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Lipid-based photoantimicrobial supramolecular assemblies are promising structures for the development of new photodynamic treatments of wound bacterial infections. Phenalenone (1H-phenalene-1-one, PN) has been used to obtain four stearoyl acid-based phenalenone derivatives (PNC18), with different types of linkage and different number of acyl chains. After studying the interfacial properties of these compounds, nano-objects were formed with either pure PNC18 or mixtures of PNC18 with 1-stearoyl-2-oleoyl-sn-glycero-3phosphocholine. Morphologies of these nano-objects were analyzed by CryoTEM imaging. The distearoyl glycerol PN derivative appears promising for building photosensitive micelles or vesicles.

INTRODUCTION

Wound infections pose serious concerns for public health, being major causes of morbidity and mortality. [START_REF] O'neill | Tackling drug-resistant infections globally: final report and recommendations[END_REF] In addition, they represent a substantial cost burden to healthcare systems.

Antibacterial photodynamic therapy (aPDT) appears as an alternative to antibiotics, more particularly against multidrug resistant bacteria. [START_REF] Wainwright | Photoantimicrobials-are we afraid of the light?[END_REF] Photodynamic therapy uses photosensitizers (PS) that are activated by absorption of visible light of an appropriate wavelength. According to two different types of mechanisms (type I or type II), photoactivation of photosensitizers leads to the formation of oxygen radicals by electron transfer or of singlet oxygen by energy transfer. [START_REF] Yang | Reactive Oxygen Species (ROS)-Based Nanomedicine[END_REF] These reactive oxygen species (ROS) are known to be particularly cytotoxic. Various PS have already been studied and have given promising results. [START_REF] Ghorbani | Photosensitizers in antibacterial photodynamic therapy: an overview[END_REF][START_REF] Sol | Amino porphyrins as photoinhibitors of Gram-positive and -negative bacteria[END_REF] However, many PS are hydrophobic and, for this reason, they spontaneously aggregate under physiological conditions which leads to a drastic decrease in their effectiveness. [START_REF] Konan | State of the art in the delivery of photosensitizers for photodynamic therapy[END_REF] To overcome this problem, formulations of PS in micelles and liposomes have been proposed as more efficient delivery systems. [START_REF] Nisnevitch | Photodynamic antimicrobial chemotherapy by liposome-encapsulated water-soluble photosensitizers[END_REF][START_REF] Fuhrmann | Active loading into extracellular vesicles significantly improves the cellular uptake and photodynamic effect of porphyrins[END_REF][START_REF] Gerola | Liposome and polymeric micelle-based delivery systems for chlorophylls: Photodamage effects on Staphylococcus aureus[END_REF] These formulations allow to solubilize highly hydrophobic compounds in biological media, providing a high local concentration of PS and hence a strong ROS photogeneration. Several synthetic or natural photosensitizers have been successfully tested in this way, for example phenothiazinium dyes, [START_REF] Mertins | Physical Damage on Giant Vesicles Membrane as a Result of Methylene Blue Photoirradiation[END_REF][START_REF] Bacellar | Photosensitized Membrane Permeabilization Requires Contact-Dependent Reactions between Photosensitizer and Lipids[END_REF] indocyanine, [START_REF] Lajunen | Indocyanine Green-Loaded Liposomes for Light-Triggered Drug Release[END_REF][START_REF] Li | A photosensitive liposome with NIR light triggered doxorubicin release as a combined photodynamic-chemo therapy system[END_REF] or tetrapyrrolic compounds. [START_REF] Massiot | Photo-triggerable liposomal drug delivery systems: from simple porphyrin insertion in the lipid bilayer towards supramolecular assemblies of lipidporphyrin conjugates[END_REF][START_REF] Sun | Role of Cholesterol Conjugation in the Antibacterial Photodynamic Therapy of Branched Polyethylenimine-Containing Nanoagents[END_REF] 1H-phenalen-1-one (PN) is known as a very efficient photosensitizer, due to its high singlet oxygen quantum yield. Otherwise, PN is easy to synthesize and to derivatize. [START_REF] Godard | New Phenalenone Derivatives: Synthesis and Evaluation of Their Singlet Oxygen Quantum Yield[END_REF] Maisch and coworkers have synthesized quaternary ammonium derivatives of phenalenone, some of them containing long aliphatic hydrocarbon moieties; these latter compounds proved to be effective in bacterial inactivation. [START_REF] Späth | Improving Photodynamic Inactivation of Bacteria in Dentistry: Highly Effective and Fast Killing of Oral Key Pathogens with Novel Tooth-Colored Type-II Photosensitizers[END_REF][START_REF] Muehler | Lightactivated phenalen-1-one bactericides: efficacy, toxicity and mechanism compared with benzalkonium chloride[END_REF][START_REF] Cieplik | Phenalen-1-One-Mediated Antimicrobial Photodynamic Therapy and Chlorhexidine Applied to a Novel Caries Biofilm Model[END_REF]According to another report, free phenalenone was encapsulated in large unilamellar vesicles made of 1,2-di-oleoyl-sn-glycero-3-phosphocholine. These constructs were used to mimic a photodynamic effect on tryptophan derivatives at a cell membrane/water interface. [START_REF] Posadaz | A Kinetic Study of the Photodynamic Effect on Tryptophan Methyl Ester and Tryptophan Octyl Ester in DOPC Vesicles[END_REF] This study proved that PN retained a sensible photosensitizing power even in a microheterogeneous medium; however this method is barely applicable in vivo, due to the possible release of free PN and hence its unwanted dilution in the medium.

