liposomes, nor even to free β-lapachone. However, the release of β-lapachone from the two liposomal systems was not measured; cytotoxicity only was studied, at 24, 48 and 72h following treatment.

Even though both liposome systems (POPC-β-lapachone and double loaded liposomes) were as active as the free β-lapachone, according to the in vitro biological study, there is still potential for the development and application of β-lapachone-cyclodextrin complexes encapsulated in liposomes, because of their higher drug loading, compared to β-lapachoneloaded liposomes. The results of the viability tests showed an impressive cytotoxic efficacy of β-lapachone against PC3 cells. At the same time, they showed a non-negligible sensitivity of normal cells to the drug. This issue could be overcome by grafting to vesicles the proper ligands allowing targeting of cancer cells, or by intra-tumor injection.

Regarding the non-selectivity of β-lapachone, the cytotoxicity tests on three NQO1+/-cell lines suggest that β-lapachone is as active on NQO1+ cells as on NQO1-ones. Obviously, NQO1-mediated apoptosis is not sufficient for biological selectivity, as some normal human tissues also possess NQO1 distribution. Indeed, NQO1 was not only detected in solid tumors from thyroid, adrenal, breast ovarian, colon cornea, prostate and in non-small cell lung cancers, but also in normal human tissue in lung, breast duct, thyroid follicle, colon, and corneal lens epithelium, as well as all their vascular endothelium, and also adipocytes [START_REF] Siegel | Immunodetection of NAD(P)H:QUINONE oxidoreductase 1 (NQO1) in human tissues[END_REF]. The NQO1 content of many tumors supports the use of NQO1-directed anticancer agents like β-lapachone for therapeutic purposes, but the distribution of NQO1 in normal tissues demonstrates that potential adverse effects of such agents need to be carefully monitored in preclinical studies.

Chapter 4: General discussion

Beta-lapachone is a potential antineoplastic and radiosensitizing drug with trypanocidal, antibacterial, anti-fungal and anti-inflammatory properties. Its biological activity is mainly controlled by the enzyme NQO1 which catalyzes a futile oxide-reduction cycle producing the reduced (active) form of the drug. The selectivity of cytotoxicity related to the overexpression of NQO1 in certain solid tumors, has made β-lapachone a promising drug for cancer chemotherapy. However, β-lapachone poses many problems in terms of solubility, bioavailability, stability (photo-decomposition), and toxicity. Therefore, it is natural to develop strategies to overcome and if possible, solve these issues.

It appears from the analysis of the literature that the formulation pathways of β-lapachone have been relatively little explored. Some formulation approaches have been proposed, however, to solubilize β-lapachone in order to deliver large therapeutic doses, while limiting drug toxicity. Cyclodextrin, polymeric micelle, liposome and nanoparticle systems were tested. Except for cyclodextrins, the studies reported were not very thorough in terms of physico-chemical approach or variety of compositions proposed (4 micellar, 3 nanoparticle and 1 liposome systems). There were some original nanoparticle formulations, but these works were not pursued. Yet some published results seem promising, even if they are still insufficiently documented. The aim of this thesis was to take up some published works, extend knowledge on β-lapachone physico-chemical properties in relation to its formulation and test combined liposomal and cyclodextrin delivery systems in vitro.

Cavalcanti and coworkers (2011) developed liposomes made of soybean PC, cholesterol and stearylamine (7:2:1), containing β-lapachone and β-lapachone complexed with HP-β-CD. The interesting point was that they were able to encapsulate β-lapachone alone or complexed with CDs with the same high encapsulation efficiency (about 97%). However, their work raised many questions regarding (i) the localization of the drug in vesicles, (ii) the enhancing effect of cyclodextrins on the encapsulation rate of β-lapachone (they indicated about 300-fold increase in β-lapachone solubility when complexed with CDs, but studied the same concentration -3.5% of β-lapachone -in the two formulations), and (iii) the efficiency of the two studied systems, one compared to the other. In 2015, after the beginning of our own work, they published some results showing lower antimicrobial and anti-fungal activities of their liposome formulations compared to free and CD-complexed β-lapachone.

The approach of Cavalcanti et al. attracted our attention on the necessity of getting better insight into the partitioning of β-lapachone between the aqueous and lipid phases of the vesicles and its preferential localization in the liposomes. Was it in the aqueous core, or in the lipid bilayers, deep in the membrane or near the interface? Indeed, compared to other anticancer drugs like paclitaxel (Zhang et al. 2015b), β-lapachone is more soluble in water, and depending on its concentration in the vesicles, it might be partially solubilized in the aqueous core, even when originally mixed with the lipids. This would depend on its affinity to lipids.

A combination of theoretical and experimental approaches was developed in order to answer this question. Our monolayer study using the Langmuir trough demonstrated the effect of βlapachone on the organization of lipids. Although our primary intention was to focus on the lipid composition chosen by Cavalcanti et al. (DLOPC-CHOL-SA, 7:2:1), we also studied the interaction of β-lapachone with several other phospholipids employed for the formulation of liposomes (POPC, DOPC, DPPC and DSPC), mixed or not with cholesterol and stearylamine.

Our first observation was that β-lapachone exhibited a peculiar interfacial behavior compared to other poorly water-soluble compounds. Like griseofulvin, trans-dehydrocrotonin, resveratrol or paclitaxel [START_REF] Corvis | Interactions of a fungistic antibiotic, griseofulvin, with phospholipid monolayers used as models of biological membranes[END_REF][START_REF] Filho | Thermodynamic investigation of mixed monolayers of trans-dehydrocrotonin and phospholipids[END_REF][START_REF] Zhao | Effects of lipid chain length on molecular interactions between paclitaxel and phopsholipid within model biomembranes[END_REF][START_REF] Sarpietro | Effect of resveratrolrelated stilbenoids on biomembrane models[END_REF] β-lapachone did not act as a surfactant; when spread alone at the air-water or airbuffer interface it had no effect on the surface tension of water. Unlike these same compounds, it did not induce any apparent change in the shape, surface pressure and molecular area characteristics of isotherms of lipid monolayers. Considering the large volume of the water or buffer subphase (575 mL) and the number of β-lapachone molecules spread at the interface (2.528 × 10 15 to 3.612 × 10 16 molecules corresponding to 0.06 µmole at most), either alone or mixed with lipids, the concentration of β-lapachone was well below its solubility limit in water. Therefore, our first thought was that β-lapachone did not mix with the studied lipids and was solubilized in the aqueous phase after spreading. This meant that drug-lipid affinity was poor and that during liposome preparation, β-lapachone would not necessarily remain in the lipid phase.

bilayers, in close contact with the polar heads (Figure 4.1). The thermograms also demonstrated that β-lapachone disorganized more the bilayers containing the phospholipid with one unsaturated chain (POPC) than those with two saturated chains (DPPC and DSPC).

This was interesting because the surface pressure measurements also showed a more pronounced effect of β-lapachone on the organization of monolayer of phospholipids with unsaturated chains, compared to those with fully saturated ones. DSC thermograms suggested that the maximal solubility of β-lapachone in phospholipid bilayers was reached at 3.5 mol%.

X-ray scattering analyses of β-lapachone-containing POPC and DPPC further confirmed the location of the drug. They also demonstrated that, even though β-lapachone affected the organization of lipid monolayers and bilayers, it did not modify the structure of the lamellar phases formed by saturated and unsaturated phospholipids. Thus, when the bilayers were formed of PC-CHOL-SA, β-lapachone could be pushed towards the vesicle surface by cholesterol and chemically modified by SA. There were at the same time, risks of (i) chemical modification impacting the drug activity, and (ii) possible fast release of β-lapachone due to limited insertion depth in the bilayer. As we sought the highest β-lapachone entrapment in stable liposomes, it seemed reasonable to remove both stearylamine and cholesterol from the formulation. Finally, β-lapachone was encapsulated into simple POPC vesicles.

In order to obtain a high encapsulation rate of β-lapachone in liposomal bilayers, we prepared multilamellar vesicles (MLVs) by the thin-film hydration method followed by an extrusion.

For encapsulation of β-lapachone in-CD-in liposomes, it seemed more appropriate to prepare unilamellar vesicles, with a large aqueous core (LUVs), using the thin-film hydration method followed by tip sonication. Our first concern was that neither method allowed us to obtain strictly multilamellar or unilamellar vesicles. We tried different extrusion and sonication protocols, but there was no effect on extruded vesicles, and with sonicated ones, we lost the unimodal distribution. However, when we applied extrusion after sonication, we could obtain unilamellar vesicles. These vesicles were specifically prepared for SAXS experiments and the unilamellar character was inferred from the results of SAXS measurements. It would be necessary, however, to check the morphology of these vesicles by an additional cryoTEM study, before using them for [β-lapachone:CD] complexes.

In any case, it would be worth trying other preparation methods like the reverse-phase evaporation, freeze and thaw, freeze-drying, or ethanol injection [START_REF] Gharib | Liposomes incorporated cyclodextrin-drug inclusion complexes: Current state of knowledge[END_REF].

Although freeze drying [START_REF] Fatouros | Liposomes encapsulating prednisolone and prednisolone-cyclodextrin complexes: comparison of membrane integrity and drug release[END_REF], freeze and thaw (Zhang et al. 2005d), ethanol injection [START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF][START_REF] Gharib | Drug-in-cyclodextrin-in-liposomes as a carrier system for volatile essential oil components: Application to anethole[END_REF], simple thin-film hydration [START_REF] Maestrelli | New "drug-in cyclodextrin-in deformable liposomes" formulations to improve the therapeutic efficacy of local anesthetics[END_REF]; thin-film hydration/extrusion [START_REF] Gillet | Development of a new topical system Drugin-cyclodextrin-in-deformable liposome[END_REF][START_REF] Modi | Enhanced active liposomal loading of a poorly soluble ionizable drug using supersaturated drug solutions[END_REF][START_REF] Soo | Enhancing delivery and cytotoxicity of resveratrol through a dual nanoencapsulation approach[END_REF]) and reverse-phase evaporation [START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF] Authors often assumed the formation of LUV, more than they actually characterized them.

