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Introduction

Small interfering RNAs (siRNAs) can down-regulate the expression of a target mRNA molecule in a sequence-specific manner, making them an attractive new class of drugs with broad potential for the treatment of diverse human diseases. In 2018, the first siRNA-based drug was approved by the FDA for the treatment of polyneuropathy of hereditary transthyretin-mediated (hATTR) amyloidosis in adults (Onpattro ™ ). The treatment contains a siRNA mixed with a multicomponent lipidic formulation, among which a ionizable cationic lipid (pKa around 6.5) that plays a key role. These results prove that synthetic delivery systems for siRNAs are not only useful tools in basic research but they have the potential to become a medicine. In this context, we asked whether ionizable peptide amphiphiles could be efficient vectors for the delivery of siRNAs.

Peptides coupled to lipophilic tails are promising delivery agents for various types of therapeutic compounds, as they spontaneously self-assemble into highly ordered supramolecular structures. [START_REF] Cui | Self-assembly of peptide amphiphiles: From molecules to nanostructures to biomaterials[END_REF][START_REF] Jiang | Morphology-Dependent Cell Imaging by Using a Self-Assembled Diacetylene Peptide Amphiphile[END_REF][START_REF] Eskandari | Recent advances in self-assembled peptides: Implications for targeted drug delivery and vaccine engineering[END_REF][START_REF] Javali | Fatty acid-RGD peptide amphiphile micelles as potential paclitaxel delivery carriers to α(v)β₃ integrin overexpressing tumors[END_REF] Despite promise in drug delivery, [START_REF] Javali | Fatty acid-RGD peptide amphiphile micelles as potential paclitaxel delivery carriers to α(v)β₃ integrin overexpressing tumors[END_REF] they are only poorly studied as delivery agents for nucleic acids, with one notable exception of intracranial administration of siRNA-Peptide Nanofiber complexes. [START_REF] Mazza | Peptide nanofiber complexes with siRNA for deep brain gene silencing by stereotactic neurosurgery[END_REF] Recently, we published new nanomaterials obtained from photopolymerized polydiacetylenic (PDA) surfactants that are forming diverse auto-organized structures. [START_REF] Neuberg | Polydiacetylenic nanofibers as new siRNA vehicles for in vitro and in vivo delivery[END_REF] PDA-micelles have been described as anticancer drug delivery agents, [START_REF] Mackiewicz | Tumor-targeted polydiacetylene micelles for in vivo imaging and drug delivery[END_REF][START_REF] Gravel | Drug delivery and imaging with polydiacetylene micelles[END_REF] and can be used for delivery of siRNA molecules. [START_REF] Ripoll | Codelivery of anti-PLK-1 siRNA and camptothecin by nanometric polydiacetylenic micelles results in a synergistic cell killing[END_REF] With these PDA-micelles, we found that when the cationic headgroup was a histidine residue, we obtained vehicles that promote delivery of siRNA molecules into the cytoplasm of cells. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF] The good efficiency of the system is probably based on the fact that the imidazole group of His promotes release of the nucleic acid from the endosomal compartment through a proton sponge mechanism. [START_REF] Behr | The Proton Sponge: a Trick to Enter Cells the Viruses Did Not Exploit[END_REF][START_REF] Kichler | Polyethylenimine-mediated gene delivery: a mechanistic study[END_REF][START_REF] Midoux | Efficient gene transfer by histidylated polylysine/pDNA complexes[END_REF] This was supported by the fact that inhibition of endosomal acidification severely reduced the silencing efficiency. While these PDA micelles present several interesting properties such as their very small size, it remains difficult to completely eliminate the surfactant monomers which can induce cytotoxicity.

In the present study, we asked whether coupling of simple amino acids such as histidine or dipeptides to a dioctadecylamine tail through a hydrophilic linker could result in useful vectors for siRNA transfection. Despite the paramount diversity of amphiphilic molecules described in the literature, the designed peptide amphiphiles with a short flexible oligo-ethylene linker are new structures with unprecedented biological properties. Indeed, the siRNA delivery efficiency of the new amphiphiles revealed extremely high even in the presence of serum. 13 C NMR spectra were recorded on a Bruker Ultrashield plus 400 Spectrometer (operated at 400 or 100 MHz). The 1 H NMR chemical shifts are reported in parts per million, using the signal for residual solvent protons (7.260 ppm for CDCl3, 3.310 ppm for methanol-4d, 5.320 ppm for CD2Cl2) as reference. [START_REF] Gottlieb | NMR Chemical Shifts of Common Laboratory Solvents as Trace Impurities[END_REF] The 13 C NMR chemical shifts are reported in parts per million, using the signal for residual 13 C as reference (77.26 ppm for CDCl3, 4.000 ppm for methanol-4d, 54.000 ppm for CD2Cl2). Data were represented as follows, chemical shift, multiplicity (s = singlet, d = doublet, t = triplet and m = multiplet), integration and coupling (J in Hz). High Resolution Mass Spectra (HRMS) were obtained using an Agilent Q-TOF (time of flight) 6520 by direct injection using the formulated solutions at 0.1 mM dilution. The determined exact mass values were compared with the theoretical values for mono-isotopic compounds. Formulae are validated when the mass difference with theoretical mass is less than 5 ppm.