Inclusion of photosensitizers into vesicles can be obtained in two ways. Either the photosensitizer is free and is maintained in the nanostructure by non-covalent interactions with lipid molecules, [START_REF] Gibot | Polymeric Micelles Encapsulating Photosensitizer: Structure/Photodynamic Therapy Efficiency Relation[END_REF] or the photosensitizer is covalently bound to a lipidic skeleton. [START_REF] Mertins | Physical Damage on Giant Vesicles Membrane as a Result of Methylene Blue Photoirradiation[END_REF] Following the works of Temizel et al. [START_REF] Temizel | Delivery of lipophilic porphyrin by liposome vehicles: Preparation and photodynamic therapy activity against cancer cell lines[END_REF] and Nathan et al., [START_REF] Nathan | A novel photosensitizer: An L -glutamide lipid conjugate with improved properties for photodynamic therapy[END_REF] we chose to conjugate phenalenone with lipophilic alkyl chains. In connection with our research program on the elaboration of new photosensitizers and on drug delivery strategy for PDT applications, [START_REF] Merchán | Photostability and photobactericidal properties of porphyrin-layered double hydroxide-polyurethane composite films[END_REF][START_REF] Le Guern | Enhanced Photobactericidal and Targeting Properties of a Cationic Porphyrin following the Attachment of Polymyxin B[END_REF][START_REF] Le Guern | Lysine Analogue of Polymyxin B as a Significant Opportunity for Photodynamic Antimicrobial Chemotherapy[END_REF] we designed different neutral phenalenone derivatives carrying one or two stearic chains. These derivatives were further used, either alone or mixed with 1-stearoyl-2-oleoyl-sn-glycero-3phosphocholine (SOPC) to build supramolecular assemblies ("phenalenosomes") or mixed liposomes, respectively.

MATERIALS AND METHODS

Materials

Compounds 1, 2, 3 and 4 were synthesized according to a procedure described in our previous paper. [START_REF] Godard | New Phenalenone Derivatives: Synthesis and Evaluation of Their Singlet Oxygen Quantum Yield[END_REF] Solketal was obtained by reaction between glycerol and acetone according to the ketalization protocol elsewhere described. [START_REF] Rossa | Berenice Castellã Pergher, Production of Solketal Using Acid Zeolites as Catalysts[END_REF] All other reagents and solvents were purchased from Alfa Aesar, TCI, Carlo Erba, Fisher Chemical, VWR or Sigma Aldrich and were used as received. Column chromatographies were realized with a silica gel 60 (0.015-0.040 mm), and preparative thin layer chromatography with silica gel 60 PF254, both purchased from Merck. NMR analyses were conducted on a Bruker DPX 500 NMR spectrometer, operating at 500 MHz and with tetramethylsilane as reference. High-resolution electrospray ionization mass spectra (HR ESI-MS) were performed by the ICOA/CBM (FR2708) at the University of Orléans (France) with a Bruker Q-TOF maXis mass spectrometer coupled to an Ultimate 3000 RSLC chain (Dionex). The melting points were measured on a Leica VMHB Kofler system without correction.

Chemical synthesis

N-((1-((1-oxo-1H-phenalen-2-yl) methyl)-1H-1,2,3-triazol-4-yl)methyl)stearamide (1a). 363

mg (1 mmol) of 1 and 520 µL (3 mmol) of DIPEA are dissolved in 10 mL of anhydrous DMF. 273 mg (0.9 mmol) of stearoyl chloride are added and the solution is stirred 2 h under inert atmosphere. The solution is then poured into 150 mL of water, the yellow precipitate is filtered, and the solid is dissolved in CHCl3 and dried over MgSO4. The solvent is evaporated, and the crude is purified by column chromatography (CHCl3/MeOH 95:5) to give 133 mg (0.23 mmol, 26%) of a bright yellow powder. 7.60 (dd, J = 7.2, 0.9 Hz, 1H), 6.41 (t, J = 5.7 Hz, 1H), 4.42 (d, J = 6.3 Hz, 2H), 2.17 (t, J = 7.6 Hz, 2H), 1.62 (q 5 , J = 7.5 Hz, 2H), 1.25 (m, 28H), 0.88 (t, J = 7.0 Hz, 3H). - [START_REF] Sol | Amino porphyrins as photoinhibitors of Gram-positive and -negative bacteria[END_REF]. 456 mg (2 mmol) of 4, 1.98 g (8 mmol) of solketal and 100 mg of tetrabutylammonium iodide (TBAI) are dissolved in 20 mL of CH2Cl2 and 20 mL of 5 M NaOH. The biphasic mixture is vigorously stirred during 5 h at room temperature. After adding of 20 mL of CH2Cl2 and 20 mL of water, the organic phase is collected, dried over MgSO4 and evaporated. The crude is purified by column chromatography (CHCl3) to obtain a viscous oil that solidified at room temperature under strong trituration with 77% yield (501 mg, 1.54 mmol). [START_REF] Konan | State of the art in the delivery of photosensitizers for photodynamic therapy[END_REF]. 800 mg (2.47 mmol) of 5 is dissolved in 10 mL of MeOH and 4 mL of 37% HCl are cautiously added. The solution is stirred 20 min at ambient temperature and is then poured into 300 mL of water. The product is extracted with CH2Cl2, the solvent is evaporated, and the crude is purified by column chromatography (CHCl3/MeOH 95:5 then 98:2) to give 671 mg (2.36 mmol, 97%) of a yellow powder. 