Nevertheless, it is probable that lipid compositions including charged lipids like stearylamine could form vesicles with limited lamellarity and greater entrapped volume, due to interlamellar resistance [START_REF] Plessis | The influence of lipid composition and lamellarity of liposomes on the physical stability of liposomes upon storage[END_REF]. PEgylation might also help, inducing steric repulsion between bilayers. [START_REF] Sriwongsitanont | Effet of a PEG lipid (DSPE-PEG2000) and freeze-thawing process on phospholipid vesicle size and lamellarity[END_REF] observed a significant decrease in size and lamellarity of vesicles containing DSPE-PEG2000, prepared by freeze-thawing cycles. It is noteworthy that the size of our pegylated liposomes was about 17% lower than that of the non-pegylated ones. [START_REF] Nele | Effect of PEG, lipid composition and formulation on vesicle lamellarity: A small angle neutron scattering study[END_REF] recently reported on a combined small-angle neutron scattering (SNS) and cryoTEM for analyzing the lamellarity of POPC and DPPC vesicles, in the absence and presence of PEG. Except for vesicles prepared by reverse-phaseevaporation, all extruded POPC liposomes retained a certain lamellarity. However, when vesicles were pegylated, they were unilamellar. We obtained the highest encapsulation rate and efficiency with pegylated double loaded vesicles prepared by extrusion and encapsulating [β-lapachone:SBE--CD]. We did not analyze their morphology by cryoTEM, but the better loading capacity of these vesicles could be explained by a lower lamellarity, and thus, a greater aqueous volume entrapped.

The encapsulation rate of β-lapachone in POPC MLVs was 3.42 ± 0.29 mole%, in agreement with the limit of miscibility of β-lapachone in phospholipid bilayers, as deduced from DSC thermograms. Compared to other lipophilic drugs embedded in liposome bilayers, the encapsulation rate of β-lapachone is reasonable [START_REF] Steffes | Distinct solubility and cytotoxicity regimes of paclitaxel-loaded cationic liposomes at low and high drug content revealed by kinetic phase behavior and cancer cell viability studies[END_REF][START_REF] Bhatt | Liposomes encapsulating native and cyclodextrin enclosed paclitaxel: enhanced loading efficiency and its pharmacokinetic evaluation[END_REF][START_REF] Aloisio | Liposomes containing cyclodextrins or meglumine to solubilize and improve the bioavailsability of poorly soluble drugs[END_REF]. The drug was partially solubilized in the lipid phase and was apparently exclusively encapsulated in the lipid bilayer, even when excess drug was added to the lipids.

Enhancement of β-lapachone loading would require exploitation of the aqueous core of the vesicles. One possibility, already used by others, is to form drug-cyclodextrin inclusion complexes and to encapsulate them in a liposome system, with effective improvement of drug loading and stability (Del Valle et al. 2004). [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Cavalcanti | Antimicrobial activity of -lapachone encapsulated into liposomes against methicillin-resistant Staphylococcus aureus and Cryptococcus neoformans clinical strains[END_REF] have explored this possibility for β-lapachone, although they did not actually study whether the cyclodextrins modified the encapsulation rate of β-lapachone.

Several β-lapachone:CD inclusion complexes have been studied. [START_REF] Nasongkla | Enhancement of solubility and bioavailability of using cyclodextrin inclusion complexes[END_REF] were the first group to show that β-CD and its derivatives exhibited the most appropriate cavity size for forming water-soluble inclusion complexes with β-lapachone. The studies led by other groups were almost all based on the results of Nasongkla and coworkers. After reviewing these studies, we decided to focus on SBE-β-CD and HP-β-CD, two β-CDs that both enhanced β-lapachone solubilization and apparently displayed low toxicity.

Our own solubilization tests showed that the best drug-to-CD molar ratios were 1:8.4 (± 0.3) and 1:5.0 (± 0.1) for HP-β-CD and SBE-β-CD, respectively. As mentioned in the literature, SBE-β-CD was more effective than HP-β-CD. Slightly more cyclodextrin molecules were consumed to solubilize β-lapachone, compared to the ratios reported by Xavier-Junior et al. For β-lapachone assay, it was necessary to freeze-dry the β-lapachone-CD complexes. We did it without adding a cryoprotectant, because we did not want any saccharide moiety interacting with phospholipid headgroups after incorporation of the complexes in lipid vesicles. The studied formulation β-lapachone-CD-in vesicles was already complex as it was.

Unfortunately, we observed that [β-lapachone:SBE--CD] complexes were not stable during freeze-drying. Β-lapachone partially crystallized outside SBE--CD cavities. This separation was not observed when the drug was complexed with HP--CD. A further physico-chemical study would be necessary for explaining this phenomenon.

Encapsulation rates of β-lapachone in liposomes were higher when the drug was complexed with CDs than when it was not. However, the encapsulation efficiency was lower for the ternary (POPC-[β-lapachone:CD]) systems compared to the binary one (POPC-β-lapachone).

In the presence of HP--CD, and SBE--CD, the ER% of β-lapachone in liposomes reached 4.68 mol% and 4.72 mol% respectively.

An increase of 73% in encapsulation rate was obtained (2.73% to 4.72%) when β-lapachone was entrapped in both lipid membrane and central core of liposome (with SBE--CD). It worth noting here that this value could be further increased by using a higher concentration of β-lapachone (solubilized by CDs) in the aqueous core until destabilization of the liposomes.

We did not try higher β-lapachone concentration than 0.45 mM. It would be necessary to complete this work, encapsulate complexes in the unloaded liposomes (single loading), try new liposome preparation protocols, evaluate drug loading as function of the initial βlapachone amount added (solubilized by CDs). By studying increasing concentrations, it might be possible to understand what happened when β-lapachone was associated with POPC molecules in double loaded vesicles. [START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF] showed that beyond the phospholipid-drug and cyclodextrin-drug interaction, there is a phospholipid-cyclodextrin interaction that can be controlled by the drug. All these observations lead to the conclusion that a thorough physico-chemical study should be pursued to determine the optimal conditions for the formulation of [β-lapachone:CD] complexes, their encapsulation in liposomes and the shelf stability of these liposomes.

The stability of drug loaded liposome over time is an important concern in pharmaceutical formulations. The techniques that are usually used for this purpose are the same as those that we have used for the characterization of our vesicles, i.e., DLS, zeta-potential, cryo-TEM, spectroscopies, HPLC (Hatzi et al. 2007;Sebaaly et al. 2016). So, the stability could be easily investigated provided that we have sufficient volumes of suspensions. Stability can refer to several various aspects of a liposomal drug formulation: chemical stability of both drug and lipids, colloidal stability, and drug retention [START_REF] Drummond | Optimizing liposomes for delivery of chemotherapeutic agents to solid tumors[END_REF]. Various factors can affect the relative stabilities of our liposome preparations. POPC for example, due to its unsaturated chain, can be oxidized by free radicals originating from the aqueous phase [START_REF] Miyashita | Oxidative stability of liposomes prepared from soybean PC, chicken egg PC, and salmon egg PC[END_REF]. Β-lapachone is sensitive to hydrolysis in the dark and to photolysis under light [START_REF] Cunha-Filho | Light effect on the stability of -lapachone in solution: pathways and kinetics of degradation[END_REF]. Complexation with CDs or entrapment in liposomes could slow down its degradation. This possible stabilizing effect of cyclodextrins or liposomes should be investigated. Furthermore, colloidal systems can be stabilized electrostatically, sterically, or electrosterically [START_REF] Suggy | Liposomes (a review)[END_REF]. The use of polyethylene glycol has been envisioned for steric stabilization of vesicles and limiting β-lapachone leakage from the lipid bilayer.

On the other hand, destabilizing effect induced by drug-excipient interactions should also be carefully considered. For example, CDs could partially solubilize the lipids, as reported by [START_REF] Angelini | Liposomes entrapping bcyclodextrin/ibuprofen inclusion complex: Role of the host and the guest on the bilayer integrity and microviscosity[END_REF]. They observed that free -CD affects the integrity of the bilayer, and reduces the microviscosity of POPC MLVs at 37°C.

The biological study showed a similar cytotoxicity of β-lapachone, when free, complexed with CDs or encapsulated in liposomes. For [β-lapachone:CD] complexes, this could be explained by the easy destabilization of the complexes after addition into the cell medium, and for the liposomes, by the fast release of β-lapachone, as it inserts in a location close to the liposome surface. Liposomes and CDs would thus contribute to the solubilization of βlapachone, but they would not increase its penetration into cells. The delay before cell death (apoptosis and necrosis) depends on many factors, and it can be as short as 2-3 hours [START_REF] Elmore | Apoptosis: A Review of Programmed Cell death[END_REF]. If this is the case for β-lapachone, there would be enough time within 48 h drugcell contact for the release of β-lapachone from the double loaded liposomes. The same cytotoxicity effect among all tested formulations would not be an indication about the release process of β-lapachone from the double loaded liposome.

Short-term drug release studies should be performed to evaluate the advantages of the novel delivery systems over the conventional liposomes. On the one hand, for β-lapachone-loaded liposomes, our assumption is that there is a direct and fast release of the drug resulting from β-lapachone localization close to the polar head groups of phospholipids. On the other hand, for a [drug:CD]-liposome system, release might be delayed. Indeed, there can be two different appeared more sensitive to β-lapachone than the NQO1+ PC3 cells, which is not in agreement with the majority of publications asserting that NQO1+ cells are affected by β-lapachone to a higher extent than NQO1-ones. The toxicity of β-lapachone for the NIH 3T3 cell line could be explained by another cell death mechanism, possibly stronger than the one catalyzed by NQO1. However, this is the NQO1-catalyzed mechanism which is cited about β-lapachone action in prostate cancer [START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF]. Thirdly, the normal human epithelial prostate cells line, PNT2, was more affected by β-lapachone than PC3 cells. PNT2 epithelial cells are NQO1+, with a lower expression than PC3 cells, but we observed that the difference in enzyme expression was not very significant between the two cell lines. This means that when Abstract: Beta-lapachone (β-lapachone) is a potential drug with trypanocidal, antiinfectious and anti-cancer activities with reported selectivity of effects. However, due to its poor water solubility and toxicity, βlapachone is not yet applied in therapeutics. We have studied the encapsulation of βlapachone in conventional phospholipid vesicles and in-cyclodextrin-in-liposomes. We first analyzed the interaction of β-lapachone with lipid excipients by surface pressure measurements, DSC and SAXS. They showed that β-lapachone inserts in lipid bilayers close to polar head groups with a maximum solubility of about 3.5 mol%.