Materials and Methods

Chemistry of peptide amphiphiles

Materials and methods

Methylthiazolyldiphenyl

Synthesis of the amphiphiles

See Supplementary information

Biophysical characterization of formulated amphiphilic compounds

Preparation of the solution containing the amphiphile

10 µmoles of amphiphile are dissolved in 1 mL ethanol under sonication at 30°C and introduced into 9 mL sterile water (milliQ water) at room temperature. The solution will become weakly turbid (amph-Trp), milky (amph-Trp-Hist, amph-Tyr-Hist) or even slight precipitates may form (amph-Hist, amph-Tyr). The solutions are then acidified with 100 µl HCl (1N aqueous) and sonicated in an ultrasound bath for 30 minutes (Avanti « Liposonicator » G112SP1T_B). All the solutions become homogenous and transparent.

These are filtered through 0.45 µm syringe (25 mm GD/X sterile syringe filters, CA filter media, Whatman®, GE Healthcare Life Science) under sterile conditions and stored at 5°C.

UV-VIS spectra of formulated compounds (Figures S35-S36)

UV-Vis spectra were recorded with the double beam spectrometer Cary 100 Bio UV-Vis (ELO50-73007; Varian). The 1 mM aqueous solutions of formulated amphiphile compounds were diluted two fold (amph-Tyr, amph-Tyr-Hist, amph-Hist) or five fold (amph-Trp, amph-Trp-Hist) in pure water in order to record spectra at optimal conditions in the range of 0.5 to 1 OD. The absorption maxima (lambda max.) and molar extinction coefficients ε were determined from these spectra: amph-Trp: λmax = 281 nm (ε (amph-Trp) = 4790M -1 cm -1 ); amph-Trp-Hist: λmax = 280 nm (ε (amph-Trp-Hist) = 5175M -1 cm -1 ); amph-Tyr: λmax = 276 nm (ε (amph-Tyr) = 1410M -1 cm -1 ); amph-Tyr-Hist: λmax = 276 nm (ε (amph-Tyr-Hist) = 1202M -1 cm -1 )

The lower molar extinction coefficients ε of tyrosine analogues compared to the ε of tryptophan analogues are in accordance with spectra of amino acid residues present in peptides. [START_REF] Schmid | Biological Macromolecules: UV-visible Spectrophotometry[END_REF] The spectra of the tryptophan analogues also show their characteristic "shoulder" at 295 nm. Moreover UV spectra of native and filtered aqueous solutions of these formulated compounds have the same molar absorbance coefficients (not shown), proving that the filtration through 0.45 µm syringe filters GD/X sterile syringe filters (CA filter media, Whatman®, GE Healthcare Life Science) does not lead to any significant loss of compound.

Gel retardation assay

Fluorescently labelled siRNA (Cy5-siLuc, 20 pmoles siRNA, equivalent to 840 pmoles phosphate groups 'P') were incubated with increasing amounts of amphiphile solutions (amph-Trp and amph-Trp-Hist) in Hepes Buffered Glucose (HBG, pH 7.5, completed to 20 µL). The resulting amph-R@siRNA-Cy5 complexes have increasing N/P ratio ranging from 1/1 to 12/1. N/P ratios are defined by the number 'N' of amine groups from the terminal primary amine function of amph-R (positively charged), versus the number 'P' of negatively charged phosphate groups present in the siRNA (P). Using a constant concentration of 20 pmoles siRNA (840 pmoles 'P') an N/P = 1 ratio was obtained by adding 0.84 µL of the 1 mM amph-R solutions containing 840 pmoles 'N'. For the different N/P values, simple multiples of the amphiphile solutions were used accordingly and distributed in HBG in a final volume of 30 µl. After 1 hour incubation time at 25°C we added 3 µL 30% Glycerol/HBG solution to each sample, then loaded them onto a 1.4 % agarose gel in Tris-Acetate buffer (pH 7.5, 40 mM). The electrophoresis of the siRNA-amphiphile complexes was performed at 70 V during a run time of 30 minutes. The electrophoresis gel was analyzed with the ImageQuant LAS 4000 system (GE Healthcare Lifescience Inc) using Red Epi light (630 nm) and R670 Cy5 filter. For N/P values > 2 no free siRNA could be detected. Free uncomplexed siRNAs such as shown in the left lane (Figure 3) migrate as a discrete band.