2-(((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)methyl)-1H-phenalen-1-one

2-((2,3-dihydroxypropoxy)methyl)-1H-phenalen-1-one

3-((1-oxo-1H-phenalen-2-yl)methoxy)propane-1,2-diyl distearate (6b)

. 97 mg (0.37 mmol) of triphenylphosphine is dissolved in 1.5 mL of anhydrous THF and placed at -10 °C under inert atmosphere. 84 µL (0.43 mmol) of diisopropyl azodicarboxylate (DIAD) are slowly added. A white precipitate appears. 105 mg (0.35 mmol) of stearoyl chloride and 187 mg (0.34 mmol) of 6a dissolved in 2 mL of anhydrous THF are added dropwise. The cold bath is removed, and the reaction is left 2 h under stirring at room temperature. The solvent is then evaporated, and the crude is purified by column chromatography (CHCl3) to yield 139 mg (0.17 mmol, 50%) of 6b as a bright yellow powder after evaporation in diethyl ether at 15 °C under vacuum. 1 Hz, 1H), 5.37 (q 5 , J = 5.0 Hz, 1H), 4.66 (dd, J = 1.1, 14.9 Hz, 1H), 4.63 (dd, J = 1.1, 14.9 Hz, 1H), 4.43 (dd, J = 3.9, 11.9 Hz, 1H), 4.28 (dd, J = 6.2, 11.9 Hz, 1H), 3.80 (d, J = 5.3 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H), 2.33 (t, J = 7.5 Hz, 2H), 1.66 (q5, J = 7.3 Hz, 4H), 1.58 (m, 4H), 1.25 (m, 52H), 0.89 (t, J = 6.9 Hz, 6H). - 

Surface pressure measurements.

Surface pressure-surface area (π-A) measurements of monolayers of 1-stearoyl-2-oleoyl-snglycero-3-phosphocholine (SOPC, Avanti Polar Lipids, Inc., Alabaster, AL, USA) and phenalenone derivatives were performed using a thermostated Langmuir film trough (775.75 cm 2 , Biolin Scientific, Finland) enclosed in a plexiglas box and protected from light. All experiments were performed at 22 ±1 °C. Prior to monolayer deposition, compression-expansion cycles were performed on ultrapure water subphase (Millipore Milli-Q Direct 8 water purification system) to verify that the surface pressure did not exceed 0.1 mN/m. SOPC and the phenalenone derivatives solubilized in chloroform/methanol (9:1 v/v; both solvents > 99.80% pure, Carlo Erba reagents) were spread at air/water interface, and the system was left for 15 min to allow complete evaporation of the organic solvents. Monolayer compression was performed at a speed of 6 Å 2 .molecule -1 .min -1 . Results are mean values of at least 3 measurements. The surface compressional moduli (Cs -1 ) of monolayers were calculated from the equation (1):

-1 = - ( 1 
)
where A is the molecular area, and dπ the surface pressure change.

Formation of nano-assemblies.

Pure 6b or SOPC and phenalenone derivatives were dissolved in a mixture of chloroform and methanol (9:1, v/v) and the solvents were evaporated at 40 °C under reduced pressure. The resulting film was hydrated with pure water at room temperature to obtain a concentration of 2 mg lipids/mL, and the resulting lipid suspension was then sonicated for 10 min by a series of 10 s-on/10 s-off cycles (i.e., 20 min in total) using a Vibracell 75041 probe sonicator (750 W, 20 kHz, Bioblock Scientific, Aalst, Belgium) at 20% amplitude. The suspension of pure 6b was used with no further treatment, while the other formulations were centrifuged at 2,000g for 25 min. All of the obtained nano-assembly suspensions were stored in darkness at 4 °C.

Analysis of the nano-assemblies by cryogenic transmission electron microscopy (CryoTEM).

The morphology of the nano-assemblies was analyzed by cryogenic transmission electron microscopy using a JEOL 2200FS TEM (JEOL USA, Inc., Peabody, MA, U.S.A.) equipped with a Gatan Ultrascan 2K camera (Gatan, Evry, France). An aliquot (5 µL) of each suspension was deposited onto a perforated carbon-coated copper grid (TedPella, Inc.). After removal of excess liquid with a filter paper, the grid was quickly frozen in liquid ethane at -180 °C and mounted on the cryo-holder for microscopic analysis.

RESULTS AND DISCUSSION

Synthesis of the PN derivatives.