The experimental results were supported by molecular dynamics simulations. Encapsulation rates (ER%) of β-lapachone in liposomes were consistent with β-lapachone maximal solubility in lipids. Β-lapachone:cyclodextrin complexes were formed and entrapped in the aqueous core of β-lapachone-loaded liposomes. Higher ER% were obtained, but with lower encapsulation efficiency. In vitro tests on prostate epithelial and tumor cell lines demonstrated the high cytotoxicity of β-lapachone, however, without difference between formulated and free βlapachone, nor between normal and cancer cells.
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  different pathways[START_REF] Rosso | Novel o-naphtoquinones induce apoptosis of EL-4 T lymphoma cells through the increase of reactive oxygen species[END_REF]): The one-electron reduction and direct formation of semiquinone is catalyzed primarily by microsomal NAD(P)H-cytochrome P450 reductase.The two-electron reduction is catalyzed by the cytosolic flavoprotein DT-diaphorase (NAD(P)H: quinone acceptor oxidoreductase (NQO1) and generates unstable hydroquinone which can be re-oxidized and form the semiquinone. Semiquinone rapidly undergoes a twostep oxidation back to the parent stable compound, perpetuating a futile redox cycle (Figure1.7)[START_REF] Kung | The chemotherapeutic effects of Lapacho tree extract[END_REF].
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 17 Figure 1.7. The futile cycle of β-lapachone (from Kung et al. 2014).

  function by redox cycling mediated oxidation. De Witte and coworkers (2004) studied a phenyl derivative of β-lapachone and showed that this compound, 2-phenyl-beta-lapachone, induced the formation of . O2 -(Figure 1.8), which, in turn altered the respiratory function of mitochondria.
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 19 Figure 1.9. Beta-lapachone-mediated cytotoxicity in cells expressing NQO1[START_REF] Pink | NAD(P)H:quinone oxidoreductase activity is the principal determinant of beta-Lapachone cytotoxicity[END_REF] 
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 1 Figure 1.12. (A) UV-Vis spectra of β-lapachone in methanol and (B) fluorescence emission spectra of pure β-lapachone in PBS buffer at different excitation wavelengths ranging from 257 to 360 nm (adapted from Candido et al. 2018 and Nasongkla et al., 2003).
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 1 Figure 1.14. Sensitive bonds to storage conditions (from Cunha et al. 2013)
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 1 Figure 1.15. Chemical structure and approximate cavity volumes of -, -, or -cyclodextrins (from Szejtli 1997).
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 1 Figure 1.16. Formation of a CD-drug inclusion complex (from Jansook et al. 2018).
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 1 Figure 1.17. Schematic of the chemical structures of cyclodextrins (From Sigma-Aldrich).
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 1 Figure 1.18. The solubility equilibria of β-lapachone in aqueous solutions containing cyclodextrin. Ks and Kc are the equilibrium constraints for β-lapachone solubility and formation of inclusion complex, respectively. [CD•β-lapachone], [β-lapachone], and [CD] are the concentrations of CD•β-lapachone complex, free β-lapachone, and free CD, respectively (from Nasongkla et al. 2003).
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 1 Figure 1.19. Phase solubility diagrams of β-lapachone as function of cyclodextrin concentrations at 25°C in phosphate buffer: (A) Cyclodextrins   . (B) HP--CD (from Nasongkla et al. 2003).

Following

  this work, various groups focused on the solubilization of β-lapachone by cyclodextrin derivatives. Cunha-Filho et al. (2007b) ranked the CD derivatives as a function of their β-lapachone solubilization efficiency in the following order: RM--CD > SBE-β-CD > β-CD > HP-β-CD (Figure 1.20A). They suggested that the randomly methylated (RM)--CD allowed the maximum enhancement of β-lapachone solubility due to the presence of the methyl groups, which could extend the hydrophobic region of the cyclodextrin cavity, thus favoring and stabilizing the inclusion complexes.
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 1 Figure 1.20. (A) Phase solubility diagrams of β-lapachone with β-CD and its derivatives (from Cunha-Filho et al. 2007b). (B) Phase solubility diagrams of β-lapachone with β-CD, HP-β-CD, SBEβ-CD, γ-CD and HP-γ-CD (from Xavier-Junior et al. 2017).

  (2017) showed that whereas simple mixtures of βlapachone with CDs did not modify the dissolution characteristics of the drug, RM--CD and SBE--CD produced a clear improvement of dissolution efficiency at 30 min. They concluded that in an oral form, SBE--CD would be effective to ensure fast and complete dissolution of β-lapachone before gastric emptying. The apparent discrepancy between the results of Xavier-Junior et al. and Mangas-Sanjuan et al. would suggest that oral absorption of β-lapachone is not solely controlled by its solubilization.
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 1 Figure 1.21. Effective permeability, Peff, of mixed micelles and SLS micelles at 120 min in the duodenum, jejunum, ileum, and large intestine. *p < 0.05 (mean ± SD, n = 3) (from Jang et al. 2013).
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 1 Figure 1.22. Β-lapachone-containing PEG-PLA micelles (from Blanco et al. 2007).

  synthesized βlapachone-polymer prodrugs with pH sensitive linkers, allowing self-assembling and nanoassembly stability at physiological pH. Sequential destructuring of the nanoassemblies was observed in cells: first, disassembling of the drug-polymer chains occurred in endosomes, and then release of β-lapachone was possible at lower pH in lysosomes (Figure 1.23).
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 1 Figure 1.23.Two-stage destructuring of polymer-drug nanoassemblies (from Zhou et al. 2016). The pH sensitive co-polymer is the methoxy polyethylene glyco-b-poly(diisopropyl-amino)ethyl methacrylate-co-(2-(2-pyridyldisulfide)ethyl methacrylate).

Figure 1 .

 1 Figure 1.24. Schematic illustration for the preparation of AuNP carriers with β-lapachone from Jeong et al. 2009

Figure 1 .

 1 Figure 1.25. Therapeutic areas covered by liposome-based marketed drugs (from Bulbake et al. 2017)

  Vesicle size varies from twenty nanometers to a few micrometers. Size is a critical parameter determining circulation half-life of liposomes. Both size and number of bilayers influence the extent of drug encapsulation within liposomes. Thus, liposomes have been typically classified on the basis of their size and number of bilayers: (i) small unilamellar vesicles (SUV) 20-100 nm; (ii) large unilamellar vesicles (LUV) > 100 nm; (iii) giant unilamellar vesicles (GUV) > 1000 nm; (iv) oligolamellar vesicles (OLV) 100-500 nm and (vi) multilamellar vesicles (MLV) > 500 nm (Figure1.26)(Jesorka et al. 2008).

Figure 1 .

 1 Figure 1.26. Schematic representation of the commonly applied classification scheme for liposomes (from Jesorka et al. 2008).

Figure 1 .

 1 Figure 1.27. Schematic representation of different liposomal drug delivery systems (from Sercombe et al. 2015).

Figure 1 .

 1 Figure 1.28. Common preparation techniques for different types of liposome, categorized by lamellarity and size range. Multilamellar vesicles (MLVs) can be transformed into unilamellar vesicles by various means of mechanical treatment. Abbreviation: GUV, giant unilamellar vesicle; LUV, Large unilamellar vesicle; SUV, small unilamellar vesicle (from Jesorka et al. 2008).

Figure 1 .

 1 Figure 1.29. Liposome-cell interaction (adapted from Torchilin et al. 2005).

  analysis of the article published by Cavalcanti et al. in 2011 showed that their characterization of the liposomes was poor. The β-lapachone assay (one-point absorbance at 256 nm) was indirect, performed only on the supernatant following centrifugation, without evaluation of β-lapachone and lipid loss during preparation. Also, no information was provided about the parameters controlling the encapsulation efficiency, nor the localization of β-lapachone in the vesicles. Considering the dramatic solubilizing effect of HP--CD as inferred from the previous works on β-lapachone complexation with this CD (Cunha-Filho et al. 2007b), much more β-lapachone could be expected to be encapsulated in the vesicles. However, Cavalcanti et al. chose to encapsulate β-lapachone into liposomes at the same drug/lipid ratio, whatever the initial form of β-lapachone (free in solution or complexed with cyclodextrins)

  encapsulated βlapachone into vesicles consisting of soybean lecithin (Epikuron ® 200, containing about 92% of PC(18:2/18:2)), cholesterol (CHOL) and stearylamine (SA) in a 7:2:1 molar ratio at pH 7.4. The authors tested different drug/lipid ratios and found that the 1:28 one allowed obtaining stable vesicles with about 98% loading efficiency. CHOL and SA were added to soybean lecithin to improve the stability of the liposome suspension. Indeed, CHOL usually strengthens the interactions between individual phospholipid molecules forming a membrane, ordering them and condensing a lipid layer[START_REF] Ohvo-Rekilä | Cholesterol interactions with phospholipids in membranes[END_REF][START_REF] Róg | Ordering effects of cholesterol and its analogues[END_REF]. SA may limit vesicle agglomeration during storage, thanks to its positive charge. It may also increase the interaction with cells and drug permeability through membranes, which are generally negatively charged(Pierni et al. 1999). It might also destabilize endosomes after liposome internalization by cells, thus facilitating drug release into the cytoplasm[START_REF] Roseanu | Liposomalization of lactoferrin enhanced its anti-tumoral effects on melanoma cells[END_REF]. It has also been suggested that stearylamine increases the deformability of liposome bilayers[START_REF] Maestrelli | New "drug-in cyclodextrin-in deformable liposomes" formulations to improve the therapeutic efficacy of local anesthetics[END_REF].