Size analysis by dynamic light scattering (DLS)

The mean size of the formulated amph-R solutions (1 mM) was determined by dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments). The following settings for size determination were used: refractive index of the particles 1.43; viscosity of the solvent 1.4002 cP; RI of solvent 1.337. The values correspond to average size ± standard deviation of three to five runs. The mean size and the polydispersity indexes PDI are summarized in Table S1. The same procedure was used for the analysis of the siRNA complexes amph-R@siPlk1 formed at optimized conditions for siRNA delivery (N/P = 8 in HBG after 1 hour complexation).

pH titration curves of acidified amph-R solutions by potentiometry (Figure 3D and S37)

Freshly prepared, extensively sonicated and acidified (10 mM HCl) amphiphile solutions (1 mM in 10% ethanol/milliQ water) are titrated with freshly prepared 100 mM NaOH solutions 

A549-Luc cell line

A549-Luc cells that stably express the reporter gene luciferase were established by Dr. J.-L.

Coll's group (Université de Grenoble), by transfecting the human lung carcinoma cells A549 (CCL-185; American Type Culture Collection) with pGL3-Luc plasmid (Clontech). Cells are grown in RPMI 1640 medium (Eurobio) supplemented with 10% FBS (Eurobio), 1% antibiotic solution (penicillin-streptomycin, Gibco) and maintained under 800 μg/mL of G418 selection antibiotic (Promega) at 37°C in a 5% CO2 humidified atmosphere.

Transfection of siLuc in A549-Luc cell line

Twenty-four hours prior to transfection, 2.5 × 10 4 A549-Luc cells were seeded per well in 24well tissue culture plates (Corning), each well containing 0.5 mL RPMI with 10% serum. The required amounts of siRNA duplexes were diluted up to 100 μL in HBG (Hepes Buffered Glucose: 20 mM Hepes pH 7.5, 5% glucose, sterile filtered). The amphiphile solutions were added and the samples were mixed and incubated 60 min at room temperature to favor association between siRNA and amph-R. Targeting luciferase (siLuc) or control (siCtr) amph-R/siRNA solutions were then added onto the cells which remain in presence of 10% serum.

Of note, the final ethanol in each well represents less than 0.1%. After 4 h of incubation, the medium was replaced by fresh RPMI medium containing 10% serum. For the experiments, the assays were done in biological triplicates (n=3).

Luciferase quantification

Luciferase gene expression was determined on cell lysates (100 µL 1/5 diluted lysis buffer: Promega Cell Culture Lysis 5x Reagent). The luciferase activity was quantified on 2 μL of cell lysate (after a 5 min centrifugation at 14000 g) in white 96-well plates with the Centro LB luminometer (Berthold). Following parameters were used: 50 µL of the luciferase substrate (Promega) were automatically distributed ahead of each measurement, plate shaken for 3 seconds then bioluminescence was quantified over 1 second. Luciferase activity was compared to non-transfected cells and with cells being transfected with control siRNA (siCtr, non-matching sequence). Protein concentration in cell lysate was measured by using BCA assay kit (Interchim), according to manufacturer's instructions on 15 µL cell lysates. After expressing the luciferase activity as relative light units integrated over 10 s per mg of cell protein (RLU/10 s/mg protein), the luciferase gene silencing was calculated relative to the luciferase activity of non-transfected A549-Luc cells.