The new PN derivatives were synthesized based on previously described functionalizations of PN. [START_REF] Godard | New Phenalenone Derivatives: Synthesis and Evaluation of Their Singlet Oxygen Quantum Yield[END_REF] Hydroxyl and amino moieties were the starting groups for the formation of ester or amide linkages with stearic acid as a model fatty acid.

The first three PN-stearic acid derivatives were obtained by reaction of stearoyl chloride with phenalenone amino derivatives 1 and 3 and phenalenone hydroxy derivative 2 (Scheme 1).After purification, products 1a, 2a and 3a, comprising one stearoyl chain were obtained in 26% to 59% yields.

Scheme 1. Synthesis of phenalenone derivatives 1a, 2a and 3a by action of stearoyl chloride on amino-and hydroxy-phenalenones.

The glycerol pattern was chosen to mimic natural lipids, e.g. glycerophospholipids (Scheme 2). The glycerol moiety was added by reacting racemic solketal with 4 in a well-known phase transfer catalysis. [START_REF] Godard | New Phenalenone Derivatives: Synthesis and Evaluation of Their Singlet Oxygen Quantum Yield[END_REF] Compound 5, obtained in good yield, was deprotected by acid hydrolysis to give 6 in a quasi-quantitative yield. The two alcohol moieties were expected to react with stearoyl chloride but, compound 6a, only substituted on the primary alcohol, was the main product of the reaction. Very small amounts of the doubly substituted compound 6b were actually isolated.

Scheme 2. Synthetic route of mono and doubly substituted PN 6a and 6b.

The secondary alcoholic function of compound 6 showed a poor reactivity; the Mitsunobu reaction seemed therefore to be a good alternative to overcome this problem (Scheme 3). The presence of several by-products made the purification somewhat tricky, but 6b was obtained in good yield (50%).

Scheme 3. Synthesis of the doubly substituted phenalenone 6b by the Mitsunobu reaction

All the compounds were characterized by 1 H, 13 C NMR and HRMS and all the recorded spectra showed the expected signals (See Supporting Information).

Two-dimensional and supramolecular arrangements of phenalenone derivatives

The interfacial properties of 1a, 2a, 3a and 6b were analyzed by surface pressure measurements. Mean isotherms of monolayers of the four compounds are presented in Fig. 1.

Their characteristic values are summarized in Table 1. Compounds 1a, 2a and 3a can be compared to stearic acid, from which they are derived. However, none of them did show the typical characteristics of stearic acid, namely: onset molecular area at 27 Å 2 , liquid expandedliquid condensed state transition at 30 mN/m, high collapse surface pressure (50-55 mN/m) and small limiting molecular area (1820 Å 2 ). [START_REF] Ries | Monomolecular films of mixtures[END_REF][START_REF] Hąc-Wydro | The influence of fatty acids on model cholesterol/phospholipid membranes[END_REF][START_REF] Possarle | Insertion of carbon nanotubes in Langmuir-Blodgett films of stearic acid and asparaginase enhancing the catalytic performance[END_REF] The presence of the linker and of the phenalenone moiety leads to an increase of the molecular area and to a lowering of both the surface pressure at collapse and the surface pressure at which the liquid expanded-liquid condensed state transition occurs. The three compounds may be classified as follows, according to the molecular area enlargement induced by their linker: ester (2a) > amide (3a) > amide triazole (1a). Compound 1a exhibits the closest molecular area to that of stearic acid. This can be explained by the greater flexibility provided by the amide-triazole linker in comparison with the ester and amide ones. This greater flexibility may have two consequences: it may (i) lead to progressive immersion of the non-lipid fraction in the subphase while the compression of the monolayer is in progress or (ii) allow the rearrangement of phenalenone molecules at the interface so that they can more strongly interact with each other. The relatively low surface pressure at collapse and low maximal compressibility modulus make the immersion of the phenalenone moieties in the subphase more plausible than a strong phenalenone-phenalenone interaction in the air phase. The significant depth at which phenalenone is immersed reduces its influence on the interface (Fig. 2). The flexibility of the linker, however, may also promote phenalenone-phenalenone interactions in the subphase, which would contribute to the reduction of the molecular area of 1a.

The ester bond in 2a is responsible for the most significant increase in molecular area between 0 and 15 mN/m, accounting for the presence of phenalenone at the interface. However above 15 mN/m, a strong reduction of the molecular area is observed up to 27 Å 2 , below which surface pressure increases again. It seems that the monolayer reaches its limit of compression at about 15 mN/m, and that further compression leads to the formation of multilayers (Fig. 1 and2). This assumption is supported by the molecular areas measured above 16 mN/m, which are much smaller than the cross-section of a methylene group. [START_REF] Ries | Monomolecular films of mixtures[END_REF] Compound 3a exhibits an intermediary limiting molecular area. It also leads to higher surface pressures and compressibility moduli (Fig. 1, Table 1). Apparently, the short and hydrophobic amide linker maintains phenalenone groups close to the interface until collapse (Fig. 2). It thus affects much more the surface tension as compared with phenalenone in 1a. It is interesting to note that the LE-LC transition of all the three phenalenone derivatives occurs around 15 mN/m (dotted lines in Fig. 1), which could be the surface pressure at which most phenalenone groups are expelled from the plane of the interface.