  . Molecular Dynamic (MD) simulations may provide complementary information at an atomistic level[START_REF] Meo | In silico pharmacology: drug membrane partitioning and crossing[END_REF][START_REF] Lopes | Shedding light on the puzzle of drugmembrane interactions: Experimental techniques and molecular dynamics simulations[END_REF]. The review of Di Meo et al. includes many successful examples of MD simulations describing drug membrane insertion. In our work, surface pressure, surface potential, differential scanning calorimetry, and small-angle X-ray scattering measurements were performed to determine the effect of β-lapachone on the thermodynamics and structure of phospholipid mono-and bi-layers. Various lipid compositions often used for the formulation of liposomes were studied, like the one used by Calvacanti et al. (DLOPC-CHOL-SA 7:2:1), but also POPC[START_REF] Maherani | Calcein release behaviour from liposomal bilayer; influence of physicochemical/mechanical/structural properties of lipids[END_REF][START_REF] Han | Synthesis and characterization of liposomes nano-composite-particles with hydrophobic magnetite as a MRI probe[END_REF] which is the main constituent of Lipoid ® E80[START_REF] Laouini | Preparation of liposomes: a novel application of microengineered membranesinvestigation of the process parameters and application to the encapsulation of vitamin E[END_REF][START_REF] Guner | Food grade liposome systems: effect of solvent, homogenization types and storage conditions on oxidative and physical stability[END_REF], DOPC[START_REF] Bowey | 2-dioleoyl-sn-glycero-3-phosphocholine-based nanoliposomes as an effective delivery platform for 17-estradiol[END_REF][START_REF] Massiot | Impact of lipid composition and photosensitizer hydrophobicity on the efficiency of light-triggered liposomal release[END_REF], DPPC[START_REF] Sakai | Characterizing the structural transition of cationic DPPC liposomes from the approach of TEM, SAXS and AFM measurements[END_REF][START_REF] Filho | Thermodynamic investigation of mixed monolayers of trans-dehydrocrotonin and phospholipids[END_REF][START_REF] Arora | Ablative focused ultrasound synergistically enhances thermally triggered chemotherapy for prostate cancer in vitro[END_REF] and DSPC[START_REF] Allen | Liposomal drug delivery systems: From concept to clinical applications[END_REF]. Further understanding was gained from MD simulations performed by Professor Trouillas' group at the University of Limoges. The final objective of this study was to determine β-lapachone positioning in lipid bilayers: (i) in the aqueous phase adsorbed to the polar head groups, (ii) inserted between phospholipid molecules, or (iii) lying between bilayer leaflets (Figure2.1).

Figure 2 . 1 .

 21 Figure 2.1. Hypothetical locations of β-lapachone in lipid vesicles

Figure 2 . 2 .

 22 Figure 2.2. Chemical structures of (A) POPC, (B) DOPC, (C) DLOPC, (D) DPPC, (E) DSPC, (F) βlapachone; (G) stearylamine (SA), (H) cholesterol (CHOL).

FigureFigure 2 . 4 .

 24 Figure 2.3. Langmuir trough

Figure 2 . 5 .

 25 Figure 2.5. Surface tension change caused by successive deposition of aliquots of β-lapachone solution on the surface of pure buffer. The arrows indicate β-lapachone deposits (From C. Thorne's Pharm.D. thesis).

  5. and 50 mol% concentrations)with various lipids classically used in liposome preparation, such as POPC, DOPC, DPPC, DSPC, and the DLOPC-CHOL-SA (7:2:1) mixture used byCalvacanti et al. (2011Calvacanti et al. ( , 2015)).The 3.5 mol% β-lapachone concentration corresponded to the 1:28 drug/lipid ratio used by Cavalcanti et al. The 50 mol% concentration was studied to determine the effect of excess βlapachone in a lipid film.The π-A isotherms recorded for π-A isotherms for pure POPC, DOPC, DLOPC and their mixtures with CHOL and SA, in the absence or presence of 3.5 mol% β-lapachone are shown in Figure2.6. For all studied mixtures, the shape of the isotherms of the lipids was apparently not modified by the presence of β-lapachone. A slight difference in shape was however noticed for the DLOPC-β-lapachone mixture compared to pure DLOPC (Figure2.6 C).

Figure 2

 2 Figure 2.6. π-A isotherms for pure phospholipids and phospholipid mixtures with CHOL and SA, in the absence or presence of 3.5 mol% β-lapachone. A: POPC; B: DOPC; C: DLOPC.

  .7). The DSPC monolayer was unaffected by multiple compression (no hysteresis), and the profile of its compression cycle did not change in the presence of β-lapachone (Figure 2.7 D). The apparent smaller molecular area was only due to the lower number of DSPC molecules spread at the interface. Conversely, for the unsaturated fluid POPC, DOPC and DLOPC, the presence of βlapachone altered the profile and the characteristic values of the compression cycles. POPC compression cycles were the most affected, confirming that β-lapachone did not interact with POPC as it did with DLOPC and DOPC, likely due to the presence of the saturated chain in POPC (Figure 2.7 A).

Figure 2 . 7 .

 27 Figure 2.7. Compression cycles for POPC, DOPC, DLOPC and DSPC mixed monolayers with CHOL and SA, in the absence or presence of β-lapachone.

  , and CHOL completely suppresses their phase transition temperature (Ohvo-Rekilä et al. 2002), as shown in Figure 2.8. The thermograms of the fully hydrated DPPC bilayers agreed with the literature (Lohner et al. 1987; Koynova et al. 1998), exhibiting a weak peak (onset Tm = 34°C and ΔH = 0.88 kcal.mol -1 ) assigned to the Lβ' gel phase → Pβ' ripple phase pre-transition and a sharp and slightly asymmetric peak (onset Tm = 40.92°C and ΔH = 9.68 kcal.mol -1 ), assigned to the Pβ'phase → fluid lamellar phase L transition (Figure 2.9A and Table

Figure 2 . 8 .

 28 Figure 2.8. Thermal behavior of pure POPC, POPC-SA and POPC-CHOL-SA. The enthalpies were normalized with respect to the mass of the phospholipids.

Figure 2 . 9 .

 29 Figure 2.9. DSC thermograms for (A) DPPC-β-lapachone and (B) POPC-β-lapachone mixtures. The enthalpies were normalized with respect to the mass of the phospholipids.
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 210 Figure 2.10. Distribution of β-lapachone along the z-axis in A) DOPC, B) POPC, C) 1:3 CHOL:DOPC (1:3) and D) CHOL:POPC (1:3). The different β-lapachone profiles (blue, red, orange and green) correspond to the situations of 1, 2, 3 and 4 molecules per leaflet, respectively. Doublebonds and phosphates are colored in brown and magenta, respectively. All data were obtained by averaging over the last 400 ns of the MD simulations.

Figure 2 . 11 .

 211 Figure 2.11. Orientation of β-lapachone in A) DOPC, B) POPC, C) CHOL:DOPC (1:3) and D) CHOL:POPC (1:3), as seen by the distribution of the angle between the vector colinear with the longest axis of β-lapachone and the normal vector to membrane surface colinear with the z-axis (see definition in the box). All data were obtained by averaging over the last 400 ns of the MD simulations.

Figure 2 . 12 .

 212 Figure 2.12. Lipids order parameter of sn1 and sn2 lipid chains in A, B) DOPC and C, D) POPCbased membranes. The profiles along the atoms of both chains are in black, blue, red, orange and green according to the number of β-lapachone per leaflet (0, 1, 2, 3 and 4, respectively). The dotted lines represent the membranes with CHOL. All data were obtained by averaging over the last 400 ns of the MD simulations.

  phase as well as in a fluid phase without perturbing their bilayer structure and lamellar organization: The X-ray pattern of DPPC MLVs recorded at 20°C, in the L' gel phase, was not affected by the presence of 3.5 mol% of β-lapachone (Figure 2.14). The absence of change in the d-spacing of both POPC and DPPC MLVs is consistent with the absence of charge of β-lapachone.

Figure 2 .

 2 Figure 2.13. SAXS patterns of POPC LUVs and MLVs in the absence and presence of 3.5 mol% βlapachone.: A: LUV: POPC with or without β-lapachone; B: MLV POPC with or without βlapachone; C: LUV electronic density; D: MLV electronic density.

Figure 2 .

 2 Figure 2.14. SAXS profiles for DPPC in the absence (black line) and presence (orange line) of 3.5 mol% β-lapachone.

Figure 2 .

 2 Figure 2.15: (A) Radial distribution function (RDF), also noted g(r), of atoms C2-C7 from sn-1 chain (blue) and sn-2 chain (yellow) with respect to the center of mass of β-lapachone in POPC in the presence (full line) or absence (dashed line) of 25 % CHOL. Snapshots of densities of C2-C7 from sn-1 (blue) and sn-2 chain (yellow) in the absence (B) or presence (C) of CHOL, obtained by projection onto the x,y plan, perpendicular to the z-axis; CHOL is depicted in green. The densities show clustering of sn-1 chains (blue) and sn-2 chains (yellow). (D) and (E) represent the same snapshots on which the density of βlapachone (red) is additionally depicted, localized in close contact with the sn-1 chain.

  Sulfobutyl ether-β-cyclodextrin (SBE-β-CD) with a degree of substitution (DS) per glucose unit of 6.5 was a gift from Cyclolab (Budapest, Hungary), and 2-hydroxypropyl-βcyclodextrin (HP-β-CD); DS = 0.6 was obtained from Sigma-Aldrich (Figure3.1). Spectroscopic grade chloroform and methanol (> 99.80% pure) were Carlo Erba reagents. The ultrapure water obtained from the Millipore Milli-Q ® Direct 8 water purification System was used for preparing buffer solutions (10 mM HEPES, 150 mM NaCl, pH 7.4).

Figure 3 . 1 .

 31 Figure 3.1. Chemical structures of (A) POPC, (B) HP-β-CD, (C) SBE-β-CD.

  NMR analysis, SBE-β-CD, SBE-β-CD, [b-lap:HP-β-CD] and [b-lap:SBE-β-CD] inclusion complex samples were dissolved in a 5-mm tube D2O and b-lap in deuterated methanol at 25°C. Each spectrum consisted of 4 scans with a spectral width of 6410.3 Hz, an acquisition time of 0.283 seconds for F2 and 0.055 seconds for F1, and a recycle delay of 21.973 seconds per scan. The pulse angle was 90°.

  [β-lapachone:SBE--CD] sample was modified. After dilution in the same solvent mixture, absorbance of the pure β-lapachone solution was measured at 256 nm.The experimental [β-lapachone:CD] ratio, β-lapachone encapsulation rate (ER%) and encapsulation efficiency (EE%) were calculated using Equations 5, 6 and 7, respectively:

  4000 cells in 100 µL cell culture medium per well were seeded in 96-well plates and left overnight in the humidified incubator at 37°C with 5% CO2. On the following day, free βlapachone (in DMSO), [β-lapachone:CD] complexes, β-lapachone-loaded liposomes or [βlapachone:CD] complex-loaded liposomes (in buffer), at different concentrations, were added to the cells (Figure3.2). Each well contained a final volume of 200 µl of full medium. Final β-lapachone concentrations ranged from 0 to 4 µM. Cells were incubated again for 24, 48 or

Figure 3 . 2 .