Transfection of the cells with siPlk1

Twenty-four hours prior to transfection, 1.25 × 10 4 cells (A549-Luc and MDA-MB231 cells) were seeded per well in 24-well tissue culture plates (Corning), each well containing 0.5 mL RPMI with 10% serum. The required amounts of siPlk1 were diluted up to 100 μL in HBG (Hepes Buffered Glucose: 20 mM Hepes pH 7.5, 5% glucose, sterile filtered). The amphiphile solutions were added, and the samples were mixed and incubated 60 min at room temperature to favor association between siRNA and amph-R. Solutions of the complexes between amph-R@siRNA and siPlk1 or control siRNA (siCtr) were then added onto the cells, still in presence of 10% serum. After 4 h of incubation, the medium was replaced by fresh RPMI medium containing 10% serum. For the experiments the assays were done in biological triplicates (n=3). Cell viability was measured at 72 h using a MTT assay.

Cell viability test by MTT assay

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) solution has to be freshly prepared. 100 mg MTT was dissolved in 100 mL serum-free RPMI culture medium by sonication for 30 minutes and filtered through 0.45 µm CA filters (25 mm GD/X sterile syringe filters, CA filter media, Whatman, GE Healthcare Life Science). At 72 h post siPLK1 transfection, the cell culture medium was withdrawn and replaced by 0.5 mL MTT/RPMI solution per well (in 24 well plates), and the cells were maintained at 37°C and 5% CO2 for further 2 h. Viable cells reduce the yellow tetrazolium salt into dark blue formazan, which forms dark blue precipitates trapped inside their cytoplasm. The unreacted MTT solution was withdrawn, and the cells washed with PBS buffer, then treated with 0.5 mL DMSO under gentle shaking for 2 hours in order to dissolve the blue formazan dye. As a blank we used empty wells that were treated accordingly with MTT solution and DMSO in order to obtain the background values standing for 0% viability. The optical densities were read in micro-cuvettes at 570 nm wavelengths after appropriate dilution in DMSO, so that untreated viable cells have a maximal optical density in the range of 1 OD. The cell viability (%) = (mean of Abs. value of treatment group/mean Abs. value of untreated cells)*100%.

siPlk1 transfection: microscopy of cell nuclei

Cell nuclei fragmentation induced by siPlk1 has been evidenced by DAPI staining of A549-Luc cells at 48h post transfection. A549-Luc cells were cultured on microscope cell culture slides (labtek 8w Permanox 177445) at a cell density of 12500 cells per well (0.5 mL RPMI medium) in presence of 10% serum. At day J1 the cells were transfected with 5 to 10 nM siPlk1 as well as with siCtr at the same concentrations, respectively at amphiphile ratios of N/P=6 or N/P=8. The cell culture medium was replaced at 4 h. Abnormal cell shape, cell nuclei fragmentation, followed by cell death was observed from 24h to 48h with all siPlk1transfected cells, but not with siCtr-transfected cells. Microphotographs were taken at 48 h post-transfection. The cells were washed with PBS, fixed with 3.5% formaldehyde in PBS buffer. The "labtek" cell culture slides were mounted in DAPI (fluorescent nuclear dye) containing medium (Fluoroshield™ with DAPI, Sigma) and observed at 200x magnification with a fluorescence microscope (ZEISS Axio VERT.A1, X-Cite 120LED ProgRes C5 camera module).

Results and Discussion

Synthesis of the amphiphiles

As lipidic double chain we chose dioctadecylamine as this lipid was previously used for the synthesis of the lipospermine DOGS which has shown a strong DNA delivery activity. [START_REF] Behr | Efficient gene transfer into mammalian primary endocrine cells with lipopolyamine-coated DNA[END_REF] The different peptide amphiphiles were readily obtained by a straightforward synthesis (scheme 1), which proceeded in high yields using BOCprotected amino acids by HOBT/HBTU peptide coupling (see Experimental section and Supp. Info for synthesis and detailed chemical analysis).

Scheme 1. Synthetic route followed to access to the different Amph-R amphiphiles. i) coupling of succinic linker: succinic anhydride, pyridine, in DCM, 95%; ii) activation by formation of NHS ester: NHS, EDC-HCl, DCM, 92%; iii) coupling onto diamine linker: 4,7,10-trioxa-1,13-tridecanediamine, in DCM, 40%; iv) coupling onto a first NHS activated amino acid: Boc-AA-OSu, TEA, in DCM; v) TFA deprotection: TFA in DCM, 5°C; vi) coupling onto diBOC protected L-histidine: diBOC-L-histidine dicyclohexylamine salt, HBTU, HOBt, DIEA, in DCM; vii) TFA deprotection: TFA, in DCM, 5°C. the cationic headgroup and the lipid we inserted a flexible oligo-ethylene linker. This spacer arm was chosen based on the results obtained previously with our Histidine decorated PDA-micelles. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF] For the headgroup, we focused on 3 three amino acids, namely histidine (His), tryptophan (Trp) and tyrosine (Tyr). The first amino acid was selected based on our previous results with His-PDA-micelles [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF],