All PN-stearic acid derivative monolayers are less organized than those of their precursor, [START_REF] Ries | Monomolecular films of mixtures[END_REF][START_REF] Possarle | Insertion of carbon nanotubes in Langmuir-Blodgett films of stearic acid and asparaginase enhancing the catalytic performance[END_REF] as deduced from their relatively low maximal compressibility moduli (stearic acid > 500 mN/m > 3a > 1a > 2a). Compound 3a forms the most rigid monolayers, probably due to the presence of phenalenone molecules at the interface, even at high surface pressures. Compound 6b with its two alkyl chains can be compared to distearoylphosphatidylcholine (DSPC). Like stearic acid, DSPC has been studied by many authors. [START_REF] Hollinshead | Effects of Surface Pressure on the Structure of Distearoylphosphatidylcholine Monolayers Formed at the Air/Water Interface †[END_REF][START_REF] Wydro | Variations in the Condensing Effect of Cholesterol on Saturated versus Unsaturated Phosphatidylcholines at Low and High Sterol Concentration[END_REF][START_REF] Botet-Carreras | Effect of cholesterol on monolayer structure of different acyl chained phospholipids[END_REF] Its interfacial behavior is characterized by a surface pressure higher than 60 mN/m at collapse corresponding to a molecular area of 48 Å 2 , as deduced from surface pressure measurements and grazing incidence X-ray diffraction experiments as well. [START_REF] Dynarowicz-Łatka | Influence of a Neoglycolipid and Its PEO-Lipid Moiety on the Organization of Phospholipid Monolayers[END_REF] Considering that the presence of phenalenone at the interface should lead to an additional enlargement of the molecular area, a limiting molecular area higher than 60 Å 2 would be expected. However, 6b exhibits much smaller molecular area and surface pressure than DSPC at collapse (Table 1). This accounts for the immersion of the phenalenone groups in the subphase during compression, but also for the strong interactions between these groups. Compounds 1a and 3a were mixed with SOPC (90 mol% for 1a and 60 and 90 mol% for 3a) in an attempt to obtain vesicles. Compound 2a, forming disorganized and unstable monolayers, was not studied.

It is possible to build liposome-like porphysomes from pure lipid-porphyrin conjugates. [START_REF] Komatsu | Molecular Energy and Electron Transfer Assemblies Made of Self-Organized Lipid-Porphyrin Bilayer Vesicles[END_REF][START_REF] Lovell | Porphysome nanovesicles generated by porphyrin bilayers for use as multimodal biophotonic contrast agents[END_REF] The stability of these vesicles specifically depends on the chemical structure of the building block. [START_REF] Massiot | Newly Synthesized Lipid-Porphyrin Conjugates: Evaluation of Their Self-Assembling Properties, Their Miscibility with Phospholipids and Their Photodynamic Activity In Vitro[END_REF] In the same manner, pure 6b could self-assemble into phenalenosomes. However, the CryoTEM images in Fig. 3(I, II) reveal that this compound self-assembles into massive nanoplatelet-like objects (several hundred nm), consisting of stacks of 5.5 to 6.5 nm thick bilayers. These bilayers are thicker than those observed with glycerophospholipid bilayers (4 nm for SOPC, 5 nm for DSPC). [START_REF] Lis | Interactions between neutral phospholipid bilayer membranes[END_REF][START_REF] Pan | Effect of cholesterol on structural and mechanical properties of membranes depends on lipid chain saturation[END_REF][START_REF] Smith | Asymmetric phospholipids impart novel biophysical properties to lipid bilayers allowing environmental adaptation[END_REF] This would account for the positioning of the phenalenone moieties in the polar head region rather than between the hydrophobic chains, as also deduced from monolayer studies. Mixed with SOPC, 6b hampers the formation of stable SOPC multilamellar vesicles (MLV) and seems to promote their transformation into LUV, SUV, and bilayer leaflets (Fig. 3 (III-VI)). The CryoTEM images in Fig. 4 illustrate the behavior of 1a and 3a in the presence of SOPC.