 32 Figure 3.2. Protocol of cell viability experiments

Figure 3 . 3 .

 33 Figure 3.3. Composition of the 96 well-plate for cells viability tests. In grey, PBS buffer; in blue: drug-free medium; in orange, increasing concentrations of β-lapachone (ranging from 0.5 to 4 µM), free in DMSO, complexed with CDs and/or encapsulated in liposomes.

Figure 3 . 4 .

 34 Figure 3.4. HPLC calibration curve of β-lapachone in methanol.

Figure 3 . 5 .

 35 Figure 3.5. UV-Visible (A) absorption spectra and (B) calibration curve of β-lapachone at various concentrations in methanol:buffer 30:1 (v:v). The UV-visible absorption spectra are similar to that recently published by Candido et al. (2018).
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 36 Figure 3.6. Fluorescence emission spectra for β-lapachone in ethanol as function of its concentration (10 -6 M, 5 × 10 -6 M, 10 -5 M, and 10 -4 M) recorded following excitation at (A) 330 nm; (B) 428 nm. Emission slots: 4-10 nm.
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 37 Figure 3.7. Emission spectra of toluene in the absence and presence of β-lapachone. Emission slots: 4-10 nm. Excitation at (A) 330 nm; (B) 428 nm.

Figure 3 . 9 .

 39 Figure 3.9. Cryo-TEM micrographs of unloaded (A) and β-lapachone-loaded (B) POPC vesicles prepared by extrusion; (C) β-lapachone-loaded POPC vesicles prepared by tip sonication; (D) For comparison: Ferritin-loaded POPC vesicles (from Berclaz et al. 2001).

  for HP-β-CD and SBE-β-CD, respectively. The obtained solutions of [βlapachone:CD] complexes were filtered and lyophilized. Freeze-drying was necessary to weigh the samples and calculate the CD and β-lapachone molar ratio. However, after lyophilization, the morphology of the [β-lapachone:CD] complexes sometimes appeared different, depending on the -CD derivative used. In all [β-lapachone:SBE--CD] samples, two solid phases were observed, one (intense orange) on top of the other (light orange) (Figure 3.10 A,B). The solid in Figure 3.10 A could correspond to the crystallization of pure β-lapachone. This crystallization was not observed for [β-lapachone:HP-β-CD] complexes, which freeze-dried powder showed homogeneous light orange color all over (Figure 3.10 C). Apparently in [β-lapachone:SBE--CD] samples, β-lapachone was partially expelled from the SBE--CD cavities during drying.

Figure 3 .

 3 Figure 3.10. (A) Crystallized β-lapachone button (intense orange) separated from the lower solid phase (B) (light orange) after freeze-drying of [β-lapachone:SBE--CD] complexes; (C) freeze-dried sample of [β-lapachone:HP--CD] complexes.
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 311 Figure 3.11. Absorption spectra of β-lapachone free or complexed by the two studied cyclodextrin

(

  2003) and[START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF], the β-lapachone:CD stoichiometry is 1:1, i.e., one CD forms an inclusion complex with one β-lapachone molecule. Therefore, we should have a large excess of uncomplexed fraction of HP-β-CD or SBE-β-CD in the sample that could give stronger signals than the complexed one.

Figure 3 .

 3 Figure 3.12. 2-D NMR spectra for (A) the SBE--CD (red) and β-lapachone (blue) independently, and (B) the [β-lapachone:SBE--CD] complexes (green). There is no difference between the complexed [β-lapachone:SBE--CD] compared to the superimposed spectra of β-lapachone and SBE--CD. The results obtained with HP--CD are identical.

  -dried [β-lapachone-CD] complexes were dissolved in the buffer and added to a POPC film containing 10 mol% β-lapachone (Figure3.13 C).

Figure 3 . 13 .

 313 Figure 3.13. Preparation of double loaded liposomes and expected results. (A) POPC-β-lapachone vesicles; (B) Double loaded vesicles prepared by adding free CDs to a POPC-β-lapachone film with large excess β-lapachone (10%); (C) Double loaded vesicles prepared by adding β-lapachone:CD complexes (excess CDs) to a POPC-β-lapachone film with large excess β-lapachone (10%). Scales are not respected.

Figure 3 .

 3 Figure 3.14. Cryo-TEM micrographs of liposomes obtained from a film of POPC-β-lapachone hydrated by (A) [β-lapachone:HP--CD] and (B,C) [β-lapachone:SBE--CD] complexes. (A) and (B) were prepared by extrusion and (C) by sonication.

Figure 3 . 15 .

 315 Figure 3.15. Absorption spectra of β-lapachone, free, or in liposomes, complexed with SBE--CD. Liposomes were obtained by extrusion (A) or tip sonication (B).

Figure 3 . 16 :

 316 Figure 3.16: Western blot for quantification of NQO1 expression in PC3 and PNT2 cells.

Figure 3 .

 3 Figure 3.17. Effect of free β-lapachone on the viability of mouse fibroblasts

  and 3.18 led to several observations. The first one is that the IC50 values for PC3 cells are similar to those already published[START_REF] Kumi-Diaka | Chemosensitivity of human prostate cancer cells PC3 and LNCaP to genistein isoflavone and -lapachone[END_REF]. A second observation is that the cytotoxicity of β-lapachone against normal epithelial and cancerous cells is similar. If the data were true and could not be reversed by formulation of βlapachone, then the drug would lose a large part of its interest for the treatment of prostate cancer. Indeed, one of the β-lapachone claimed advantages is its selectivity towards cancer cells. More specifically in the case of prostate cancer, our results are in contradiction with the information published by[START_REF] Planchon | -lapachoneinduced apoptosis in human prostate cancer cells: involvement of NQO1/xip3[END_REF], who reported a good selectivity of βlapachone against prostate cancer cells, based on NQO1 expression levels. As mentioned previously PC-3 is NQO1+, and we have shown that PNT2 is NQO1+ too. However, NIH 3T3 is NQO1-and was as affected by β-lapachone as the healthy and cancerous prostate cells.

Figure 3 . 19 .

 319 Figure 3.19. Effect of HP--CD and SBE--CD on the viability of (A) PNT2 and (B) PC3 cells after 48 h incubation.

Figure 3 .

 3 Figure 3.20 Cytotoxic effect of free β-lapachone and inclusion complexes on (A) PNT2 and (B) PC3 cells after 48 h contact.

Figure 3 . 23 .

 323 Figure 3.23. Comparison of the cytotoxic effect of various β-lapachone formulations against PC3 cells.

Figure 3 .

 3 Figure 3.24. Preparation of double loaded liposomes and probable result. (A) POPC-β-lapachone vesicles; (B) Double loaded vesicles prepared by adding free CDs to a POPC-β-lapachone film with large excess β-lapachone (10%); (C) Double loaded vesicles prepared by adding β-lapachone:CD CD complexes (excess CDs) to a POPC-β-lapachone film with large excess β-lapachone (10%). Scales are not respected.
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 41 Figure 4.1. Positioning of β-lapachone in a POPC bilayer

Figure 4 . 2 .

 42 Figure 4.2. Schematic model for the influence of cholesterol in atenolol (a) and quinine (b) insertion to lipid bilayer (from Briuglia et al. 2015).

  have been often used by other groups, we have found few examples of single or double loaded vesicles prepared by tip sonication, except for Cavalcanti et al. (2011), Zhang et al. (2015c), and Wang et al. (2016).

  respectively), in the same group as Cavalcanti et al. who had determined a 1:16.5 ratio for [β-lapachone:HP-β-CD] complexes in 2011.

  release mechanisms(Gharbi et al. 2015). If β-lapachone is released in the form of inclusion complexes, a step of transportation should occur for the complexes from the central core to the lipid membrane. If β-lapachone is released as a free molecule, drug should first dissociate from the CDs, then interact with the lipid bilayer before going through it. In a dynamic environment, both mechanisms may occur. Theoretically, when the drug is entrapped with CDs in the aqueous core of vesicles, release is delayed by one more step, compared to conventional liposome. This could be interesting, if we looked for a drug carrier with prolonged release. However, as shown by[START_REF] Gharib | Liposomes incorporated cyclodextrin-drug inclusion complexes: Current state of knowledge[END_REF], the subject is controversial, some authors (among whichCavalcanti et al.) finding a faster release and others, a slower one. The release seems dependent on the method of preparation of the vesicles. Therefore, it would be wise to study both together.Beyond the comparison of the various formulations of β-lapachone, the in vitro tests, performed on normal and cancerous cells expressing or not the enzyme NQO1 led to more questioning about the activity and toxicity of β-lapachone. Firstly, we did not see any selectivity of β-lapachone towards one specific cell line; β-lapachone proved very toxic to the three normal and cancer cells tested. Secondly the NQO1-mouse fibroblasts (NIH 3T3)

  treating prostate cancer locally (to keep advantage of β-lapachone solubilization in liposomes and CDs), both normal NQO1+ cells and cancer cells would die. Our results indicate that the cytotoxicity of β-lapachone is controlled by more than one mechanism, and that this compound is very toxic. New formulation options should be considered, in which β-lapachone would not be the one controlling the selectivity, but a ligand, grafted at the surface of the vesicles, capable of recognizing a cell receptor.[START_REF] Park | Systemic delivery and preclinical evaluation of Au nanoparticle containing for radiosensitization[END_REF] targeted the epidermal growth factor (EGFR), using an anti-EGFR antibody grafted onto nanoparticles bearing [βlapachone:CD] complexes. Other ligands could be chosen.Encapsulation of β-lapachone complexes in vesicles made it possible to increase the rate of encapsulation of the drug in vesicles but at the cost of a very poor encapsulation efficiency. It would be necessary to complete this work, encapsulate complexes in the unloaded liposomes (single loading), try other liposome preparation methods and encapsulation protocols. By studying increasing β-lapachone concentrations, it might be possible to determine the maximum encapsulation rate of β-lapachone in double loaded liposomes, and to understand what happened when β-lapachone was associated with POPC molecules these vesicles.Still, some issues and questions remain unsolved: (i) We wasted time without results trying to quantify β-lapachone by HPLC. New experiments should be performed using another HPLC system and a new column; (ii) The method of preparation of the vesicles should be optimized, for a better control of their lamellarity and improvement of their loading capacity; (iii) Encapsulation of β-lapachone in vesicles in the presence of free CD was obtained with very low EE% and ER% values. This suggests that although SBE--CDs and HP--CDs are considered poor destabilizers of lipid bilayers, they probably interfered with the formation of the vesicles; (iv) Cytotoxicity tests showed no difference between free b-bap, β-lapachone in CD, β-lapachone in vesicles and β-lapachone-in-CD-in-vesicles. This could mean that βlapachone was not retained in the vesicles. Drug release studies should be performed before concluding; (v) The lack of selectivity of β-lapachone against normal and cancer cells, independently of the expression of NQO1 should be investigated more thoroughly. New formulation options might be considered, in which a cell receptor-specific ligand could be grafted at the surface of the drug carrier. Also, if β-lapachone is too cytotoxic and insufficiently specific, contrary to what the literature says, we could consider coupling it, at non-cytotoxic concentrations, with a more specific treatment like photodynamic therapy.