while Trp was chosen due to its capacity to interact with membranes. [START_REF] Jobin | The role of tryptophans on the cellular uptake and membrane interaction of arginine-rich cell penetrating peptides[END_REF] Lastly, Tyr was used as it was previously reported that coupling of this amino acid onto the cationic polymer PEI results in an efficient siRNA delivery vector. [START_REF] Creusat | Tyrosine-modified PEI: a novel and highly efficient vector for siRNA delivery in mammalian cells[END_REF] In the cases of the dipeptides, histidine was chosen as second amino acid as we wanted to confer to the amphiphiles the capacity to provoke endosomal release through a proton sponge activity. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF][START_REF] Behr | The Proton Sponge: a Trick to Enter Cells the Viruses Did Not Exploit[END_REF][START_REF] Kichler | Polyethylenimine-mediated gene delivery: a mechanistic study[END_REF][START_REF] Midoux | Efficient gene transfer by histidylated polylysine/pDNA complexes[END_REF] The different amphiphiles (Figure 1) were formulated by a procedure consisting in solvent injection of 10 mM ethanolic solution into sterile water, acidification with 10 eq. HCl, followed by intensive sonication. The final 1 mM peptide-amphiphile solutions were obtained after sterile filtration.

Of note, many commercially available lipidic formulations (Lipofectamine, Lipofectine, SAINT-red, DC-Chol/DOPE, etc...) contain a mixture of a cationic lipid and the helper lipid DOPE. This latter lipid is supposed to increase endosomal escape through its fusogenic activity. [START_REF] Farhood | The role of dioleoyl phosphatidylethanolamine in cationic liposome mediated gene transfer[END_REF][START_REF] Du | The role of the helper lipid on the DNA transfection efficiency of lipopolyplex formulations[END_REF] Here, we would like to emphasize that the activity of the amph-R formulations was evaluated in the absence of any helper lipid.

Silencing of the reporter gene Luciferase

For an initial evaluation of the siRNA delivery capacity of our peptide amphiphiles, we used a lung adenocarcinoma A549 cell line, which has been engineered to stably express a luciferase reporter gene (A549-Luc). The expression of this gene is readily quantified by bioluminescence, which can be assayed by automated read-out on a multiplate reader. As siRNA, we used siLuc, which is able to silence the luciferase expression through RNA interference.

The selectivity of the siLuc induced luciferase silencing is evaluated by comparison with a control siRNA (siCtr) transfected with the amphiphiles using the same procedure. This control proves the absence of unspecific gene down-regulation by the non-targeted siRNA, as well as the amphiphile carrier molecules. With this robust screening method in hand, we could prove that some members of the designed family are efficient delivery vehicles, even at low amphiphile/siRNA ratios, expressed by their low N/P values ranging from 4 to 12 (Figure 2 and S38). Of note, the N/P expresses the molar equivalents of amino groups versus the molar equivalents of phosphate groups carried by the siRNA double stranded backbone. As the dipeptide amphiphiles deliver siRNA at low N/P ratios, the affinity of the amphiphiles for siRNA is significantly increased as compared to our previously described PDA micellar systems. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF] The initial screening also shows a surprising dependence on the specific nature of the amino acid residues chosen to constitute the polar headgroups. The best performing peptide amphiphiles are those containing tryptophan residues, namely amph-Trp and amph-Trp-Hist (Figure 2), while amph-Hist and amph-Tyr-Hist are completely inactive. These latter results were completely unexpected as histidine-based PDA micelles were effective for siRNA delivery. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF] The optimal amphiphile concentrations for best siRNA delivery with Trp containing headgroups are at N/P=8-12. There is nevertheless a relatively large tolerance toward the N/P ratio as the Trp-amphiphiles are active from N/P of 4 to 12 (Figure S38 for complete evaluation of N/P values).

Interestingly, Amph-Tyr reduced the luciferase signal by approx. 40% (Figure S39). All the experiments were carried out in presence of 10% serum, which is an indication that the amphiphile cargo molecules lead to good protection of the siRNAs from competing serum proteins. The three active amphiphiles, namely amph-Trp, Amph-Trp-Hist and amph-Tyr were also tested in the absence of serum. As shown in Figure S39, the presence of serum did not change the activity of Amph-Trp-Hist which underlines the robustness of this vector. In contrast, in the absence of serum, amph-Trp and especially amph-Tyr displayed higher silencing activities than when serum was present.