At high concentrations, 3a forms bilayer stacks (not shown) with a morphology similar to that of 6b, although they appear to be less dense and smaller in size than those of the latter. Twisted ribbons, unilamellar and oligolamellar vesicles, numerous SUV accumulated onto the carbon mesh of the grid, as well as small dense nanoparticles (about 50 nm in diameter) are also observed (Fig. 4 (I, II)). Although it is not clear whether these nanoparticles are really obtained by self-association of 3a, they do not look like contaminants, having a much more spherical appearance than ethane crystals. They are not observed at 10 mol% 3a (Fig. 4 (III)). With 1a (10 mol%), a profusion of onion-like multilamellar liposomes is observed (not shown) as expected in SOPC vesicle suspensions. However, there are also a multitude of oligolamellar vesicles along with interwoven bilayer sheets, which seem to result from the destructuration of vesicles (Fig. 4 (IV)). Obviously, at low concentration (10 mol%) 1a and 3a induce some multilamellar-tounilamellar transition in vesicles, but also transformation of vesicles into bilayer sheets. Multilamellar-to-unilamellar transition has been described in the literature in systems containing cationic lipids or surfactants, or in systems containing peptides or peptide-like molecules. In both cases, electrostatic interactions between bilayers lead to the destabilization of multilamellar vesicles and the formation of unilamellar ones, [START_REF] Gerbelli | Multilamellar-to-Unilamellar Transition Induced by Diphenylalanine in Lipid Vesicles[END_REF][START_REF] Shi | Multilamellar to unilamellar vesicle transformation in aqueous solutions of a catanionic surface active ionic liquid[END_REF] but these interactions cannot be invoked in the present work. The formation of stacked bilayers in pure 6b nano-assemblies could be explained by strong π-π interactions between phenalenone molecules in the plane of the leaflets and between bilayers (Fig. 5). Indeed, in systems containing 6b (pure or mixed with SOPC), there are two contributions to the stacking of molecules: the lateral interaction between the hydrophobic chains and the lateral interaction between the phenalenone groups. The lateral interaction between phenalenone groups can be applied in the same bilayer (Fig. 5, II), or between two adjacent bilayers, as shown in Fig. 5 (I). The CryoTEM images tend to show that the lateral interaction between the phenalenone groups of 6b is stronger than that between its hydrophobic chains. In the case described in Obviously, phenalenone derivatives, at the studied concentrations, perturb the formation and stability of SOPC vesicles rather than they control the formation of a specific kind of nanoassembly. Lower concentrations of phenalenone derivatives could be tested for micelle formation or successful encapsulation in stable vesicles with photodynamic properties. Only compound 6b

seems to be able of self-assembly into stable bilayer stacks upon sonication. These nanoplatelets are quite large and exhibit various shapes. It would be interesting to evaluate whether the nanostructuring of this PN derivative leads to an improved photoinactivating activity against bacteria as compared with free phenalenone.

  1 H-NMR (500 MHz, CDCl3): δ (ppm) = 8.65 (dd, J = 1.0, 6.4 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.83 (s, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.79 (d, J = 7.7 Hz, 1H),

  1 H-NMR (500 MHz, CDCl3): δ (ppm) = 8.65 (dd, J = 1.1, 7.4 Hz, 1H), 8.22 (dd, J = 0.7, 8.1 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.87 (s, 1H), 7.80 (m, 2H), 7.62 (dd, J = 7.2, 8.2 Hz, 1H), 4.70 (d, J = 1.3, 15.0 Hz, 1H), 4.66 (d, J = 1.3, 15.0 Hz, 1H), 4.44 (q 5 d, J = 0.6, 5.9 Hz, 1H), 4.15 (dd, J = 6.5, 8.2 Hz, 1H), 3.84 (dd, J = 6.5, 8.2 Hz, 1H), 3.77 (dd, J = 5.8, 10.0 Hz, 1H), 3.70 (dd, J = 5.1, 10.0 Hz, 1H), 1.47 (s, 3H), 1.40 (s, 3H). -13 C-NMR (125 MHz, CDCl3): δ (ppm) = 184.45, 137.64, 136.49, 134.97, 132.05, 131.48, 131.42, 129.20, 127.68, 127.10, 127.05, 126.80, 109.57, 74.84, 72.30, 68.25, 66.79, 26.84, 25.48. -MS: HRMS (ESI + ), calcd for C20H21O4 [M+H] + : 325.143436, found 325.143247. -MW: 324.38 g/mol. -MP: 78 °C.

  , CDCl3): δ (ppm) = 8.67 (dd, J = 1.0, 7.4 Hz, 1H), 8.23 (dd, J = 0.6, 8.0 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.80 (m, 3H), 7.63 (dd, J = 7.2, 8.1 Hz, 1H), 4.66 (dd, J = 1.0, 13.2 Hz, 1H), 4.63 (dd, J = 1.0, 13.2 Hz, 1H), 4.04 (q 5 , J = 5.0 Hz, 1H), 3.78 (m, 4H), 3.26 (s, 1H), 2.33 (s, 1H). -13 C-NMR (125 MHz, CDCl3): δ (ppm) = 184.74

  2-hydroxy-3-((1-oxo-1H-phenalen-2-yl)methoxy)propyl stearate (6a). 668 mg (2.3 mmol) of 6 and 1.5 mL (10.8 mmol) of Et3N are dissolved in 57 mL of DMF and placed under inert atmosphere. 1.38 g (4.6 mmol) of stearoyl chloride is slowly added. A yellow precipitate appears, and the mixture is stirred 100 min under inert atmosphere. The suspension is then poured into 1 L of water, and the precipitate is filtered, dissolved in CHCl3, dried over MgSO4 and evaporated. The crude is purified by column chromatography (CHCl3/MeOH 98:2) to give 515 mg (0.94 mmol, 41%) of a yellow-orange powder identified as the product 6a and 36 mg (0.044 mmol, 1.9 %) identified as 6b. 1 H-NMR (500 MHz, CDCl3): δ (ppm) = 8.67 (dd, J = 1.0, 7.4 Hz, 1H), 8.23 (dd, J = 0.6, 8.0 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.81 (m, 3H), 7.63 (dd, J = 7.1, 8.1 Hz, 1H), 4.68 (dd, J = 1.0, 13.6 Hz, 1H), 4.64 (dd, J = 1.0, 13.6 Hz, 1H), 4.27 (dd, J = 4.7, 11.4 Hz, 1H), 4.23 (dd, J = 5.9, 11.4 Hz, 1H), 4.17 (q 5 , J = 5.2 Hz, 1H), 3.77 (dd, J = 4.0, 10.0 Hz, 1H), 3.71 (dd, J = 6.3, 10.0 Hz, 1H), 2.36 (t, J = 7.5 Hz, 2H), 1.65 (m, 4H), 1.25 (m, 26H), 0.89 (t, J = 7.0 Hz, 3H). -13 C-NMR (125 MHz, CDCl3): δ (ppm) = 184.58