Figure A3. 2 .

 2 Figure A3.2. Emission spectra of acetonitrile in the absence and presence of β-lapachone. Emission slots: 4-10 nm. Excitation at (A) 330 nm; (B) 428 nm.

Figure A3. 3 .

 3 Figure A3.3. Emission spectra of heptane in the absence and presence of β-lapachone. Emission slots: 4-10 nm. Excitation at (A) 330 nm; (B) 428 nm.
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 14 Marketed or in development liposome-based products (from Sercombe et al.

IC50 (µM) CC50 (µM) clogP 1 0.9 < 3.1 1.66 4

  

		11	22	1.04
	5	>50	< 3.1	1.24
	6	>50	>50	0.61
	7	>50	>50	0.90
	1a	12	>50	1.58
	4a	4.0	32	0.96
	5a	3.5	25	1.17
	6a	43	>50	0.54
	7a	1.3	>50	0.83
	Table 1.1 Comparison of the trypanocidal activity (IC50), and cytotoxicity against VERO cells
	(CC50), of naphthoquinones and oxyrans derivatives; clogP is the calculated partition coefficient.
	Compound 1 is β-lapachone. Adapted from Ferreira et al. (2006).	

mechanism is the cell cycle arrest by

  activation of various proteins[START_REF] Chang | Induction of CDK inhibitors (p21 WAF1 and p27 Kip1 ) and Bak in the -lapachone-induced apoptosis of human prostate cancer cells[END_REF].

	Β-lapachone inhibited Vascular Smooth Muscle Cells (VSMC) proliferation in vitro, by arrest
	at the G1/S phase transition (Kim et al. 2009). It also induced apoptosis in melanoma B16F10
	and B16BL6 cells by cell cycle arrest at the G0/G1 stage (Kee et al. 2017). More recently,
	Dias et al. (2018) who studied the effect of beta-lapachone and other anticancer drugs on
	spheroids of HSC3 cells (human oral squamous cel carcinoma) observed a cell cycle arrest at
	the G2/M phase, and a cascade of events leading to apoptosis.

Table 1 .

 1 

2. Some physicochemical and biological properties of CDs that can be found in marketed pharmaceutical products (from

[START_REF] Jansook | Cyclodextrins: structure, physicochemical properties and pharmaceutical applications[END_REF]

).

Table 1 .

 1 . It can still be found, however, in marketed nasal for 17 β -Estradiol (Aerodiol ® by Servier) and ocular formulations for chloramphenicol (Clorocil ® by Oftalder)(Loftsson et al. 2010). Conversely, SBE-β-CD and HP-β-CD are well tolerated by humans(Stella et al. 2008; Loftsson et al. 2010), although as mentioned previously, hemolysis has been reported upon infusion of -lapachone complexed with HP-β-CD.

	CD	Ratio	Method		Results		Reference
	α-CD	1:1	Addition of excess amount of β-	An	enhanced	water	Nasongkla
	β-CD		lapachone to PBS buffers containing	solubility of β-lapachone	et al. 2003
	γ-CD		increasing concentrations of each CD	(16 mg/mL as compared to
	HP-β-CD		molecule	0.04 mg/mL) was observed
				following	complexation
				with HP-β-CD.	
	α-CD	1:1	Dissolution of CDs and β-lapachone	Β-lapachone complexation	Wang et
	β-CD		in methanol: water mixture (3:1 or 1:2	with HP-β-CD prevents	al. 2007
	γ-CD		v:v), then evaporation of the solvent,	drug dissolution in PLGA,
	HP-β-CD		resuspension in deionized water, 24h	thus accelerating its release
			stirring and freeze-drying to obtain a	(79.6 ± 2.1% after 2 days).
			powder				
	β-CD	1:1	1) Kneading: addition of 20 wt%	Β-lapachone			Cunha-
	HP-β-CD		ethanol:water (1:1 v:v) to β-	solubilization : RM--CD	Filho et al.
	SBE-β-CD		lapachone-CD (1:1 mol) physical	> SBE-β-CD > β-CD >	2007
	RM-β-CD		mixture, mixing and drying at 40°C	HP-β-CD		
			for 24h.				
			2) Freeze drying: physical mixture in				
			ethanol:water (1:1 v:v), frozen by				
			immersion in liquid nitrogen and				
			freeze-dried.				
			For both method a 100-250 µm sieve				
			granulometric fraction was collected				
	RM-β-CD	-	-	Fine tuning of β-lapachone	Cunha-
	Pluronic F127			release rate by the concentration of the	Filho et al. 2012
				copolymer and addition of
				RM-β-CD		
	RM-β-CD	-	-	Optimal	formulation Seoane et

and it may also regulate its biodistribution and cell accumulation (Cunha-

[START_REF] Cunha-Filho | Temperature-sensitive gels for intratumoral delivery of -lapachone: Effect of cyclodextrins and ethanol[END_REF][START_REF] Seoane | Administration of the optimized -lapachone-poloxamer-cyclodextrin ternary system induces apoptosis, DNA damage and reduces tumor growth in a human breast adenocarcinoma xenograft mouse model[END_REF]

.

[START_REF] Jang | Impact of micellar vehicles on in situ intestinal absorption properties of β-lapachone in rats[END_REF] 

studied the solubilizing effect of phosphatidylcholine-
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or in development liposome-based products (from

[START_REF] Sercombe | Advances and challenges of liposome assisted drug delivery[END_REF]

.

  Common preparation techniques for different types of liposome, categorized by lamellarity and size range. Multilamellar vesicles (MLVs) can be transformed into unilamellar vesicles by various means of mechanical treatment. Abbreviation: GUV, giant unilamellar vesicle; LUV, Large unilamellar vesicle; SUV, small unilamellar vesicle (from Jesorka et al. 2008).

  POPC. Conversely, for the DLOPC-CHOL-SA mixture, the ∆G exc values were close to zero, with slightly positive ∆A exc values, indicating a lower stability of this mixture, compared to the two other mixtures (namely, POPC-CHOL-SA and DOPC-CHOL-SA).

	POPC-CHOL-SA	DOPC-CHOL-SA	DLOPC-CHOL-SA
	Surface	∆A exc	∆G exc	∆A exc	∆G exc	∆A exc	∆G exc
	pressure	(Å 2 )	(kJ/mol)	(Å 2 )	(kJ/mol)	(Å 2 )	(kJ/mol)
	(mN/m)						
	5	-7.4	-0.065	-2.6		+1.9	-0.064
	10	-6.5	-0.106	-3.3	-0.011	+1.2	-0.035
	15	-5.5	-0.183	-3.2	-0.021	+1.3	-0.040
	20	-4.4	-0.298	-2.9	-0.055	+1.3	-0.049
	25	-3.6	-0.406	-2.6	-0.089	+1.2	-0.032
	30	-2.9	-0.539	-2.4	-0.125	+1.3	-0.037
	35	-2.1	-0.672	-2.1	-0.185	+1.1	-0.013
	40	-1.3	-0.870	-1.4	-0.347	+1.5	-0.105
	Film forming components	Subphase Ac (Å 2 )	πc (mN/m)	Kmax (mN/m)	∆V (mV)
	Pure POPC		buffer	60.0	44.0	99.2	nd
	POPC-CHOL (7:3)	buffer	43.8	45.4	140.4	nd
	POPC-CHOL-SA	buffer	47.6	47.7	157.0	nd
	Pure DOPC		buffer	60.5	42.6	93.3	nd
	DOPC-CHOL (7:3)	buffer	50.0	43.0	129.3	nd
	DOPC-CHOL-SA	buffer	48.8	44.0	122.0	nd
	Pure DLOPC	buffer	57.5	42.0	101.0	nd
	DLOPC-CHOL (7:3)	buffer	48.0	44.5	143.1	nd
	DLOPC-CHOL-SA	buffer	46.6	44.7	121.1	nd
	Pure DPPC		water	38.0	53.0	191.0	400.0
	Pure DSPC		water	40.0	54.4	269.0	147.0
	Pure cholesterol (CHOL) water	40.4	40.2	1171.0	475.8
	Pure stearylamine (SA)	water	14.0	57.0	550.0	851.3
	Table 2.1. Main characteristics of the π-A isotherms of pure lipids and their mixtures with cholesterol
	and stearylamine onto HEPES buffer at 21°C ± 1°C. Ac: molecular area at collapse; πc: surface
	pressure at collapse; Kmax: maximal compressibility modulus; ∆V: surface potential; nd: not
	determined. *We checked that the change from water to buffer was without consequence on the charge
	of β-lapachone (pKa = -4.9) and phosphatidylcholines.			