Next, to try to understand the difference of efficiency of the different amphiphiles, we investigated cellular uptake of a fluorescently labeled siRNA (siRNA-Cy5). After 2h30 of incubation with the fluorescent complexes, the A549-Luc cells were analyzed by flow cytometry. The results show that all the amphiphiles were able to deliver the siRNA on cell surface/inside the cells (Figure S40). Thus, as already found by others there is no correlation between silencing efficiency and amount of delivered siRNA. [START_REF] Heyes | Cationic lipid saturation influences intracellular delivery of encapsulated nucleic acids[END_REF] 

Gel mobility shift assay and size measurements

The binding efficiency of the tryptophan bearing amphiphiles towards fluorescently labelled siRNA (Cy5-siLuc) is assessed by gel electrophoreses of the complexes amph-R/Cy5-siRNA at increasing N/P values formed at pH 7.5 in the same complexation conditions used for the cellular siRNA delivery assays. Low N/P > 2 allow for complete complexation of siRNA, which is shown by the absence of free siRNA in the complexes submitted to electrophoresis (Figure 3C). In order to find a rationale behind the observed high performance of tryptophan decorated amphiphiles, we compared in depth the amphiphile formulations by dynamic light scattering (DLS), a physicochemical method allowing a size distribution analysis (Table 1). The DLS also served for the measurement of the sizes of the amph-R/siRNA complexes and their size distribution is summarized in Table 1 (see Table S1 for PDI values). Using the DLS, we then compared the data with the inactive amph-Hist or amph-Tyr-Hist. We discovered that both tryptophan bearing amphiphiles amph-Trp and amph-Trp-Hist are pre-structured in solution, with mean sizes around 50 nm (Figure 3A). The two other amphiphiles show lower sized lipid structures, which fall in the rage of micelles (amph-Tyr-Hist: 9 nm). The complexes obtained with siRNA molecules in the optimized conditions used for transfections are summarized in Table 1.

Table 1.

Size distribution of "amph-R" formulations and the corresponding sizes of the complexes obtained after complexation with siRNA. For comparison their siRNA delivery potential is reported, expressed by the specific inhibition of luciferase reporter gene at optimal conditions (20 nM siLuc, N/P=8). The measurements show a certain correlation between the size of lipid structures of the free amphiphiles in solution and their respective potential for siRNA delivery.

Amphiphile

The best performing amphiphile, which contain Trp groups, are forming 50 nm sized structures. The inactive amph-Hist and amph-Tyr-Hist, on the contrary, are forming small sized structures, which seem to preclude them from siRNA delivery activity.

There is however no direct correlation between the size of the final complexes formed with siRNA and the amphiphiles, as the inactive amph-Tyr-Hist is forming 200 nm sized particles, which are in the same range as the active amph-Trp/siRNA complexes (Figure 3B).

Surface charge of the amphiphiles alone and of the siRNA complexes was also measured. As expected, in the absence of nucleic acids the surface charge was positive for all amphiphiles (Table S2). When complexed to the siRNA at N/P of 8, we found that the zeta potential values of all siRNA-lipid complexes were negative, proving incorporation of negatively charged nucleic acids. The least negative lipoplexes were those generated with amph-Hist (Table S2).

pKa measurements

Next, we assessed the buffer capacity of the peptide amphiphiles. Indeed, induction of endosomal swelling through a proton sponge mechanism [START_REF] Neuberg | Recent developments in nucleic acid delivery with polyethylenimines[END_REF] could account for an enhanced escape from the endosomes and this in turn leads to an increased RNA interference. [START_REF] Ripoll | pH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular siRNA Delivery[END_REF] To check whether the pKa of the headgroups could possibly buffer the endosomes, we performed pH titration of the 1 mM amphiphile solutions by potentiometric measurements. In These pKa values are surprisingly low compared to free amino acids, and 1 unit lower than for terminal amino groups reported in peptide structures. [START_REF] Grimsley | A summary of the measured pK values of the ionizable groups in folded proteins[END_REF] This hints at a strong impact of the lipid organization on the protonation level of the primary amino groups, forcing the protonable amino functions into close vicinity. Notably, the measured pKa values of the active amphiphiles fall in the theoretical optimal range of 5 to 6, as described for cationic polymers such as polyethylenimines.