  , CDCl3): δ (ppm) = 8.65 (dd, J = 0.9, 7.3 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.81 (m, 3H), 7.63 (dd, J = 7.4, 8.

(

  2C), 31.94 (2C), 29.71 (4C), 29.67 (2C), 29.64 (2C), 29.50 (2C), 29.37 (2C), 29.32 (2C), 29.29 (2C), 29.15 (2C), 29.13 (2C), 25.02 (2C), 24.93 (2C), 22.70 (2C), 14.12 (2C). -MS: HRMS (ESI + ), calcd for C53H85O6 [M+H] + : 817.634067, found 817.634138. -MW: 817.25 g/mol. -MP: 63 °C.

Figure 1 .

 1 Figure 1. Compression isotherms of pure compounds spread at the air/water interface

Figure 2 .

 2 Figure 2. Putative organization of phenalenone derivatives at the air-water interface

Figure 3 (

 3 IV) shows multilamellar vesicles with stacked bilayers, and loose, deformed, bilayers gradually separating from each other. These expanded bilayers evolve into bilayers sheets. It is noteworthy that the concentrations of the phenalenone derivative in the SOPC-6b mixtures are very high compared with the usual loading rate of hydrophobic compounds in liposome membranes, which rarely exceeds 5%.[START_REF] Massiot | Photo-triggerable liposomal drug delivery systems: from simple porphyrin insertion in the lipid bilayer towards supramolecular assemblies of lipidporphyrin conjugates[END_REF][START_REF] Wu | Deciphering the Peculiar Behavior of β-Lapachone in Lipid Monolayers and Bilayers[END_REF][START_REF] N'diaye | Hybrid Lipid Polymer Nanoparticles for Combined Chemo-and Photodynamic Therapy[END_REF] Due to the high concentration of 6b, phase separation may occur, as suggested by the coexistence of several different objects.

Figure 3 .

 3 Figure 3. Morphology of objects formed by pure 6b (I,II) and its mixtures with SOPC (III, IV: 75 mol%, V: 50 mol%, VI: 25 mol% 6b). (II) is an enlargement of the nanoplatelet (I) showing the stacked bilayers. White arrows indicate the zones where stacked bilayers are visible. Black arrows point to SUV.

Figure 4 .

 4 Figure 4. Morphology of objects formed by 3a/SOPC mixtures (I, II: 40 mol% 3a; III: 10 mol% 3a) and 1a/SOPC (IV: 10 mol% 1a). Black arrows indicate bilayers and fibers; white plain arrows indicate the SUVs and doted white arrows indicate nanoparticles.

Fig. 5 (

 5 II, III), SOPC-6b bilayer deformation is expected because the strong phenalenone-phenalenone interaction leads to the formation of rigid domains coexisting with fluid domains of SOPC. In the case depicted in Fig.5 (I, III), stacked bilayers are formed due to the strong interaction between phenalenone molecules emerging from adjacent bilayers. Thorough physicochemical characterization is in progress to confirm this hypothesis.

Figure 5 :

 5 Figure 5: Putative organization of 6b in pure and mixed bilayers. (I) Lateral and interbilayer stacking of phenalenone molecules, (II) lateral stacking of phenalenone molecules without

1 H-NMR (500 MHz, CDCl3): δ (ppm) =

  

	8.68 (dd, J = 0.7, 7.5
	Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 8.06 (d, J = 8.3 Hz, 1H), 7.81 (t, J = 7.7 Hz, 1H), 7.79 (d, J =
	6.2 Hz, 1H), 7.77 (s, 1H), 7.72 (s, 1H), 7.61 (dd, J = 8.0, 7.4 Hz, 1H), 6.08 (t, J = 5.6 Hz, 1H),
	5.55 (s, 2H), 4.52 (d, J = 5.5 Hz, 2H), 2.17 (t, J = 7.6 Hz, 2H), 1.25 (m, 30H), 0.87 (t, J = 6.8 Hz,
	3H). -

13 C-NMR (125 MHz, CDCl3): δ (ppm) = 183

  