Table 2.2. ∆A exc and ΔG exc values for (a) POPC-CHOL-SA, (b) DOPC-CHOL-SA, (c) DLOPC-CHOL-SA mixed monolayers.
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	Film forming components	Subphase	Ac (Å 2 )	πc (mN/m)	Kmax (mN/m)	∆V (mV)
	Pure POPC	buffer	60.0	44.0	99.2	nd
	POPC-β-lapachone	buffer	59.3	43.0	101.3	nd
	Pure DOPC	buffer	60.5	42.6	93.3	nd
	DOPC-β-lapachone	buffer	58.4	41.9	88.4	nd
	Pure DLOPC	buffer	57.5	42.0	101.0	nd
	DLOPC-blap	buffer	53.5	41.5	95.0	nd
	Film forming components	Subphase	Ac (Å 2 )	πc (mN/m)	Kmax (mN/m)	∆V (mV)
	POPC-CHOL (7:3) POPC-CHOL (7:3)-β-lapachone	buffer water	43.8 48.0	45.4 42.0	140.4 129.8	nd nd
	POPC-CHOL-SA	buffer	47.6	47.7	157.0	nd
	(POPC-CHOL-SA)-β-lapachone	buffer	45.6	47.6	156.9	nd
	DOPC-CHOL (7:3)	buffer	50.0	43.0	129.3	nd
	DOPC-chol (7:3)-blap	water	56.8	41.7	109.2	nd
	DOPC-CHOL-SA	buffer	48.8	44.0	122.0	nd
	(DOPC-CHOL-SA)-β-lapachone	buffer	47.6	44.2	119.2	nd
	DLOPC-CHOL-SA	buffer	46.6	44.7	121.1	nd
	(DLOPC-CHOL-SA)-β-	buffer	43.7	44.0	107.4	nd
	lapachone					
	Table 2.4. Main characteristics of the π-A isotherms of phospholipid-CHOL (7:3) and phospholipid-
	CHOL-SA (7:2:1) mixtures, spread with 3.5 mol% β-lapachone onto HEPES buffer or water at 21°C ±
	1°C. Ac: molecular area at collapse; πc: surface pressure at collapse; Kmax: maximal compressibility
	modulus					

.3. Main characteristics of the π-A isotherms of pure lipids, spread with 3.5 mol% β-lapachone onto HEPES buffer at 21°C ± 1°C. Ac: molecular area at collapse; πc: surface pressure at collapse; Kmax: maximal compressibility modulus.

  Table

		Subphase	Ac (Å 2 )	πc (mN/m)	Kmax (mN/m)	∆V (mV)
	Pure POPC	buffer	60.0	44.0	99.2	nd
	POPC-β-lapachone (1:1)	buffer	29.9	44.2	120.0	nd
	POPC-CHOL (7:3) POPC-CHOL (7:3)-β-lapachone	buffer water	43.8 27.0	45.4 42.0	140.4 125.4	nd nd
	Pure DOPC	buffer	60.5	42.6	93.3	nd
	DOPC-β-lapachone (1:1)	water	28.0	42.8	125.0	551.0
	DOPC-chol (7:3)-blap	water	28.5	40.6	105.4	nd
	Pure DLOPC	buffer	57.5	42.0	101.0	nd
	DLOPC-blap	water	32.5	42.0	111.0	nd
	Pure DPPC	water	38.0	53.0	191.0	400.0
	DPPC-β-lapachone	water	18.0	55.4	285.0	724.0
	Pure DSPC	water	40.0	54.4	269.0	147.0
	DSPC-β-lapachone (1:1)	water	20.0	54.1	299.0	494.0
	DSPC-chol (7:3)-blap	water	20.8	55.0	473.4	nd
	Pure cholesterol (CHOL)	water	40.4	40.2	1171.0	475.8
	CHOL -β-lapachone	water	20.2	42.6	666.0	340.6
	Pure stearylamine (SA)	water	14.0	57.0	550.0	851.3
	SA -β-lapachone	water	6.5	58.0	385.0	863.3

Table 2
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	β-lapachone			
	(mol%)	TOnset (°C)	TOffset (°C)	ΔH (kcal/mol lipid)
	pure DPPC	40.92	42.28	9.68
	3.5	40.06	42.11	8.87
	10	40.55	42.28	8.73
	pure POPC	-4.48	-2.48	5.12
	3.5	-8.27	-1.57	4.49
	10	-7.95	-1.24	4.53

.6. Characteristic parameters of the main transition of DPPC and POPC in the presence of β-lapachone. Tm values are taken at the onset of the peaks.
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		Number					
	Lipid composition	of β-lapachone molecules	z (nm)	zc=o (nm)	zPhosphate (nm)	zC=C (nm)	zOH-CHOL (nm)
		per leaflet					
		1	1.5 ± 0.2	1.6 ± 0.2	2.1 ± 0.2	0.8 ± 0.2	-
	DOPC	2 3	1.4 ± 0.2 1.3 ± 0.2	1.6 ± 0.2 1.5 ± 0.2	2.0 ± 0.2 2.0 ± 0.2	0.8 ± 0.2 0.8 ± 0.2	--
		4	1.4 ± 0.2	1.6 ± 0.2	2.0 ± 0.2	0.8 ± 0.2	-
		1	1.6 ± 0.2	1.8 ± 0.2	2.2 ± 0.2	0.9 ± 0.2	1.7 ± 0.2
	CHOL:DOPC	2	1.6 ± 0.2	1.8 ± 0.2	2.2 ± 0.2	0.9 ± 0.2	1.6 ± 0.2
	1:3	3	1.5 ± 0.2	1.7 ± 0.3	2.2 ± 0.2	0.9 ± 0.2	1.6 ± 0.2
		4	1.6 ± 0.2	1.8 ± 0.2	2.2 ± 0.2	0.9 ± 0.2	1.6 ± 0.2
		1	1.3 ± 0.2	1.4 ± 0.2	1.9 ± 0.2	0.8 ± 0.2	-
	POPC	2 3	1.2 ± 0.2 1.2 ± 0.2	1.5 ± 0.2 1.5 ± 0.2	1.9 ± 0.2 2.0 ± 0.2	0.8 ± 0.2 0.8 ± 0.2	--
		4	1.2 ± 0.2	1.6 ± 0.2	1.9 ± 0.2	0.8 ± 0.2	-
		1	1.4 ± 0.2	1.7 ± 0.1	2.1 ± 0.2	0.9 ± 0.2	1.5 ± 0.2
	CHOL:POPC	2	1.5 ± 0.2	1.7 ± 0.1	2.1 ± 0.2	0.9 ± 0.2	1.5 ± 0.2
	1:3	3	1.6 ± 0.3	1.8 ± 0.2	2.1 ± 0.2	0.9 ± 0.2	1.5 ± 0.2
		4	1.4 ± 0.2	1.6 ± 0.2	2.1 ± 0.2	0.9 ± 0.2	1.5 ± 0.2

7. Distance z (center of mass of β-lapachone), zC=O (carbonyl group of β-lapachone), zPhosphate (phosphate groups of DOPC or POPC), zC=C (unsaturation of DOPC or POPC) and zOH-CHOL (OH group of CHOL) from membrane center, in DOPC, POPC, CHOL:POPC (1:3) and CHOL:DOPC (1:3). All data were obtained by averaging over the last 400 ns of the MD simulations.

Table 2 . 9 .

 29 Structural characteristics of POPC-β-lapachone LUVs and MLVs

		dHH (nm)	H (nm)	C (nm)	d (nm)	
	LUV	3.77	0.3	0.689		
	MLV	3.76	0.3	0.68	6.45	0.065

POPC-β-lapachone vesicle suspension Β-lapachone recovery (mol %)

  

	UV-Visible	Total A		Liposomal suspension
		66.96		66.96
		Total B	Pellet	Supernatant	Flask
		66.62	27.66	38.03	0.92
	HPLC	Total A		Liposomal suspension
		11.60		11.60
		Total B	Pellet	Supernatant	Flask
				(UV spectr.)
		46.94	7.89	38.03	1.01

Table 3 . 1 :

 31 Recovery of β-lapachone from POPC -β-lapachone liposomal suspensions and the various fractions following centrifugation, as measured by UV-Visible spectroscopy and HPLC.

	POPC-CHOL-SA-β-		Β-lapachone recovery (mol %)
	lapachone vesicle			
	suspension			
	UV-Visible	Total A		Liposomal suspension
		69.40		69.40
		Total B	Pellet	Supernatant	Flask
		71.03	38.03	32.13	0.86
	HPLC	Total A		Liposomal suspension
		9.65		9.65
		Total B	Pellet	Supernatant	Flask
				(UV spectr.)
		37.25	4.34	32.13	0.77

Table 3 .

 3 2. Recovery of β-lapachone from POPC-CHOL-SA-β-lapachone liposomal suspensions and the various fractions following centrifugation, as measured by UV-Visible spectroscopy and HPLC.
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 34 Characteristics of "LUVs" formed by hydration of a POPC-β-lapachone film by free CDscontaining buffer and tip sonication

	Cyclodextrin	Lipid film	Method	HD (nm)	PDI	-potential	ER	EE
				(± SD)		(± SD) (mV)	(%)	(%)
	SBE--CD	POPC	0.5h-S	169.3 ±	0.131	-2.13 ± 0.13 0.95 9.5
		+10% β-		1.7	±			
		lapachone			0.017			

  .5).

	Cyclodextrin	Method	HD (nm)	PDI	-potential (±	ER (%)	EE (%)
	associated to		(± SD)		SD) (mV)		
	β-lapachone						
	HP--CD	E	202.0 ± 5.2	0.099 ±	nd	4.30	24.36
				0.048			
	SBE--CD*	E	159.9 ± 0.8	0.065 ±	nd	4.94	27.98
				0.011			
	HP--CD	1h-S	166.5 ± 1.3	0.113 ±	-5.63 ± 0.27	4.68	19.43
				0.031			
	SBE--CD	1h-S	163.4 ± 1.9	0.095 ±	-5.20 ± 0.26	3.96	21.56
				0.027			
	HP--CD	0.5h-S	183.6 ± 1.7	0.140 ±	-1.742 ± 0.165	4.30	21.50
				0.016			
	SBE--CD	0.5h-S	181.2 ± 1.4	0.122 ±	-3 .438 ±	4.72	23.60
				0.025	0.230		
	Table 3.5. Characteristics of POPC "MLVs" or "LUVs" formed by hydration of a POPC-β-lapachone
	(10 mol%) film by β-lapachone-CD complexes-containing buffer, at optimal drug:CD ratio (1:8.4 and
	1:5.0 for HP--CD and SBE--CD, respectively). Nd: not determined. *In this sample, the POPC film
	also contained 2.5% PEG2000.					

  [START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF]):[START_REF] Maestrelli | New "drug-in cyclodextrin-in deformable liposomes" formulations to improve the therapeutic efficacy of local anesthetics[END_REF], for example, showed that the EE% was between 12 and 30% lower in double loaded vesicles, compared to single loaded ones.[START_REF] Zhou | Lysosome-oriented, dual stage pH-responsive polymeric micelles for -lapachone delivery[END_REF] observed both a reduction in EE% and ER%.