[23]

Silencing of a gene of therapeutic interest

In order to complete this study, we chose to silence the biologically relevant endogenous polo like kinase 1 gene (Plk1) upregulated in many cancers. [START_REF] Zhang | Augmented expression of polo-like kinase 1 indicates poor clinical outcome for breast patients: a systematic review and meta-analysis[END_REF][START_REF] Ng | Molecular interactions of polo-like kinase 1 in human cancers[END_REF] This gene is implicated in cell cycle progression and its downregulation induces apoptosis. [START_REF] Shi | Significance of Plk1 regulation by miR-100 in human nasopharyngeal cancer[END_REF][START_REF] Judge | Confirming the RNAi-mediated mechanism of action of siRNA-based cancer therapeutics in mice[END_REF] Silencing of the expression of Plk1 by RNA interference with siPlk1 can be assessed directly by measuring the cell viability, as compared to delivery with control siRNA. [START_REF] Ripoll | Codelivery of anti-PLK-1 siRNA and camptothecin by nanometric polydiacetylenic micelles results in a synergistic cell killing[END_REF] The transfection of siPlk1 in A459 cell line with the peptide amphiphiles leads to high levels of induced cell death, as compared to transfection with control siRNA at low siPlk1 concentration after 72 hours (20 nM siPlk1, N/P 8, see Figure 4 and S41). 

Conclusion

In summary, we describe new peptide amphiphiles, which show that insertion of tryptophan or tyrosine residues in the headgroup leads to a dramatic increase of their siRNA delivery potential. We evidenced the specificity of induced RNA interference with luciferase reporter gene silencing as well as by functional silencing of the Plk1 gene, essential for cell division. RNA interference leads to induced apoptosis, which is measured by a cell viability assay and compared to transfection with control siRNA.

The remarkable effect of tryptophan, and to a lesser extent the tyrosine residue, is reminiscent of the work on decoration of PEI polymer where decoration with aromatic amino acids equally lead to a steep increase of the affinity towards siRNA molecules. [START_REF] Creusat | Proton sponge trick for pH-sensitive disassembly of polyethylenimine-based siRNA delivery systems[END_REF][START_REF] Chiper | Self-aggregating 1.8kDa polyethylenimines with dissolution switch at endosomal acidic pH are delivery carriers for plasmid DNA, mRNA, siRNA and exon-skipping oligonucleotides[END_REF] Our results suggest that a similar triggering effect is seen with the Trp peptide amphiphiles, where π-stacking and pre-organizations is supposed to stabilize the formed amph-R/siRNA complexes. The slightly higher efficiency of the tryptophan amphiphile as compared to Amph-tyrosine may be due to the capacity of Trp residues to enhance membrane interactions and trigger glycosaminoglycandependent endocytosis. [START_REF] Bechara | Tryptophan within basic peptide sequences triggers glycosaminoglycan-dependent endocytosis[END_REF][START_REF] Jobin | The role of tryptophans on the cellular uptake and membrane interaction of arginine-rich cell penetrating peptides[END_REF] Finally, we showed that the Trp and Tyr residues

Cell Viability (%)

Amph-Trp-Hist Amph-Trp siPlk1 siCtr siPlk1 siCtr coupled to dioctadecylamine have a surprisingly low pKa that could improve endosomal escape of the complexes through a proton sponge mechanism. However, this latter effect is clearly not sufficient to explain the activity of the amphiphiles since Amph-Hist was inefficient whilst having a similar low pKa.

Taken together, our findings open up a new way to deliver nucleic acids by this family of tryptophan/tyrosine containing amphiphiles, which we will continue to explore for the delivery of other functional nucleic acids, such as mRNA.

  -tetrazolium bromide (MTT), BOC-L-tryptophan hydroxysuccinimide ester, BOC-L-tyrosine hydroxysuccinimide ester, diBOC-L-histidine dicyclohexylamine salt, HOBT, HBTU, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC hydrochloride), N-hydroxysuccinimide (NHS), N,N-diisopropylethylamine (dry DIEA), 4,7,10-trioxa-1,13-tridecanediamine and dioctadecylamine were purchased from Sigma-Aldrich. Column chromatography was performed on silica for chromatography: Silicagel 60 (40-63 µm) Geduran Si60 (Merck). The progress of all reactions and column chromatography was monitored by thin-layer chromatography (TLC). TLC was performed with Merck silica gel 60 F254 pre-coated plates and visualized by UV absorption and/or stained with a solution of vanillin -H2SO4 stain, Dragendorff reagent, ninhydrin or iodine vapors. NMR analysis and Mass analysis were done by the analytical platform (GDS 3670, CNRS & Université de Strasbourg) at the Faculty of Pharmacy. 1 H and

(

  NaOH: 40 mg / 10 mL 10% ethanol/water: 0.1 N). The successive pH values are recorded during a step-wise addition of the NaOH solution (20 µl incremental additions) with a standard pH-meter (PHM210 MeterLab, Radiometer analytical) while waiting for pH stabilization after each addition. The pH values were then plotted as a function of added equivalents of NaOH versus initial acid. The pKa values are derived from the inflexion points of the resulting curves.