	.81, 173.11, 144.75, 141.22, 135.57,
	133.40, 132.72, 132.67, 132.07, 131.13, 128.84, 127.41, 127.36, 126.90, 126.81, 123.17, 48.99,
	36.63, 35.00, 31.93, 29.70 (3C), 29.68, 29.66 (2C), 29.65, 29.61, 29.47, 29.36, 29.33, 29.30,
	25.62, 22.69, 14.11. -MS: HRMS (ESI + ), calcd for C35H49N4O2 [M+H] + : 557.385003, found
	557.384404. -MW: 556.8 g/mol. MP: 148 °C.
	(1-oxo-1H-phenalen-2-yl)methyl stearate (2a). 211 mg (1 mmol) of 2 and 191 µL (1.1 mmol)
	of DIPEA are dissolved in 20 mL of anhydrous DMF under inert atmosphere. 333 mg (1.1
	mmol) of stearoyl chloride are added and a yellow precipitate appears rapidly. The reaction is
	left 24 h under stirring at room temperature, and then poured into 100 mL of water. The solid is
	filtered off and washed with cold ethanol. The residual impurities are removed by column
	chromatography (eluent : CHCl3/MeOH 98:2) to yield 133 mg (0.29 mmol, 29%) of a bright
	yellow powder.

1 H-NMR (500 MHz, CDCl3): δ (ppm) =

  

	(d, J = 0.6 Hz, 2H), 2.42 (t, J = 7.6 Hz, 2H), 1.69 (q 5 , J = 7.5 Hz, 2H), 1.25 (m, 28H), 0.87 (t, J =
	6.9 Hz, 3H). -
	8.67 (dd, J = 0.95, 6.4 Hz, 1H), 8.22
	(d, J = 6.0 Hz, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.79 (m, 3H), 7.61 (dd, J = 7.3, 0.8 Hz, 1H), 5.21

13 C-NMR (125 MHz, CDCl3): δ (ppm) = 184

  

	.04, 173.65, 139.33, 135.03,
	134.57, 132.07, 131.93, 131.74, 130.68, 129.15, 127.33, 127.27, 127.24, 126.76, 61.30, 34.39,
	31.93, 29.70 (4C), 29.66 (3C), 29.60, 29.49, 29.36, 29.29, 29.20, 25.03, 22.69, 14.12. -MS:
	HRMS (ESI + ), calcd for C32H45O3 [M+H] + : 477.336322, found 477.336134. -MW: 476.70
	g/mol. -MP: 92 °C.
	N-((1-oxo-1H-phenalen-2-yl)methyl)stearamide (3a). 1.2 g (4.88 mmol) of 3 is dissolved in
	200 mL of anhydrous DMF with 1.78 mL (12.42 mmol) of DIPEA and stirred 20 min under inert
	atmosphere. 1.63 g (5.37 mmol) of stearoyl chloride is added cautiously. A yellow precipitate
	appears rapidly. The reaction is left 24 h under inert atmosphere and is then poured in 1.5 L of
	cold water. The yellow precipitate is filtered and washed with cold ethanol. The remaining
	impurities are eliminated by column chromatography (eluent: CH2Cl2/MeOH 9:1) and the
	product is crystallized in petroleum ether to yield 1.31 g (2.75 mmol, 56%) of a bright yellow
	powder.

13 C-NMR (125 MHz, CDCl3): δ (ppm) = 185

  .73, 173.20, 140.08, 136.05, 135.26, 132.05 (2H), 131.84, 130.59, 129.20, 127.50, 127.23, 127.12, 126.89, 39.77, 36.89, 31.93, 29.70 (3H), 29.66, 29.65, 29.63, 29.57, 29.48, 29.36, 29.34, 29.29, 25.70, 22.70, 14.11. -MS: HRMS (ESI + ), calcd for C32H46NO2 [M+H] + : 476.352306, found 476.351983. -MW: 475.72 g/mol. -MP: 118 °C.

  , 138.97, 136.02, 135.17, 132.02, 131.89, 131.78, 130.78, 129.18, 127.39, 127.21, 127.16, 126.81, 72.71, 70.69, 68.94, 64.02. -MS: HRMS (ESI + ), calcd for C17H17O4 [M+H] + : 285.112390, found 285.112135. -MW: 284.31 g/mol. -MP: ND.

  , 173.99, 138.47, 136.13, 135.11, 132.05, 131.78, 131.69, 130.69, 129.69, 129.19, 127.47, 127.19, 127.14, 126.81, 72.04, 68.98, 68.70, 65.32, 34.21, 31.93, 29.70 (4C), 29.66 (2C), 29.61, 29.55, 29.47, 29.36, 29.26, 29.15, 24.95, 22.69, 14.12. -MS: HRMS (ESI + ), calcd for C35H51O5 [M+H] + : 551.373101, found 551.372487. -MW: 550.78 g/mol. -MP: 45 °C.

13 C-NMR (125 MHz, CDCl3): δ (ppm) = 184

  .32, 173.48, 173.15, 137.46, 136.39, 135.00, 132.06, 131.52 (2C), 130.43, 129.16, 127.64, 127.11, 127.04, 126.81, 70.15, 69.60, 68.22, 62.66, 34.41 (2C), 34.17

Table 1 .

 1 Characteristics of the compression isotherms of the studied pure phenalenone

	derivatives
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