Maestrelli et al. 125 

2010;
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7: IC50 for PC3 after 48h treated with various formulation.
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Chapter 3: Formulation and characterization of liposomes of betalapachone and beta-lapachone-cyclodextrin complexes for prostate cancer therapy

Introduction

Encapsulation of a lipophilic unstable drug in liposomes is a way to improve its water solubility and limit its degradation. Based on our study described in Chapter 2, β-lapachone was expected to intercalate between phospholipid molecules in vesicle bilayers. The only work previously reported on β-lapachone encapsulation in liposome was published by [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Thorne | Developpement d'une formulation liposomale pour l'administration d'une substance médicamenteuse difficilement formulable[END_REF]. In their study, no attempt was made to determine the localization of β-lapachone in vesicles. Their encapsulation efficiency (EE) was very high (98%). Furthermore, when β-lapachone was mixed to HP--cyclodextrin and the resulting complexes were encapsulated in phospholipid vesicles, the EE was similar to that observed without cyclodextrins, as if the efficacy of encapsulation of a drug in the lipid bilayer or the aqueous core of vesicles was identical. The encapsulation rate was not clearly specified. The authors only mentioned the drug-to-lipid ratio. For vesicles prepared with free β-lapachone, this drug-to-lipid ratio corresponded to an encapsulation rate of about 3.5 mol%. For liposomes encapsulating [β-lapachone:CD] complexes, the encapsulation rate was apparently not determined [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF].

In Chapter 2, we described our comparison of various lipids for the formulation of βlapachone liposomes. We showed that the DLOPC-CHOL-SA (7:2:1) monolayer (corresponding to the mixture used by Cavalcanti et al.) was potentially unstable, and that a more favorable interaction existed between POPC, CHOL and SA. So, this latter mixture and pure POPC were preferred for the formulation of β-lapachoneand [β-lapachone:CD]-loaded liposomes. In this chapter, we describe (i) the solubilization of β-lapachone in cyclodextrins or liposomes, (ii) the solubilization of β-lapachone in-cyclodextrin-in-liposome, (iii) the

Results and discussion

In order to characterize β-lapachone encapsulation in liposomes, and prior to cell viability tests, we needed reliable techniques to quantify the amount of drug encapsulated and to verify the stability of β-lapachone in the vesicles. Indeed, our previous experiments (see Chapter 2) have shown that β-lapachone does not insert very deeply in lipid bilayers and could be released in the extracellular aqueous medium, before vesicle endocytosis.

Quantification of β-lapachone by high-performance liquid chromatography (HPLC) and UV-visible spectroscopy

We first intended to quantify β-lapachone solely by HPLC, according to the protocols used by [START_REF] Cunha-Filho | Dissolution rate enhancement of the novel antitumoral -lapachone by solvent precipitation of microparticles[END_REF] and [START_REF] Kim | Preclinical pharmacokinetic evaluation of -lapachone: Characteristics of oral bioavailability and first-pass metabolism in rats[END_REF]. We obtained a linear regression equation with y = 283605x -0.1027 (R 2 = 0.9943) where y was the peak area of β-lapachone and x the drug concentration (Figure 3.4). This result indicates that the peak area of the drug had good linear correlation with concentration in the 0.5 ×10 -6 -1.0 × 10 -5 M concentration range.

We also observed that [START_REF] Cavalcanti | The encapsulation of -lapachone in 2-hydroxypropyl--cyclodextrin inclusion complex into liposomes: A physicochemical evaluation and molecular modeling approach[END_REF][START_REF] Cunha-Filho | Dissolution rate enhancement of the novel antitumoral -lapachone by solvent precipitation of microparticles[END_REF] used UV-visible spectroscopy at 256 nm. Our regression equation for β-lapachone absorbance at 256 nm as a function of its concentration also showed good linear correlation, in the 2.5 × 10 -6 -3.5 × 10 -5 M concentration range (Figure 3.5).

We performed the assay of β-lapachone encapsulated in liposomes by both UV-visible spectroscopy and HPLC. However, the same samples analyzed by these two methods yielded completely different results (Tables 3.1 and3.2). The HPLC always yielded unreasonably lower values than UV-visible spectroscopy, despite the satisfactory calibration curves obtained for the free β-lapachone (Figure 3.4).

In order to identify the origin of this discrepancy, we performed the β-lapachone assay by the two methods on almost all fractions collected during liposome preparation. could be detrimental to β-lapachone stability in the bilayers and could accelerate its release. Such phenomenon has indeed been reported for vesicles containing paclitaxel and cholesterol in their bilayers [START_REF] Steffes | Distinct solubility and cytotoxicity regimes of paclitaxel-loaded cationic liposomes at low and high drug content revealed by kinetic phase behavior and cancer cell viability studies[END_REF]. Also, [START_REF] Aloisio | Liposomes containing cyclodextrins or meglumine to solubilize and improve the bioavailsability of poorly soluble drugs[END_REF] showed that the encapsulation rate of lipophilic drugs decreased with the cholesterol/PC ratio. The highest encapsulation rate was obtained with pure PC. Therefore, we also preferred to exclude cholesterol from the composition of the vesicles. We report here solely the results obtained with β-lapachone encapsulated in pure POPC vesicles. On the basis of the physico-chemical study, we hypothesized that β-lapachone would mix preferentially with the lipids instead of being solubilized in the aqueous core of vesicles. So, MLVs were prepared, in order to increase the encapsulation rate per vesicle by greater lamellarity. LUVs were also prepared in order to see if there was a difference in encapsulation rate or stability of the vesicles.

In the literature, the properties of vesicles prepared by extrusion or sonication (size, molecular scale organization of bilayers) have been compared and in general, authors reported the We also studied the cytotoxicity of the two cyclodextrins. Figure 3.19 shows the effect of the pure cyclodextrin derivatives after 48 h contact with PNT2 and PC3 cells. The IC50 for HP--CD and SEB--CD are 7 mM and 2 mM, respectively, for PNT2 cells, and >10 mM and 1.8 mM, respectively, for PC3 cells. Obviously, SEB--CD is more toxic than HP--CD against the two studied cell lines. It is worth noting that the cytotoxicity of the two cyclodextrins was observed at millimolar concentrations of CDs, not at micromolar ones as for β-lapachone. When β-lapachone was encapsulated into liposomes prepared by extrusion, its cytotoxicity against the PNT2 cells did not change (IC50 = 0.7 µM compared to free β-lapachone IC50 = 1.0 µM) (Figure 3.22 and Table 3.6). There was also no difference between pegylated and non-pegylated vesicles. 

CHAPTER 4: General discussion

However, a thorough analysis of the compression moduli of monolayers revealed the actual presence of β-lapachone in the mixed monolayers. In fact, β-lapachone induced an increase in rigidity of saturated phospholipid monolayers, while tending to lower that of unsaturated phospholipid ones. The effect was subtle, apparently insignificant, and yet reproducible.

Surface potential measurements performed on monolayers spread onto a water subphase confirmed the presence of the drug at the interface. Compression cycles showed that βlapachone affected more POPC than DOPC or DLOPC. The ability of β-lapachone to mix with the lipids was confirmed by DSC measurements which additionally provided some first insights into the localization of β-lapachone in the bilayers. Indeed, the thermal behavior of saturated phospholipids (DPPC as well as DSPC) and hybrid phospholipid (POPC) were dramatically altered by the presence of only 3.5% of the drug. The incorporation of higher βlapachone amounts led to demixing and coexistence of β-lapachone poor-and enrichedphospholipid domains.

Once the miscibility between β-lapachone and phospholipids was confirmed, we attempted to find the most stable lipid mixture. According to the calculation of excess free energies (data obtained from the monolayer study), the DLOPC-CHOL-SA mixture chosen for liposome formulation by Cavalcanti and coworkers was thermodynamically unstable. On the other hand, that of cholesterol and SA with POPC appeared more stable. We thus preferred to encapsulate β-lapachone in liposomes composed of this mixture. However, UV-visible spectroscopic analysis of these liposomes consistently showed a shift in β-lapachone absorption towards lower wavelengths. When β-lapachone was incorporated in vesicles containing only POPC, no such shift was observed. This blue shift could be due to a degradation process of β-lapachone in contact with the ternary lipid mixture, or as it was suggested by [START_REF] Ci | Electron and hydrogen atom transfer mechanisms for the photoreduction of o-quinones Visible-light induced photoreactions of beta-lapachone with amines, alcohols and amino alcohols[END_REF] it could be related to the reduction of β-lapachone in the presence of the amine group of stearylamine. As we doubted about the state of β-lapachone in the presence of SA, we preferred to remove the latter from our liposome composition.

Although the interfacial behavior of β-lapachone in lipid mixtures already suggested a positioning of the drug in the vicinity of the lipid polar head groups, its exact location was confirmed by a DSC analysis which showed that β-lapachone inserted in the upper part of the

General conclusion

The main objective of this work was to better understand the interaction of β-lapachone with lipids and its behavior and efficacy when encapsulated in vesicles, either complexed with cyclodextrins or not. In this thesis, we have reported on the (i) state of the art about βlapachone and some formulation strategies, (ii) theoretical and experimental analyses of βlapachone interaction with lipids, and (iii) formulation and in vitro evaluation of β-lapachone delivery systems.

We have successfully demonstrated the ability of β-lapachone to mix with phospholipids in monolayers and liposomal bilayers, although interfacial studies did not yield very conclusive results at first. Langmuir, DSC, and SAXS experiments allowed determining the preferential localization of β-lapachone at the level of phospholipid chains, close to the polar headgroup of phospholipids, and MD simulations converged towards the same conclusion. However, in future experiments, it would be interesting to determine directly the localization of the drug in liposomes, for example by fluorescence depolarization using the appropriate fluorescent probes. We intended to use the intrinsic fluorescence of β-lapachone, alas β-lapachone was not sufficiently fluorescent to serve itself as a probe. MD simulations showed that βlapachone interacted more with saturated lipophilic chains than unsaturated ones and predicted that, in POPC, it would localize in clusters of saturated chains. We determined by DSC the limit solubility of β-lapachone (3.5 mol%, whatever the phospholipid used) and it proved coherent with the limit concentration of β-lapachone in the vesicles. It also corresponded to the drug-to-lipid ratio indicated by Cavalcanti et al. as being the highest ratio allowing formation of stable vesicles.

We succeeded in complexing β-lapachone with cyclodextrins, with ratios in agreement with the literature. Until now, it is HP--CD which was used by most research groups and in clinical trials. Following our experiments, if a cyclodextrin derivative was to be preferred, we would choose SBE--CD for its better affinity and stronger interaction with β-lapachone