2. 3 .

 3 Biology and siRNA transfection 2.3.1. siRNA sequences siRNA were synthetized by Eurogentec, provided in annealed form and HPLC purified. Sequences are as follows (with TT = DNA bases): siLuc: sense strand = 5'-CUU ACG CUG AGU ACU UCG A TT-3'; antisense strand = 5'-U CGA AGU ACU CAG CGU AAG TT-3' siCtr: sense strand = 5' -CGU ACG CGG AAU ACU UCG ATT-3'; antisense strand = 5'-U CGA AGU AUU CCG CGU ACG TT-3' siPl1: sense strand = 5'-AGA UCA CCC UCC UUA AAU A UU-3'; antisense strand = 5'-UAU UUA AGG AGG GUG AUC UUU-3' (modifications U : 2' OMe-rU ; G : 2' OMe-rG).

Fig. 1 .

 1 Fig. 1. Chemical structure of the peptide amphiphiles "amph-R" synthetized and tested for siRNA delivery.

Fig. 2 .

 2 Fig. 2. Transfection of A549-Luc cells with luciferase targeting siRNA (siLuc). Luciferase reporter gene expression (orange bars) is compared to non-transfected cells (Untreated, green bar) and to cells transfected with control siRNA (siCtr, blue bars) at 20 nM siRNA concentration and N/P=8 for 48 hours, in presence of 10 % serum, with four different amph-R. Amph-Trp and amph-Trp-Hist allow for high and specific silencing of luciferase reporter gene, exceeding even the efficiency of commercial reagent INTERFERin (P+).

Fig. 3 .

 3 Fig. 3. (A) Size measurement by DLS of formulated amph-Trp 1 mM solution. (B) Size measurement by DLS of amph-Trp/siPlk1 at 1 hour complexation in HBG at N/P=8, prepared in the conditions as used for siRNA delivery. (C) Gel retardation assay of Cy5 labelled siRNA complexed with increasing peptide-amphiphile concentrations from N/P 1 to 12. Complete complexation is observed from 2 onwards. (D) pH-titration curve of formulated amph-Trp solution, showing the buffer capacity of the free amines with a pKa=5.84.

Figure

  3C we show that primary amines of the active amphiphile amph-Trp present pKa values of 5.84. The pKa values of the Nterminal amino group of the other active or inactive amph-R were in the same range (see Figure S37 for titration of amph-Hist (pKa=5.78) and amph-Trp-Hist (pKa=5.38)).

Fig. 4 .Fig. 6 .

 46 Fig. 4. Cell viability of A549 cells transfected with Plk1 targeting siRNA (siPlk1, purple bars) at 20 nM and N/P=8 compared to cells transfected with control siRNA (siCtr, dark blue bars) used with the same amphiphile concentrations. The cell viability is determined with the MTT assay at 72h post transfection of siPlk1. Amph-R/siPlk1 efficiency is compared to the positive commercial reagent INTERFERin (P+). 100% cell viability is given by the untreated cells (green bar).
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as well as their abnormal cell shape induced at 48 h by 5 nM siPlk1 concentration using amph-Trp as delivery agent (Figure 5A and 5B; Figure S44). Cells transfected with control siRNA do show normal morphology (Figure 5C and5D).

The transfection of siPlk1 with amph-Trp-Hist leads to similar efficiencies of cell nuclei fragmentation at 48 h at low 5 nM siPlk1 concentrations (Figure S45). Morphologic analysis was done at 48 h, as three day's treatment lead to complete cell death in these conditions.

In order to prove that the described peptide amphiphiles can transfect other types of cell lines, we used the human MDA-MB231 cell line originated from breast cancer.

Similar high efficiencies of siPlk1 delivery, measured by the induced apoptosis, were obtained with the best performing amphiphiles amph-Trp and amph-Trp-Hist at 10 nM siPlk1 concentrations (Figure 6).
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