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Introduction

Bioavailability represents the yield of a drug that reaches the systemic circulation. It is a crucial parameter for the design of oral drugs. Unfortunately, improvements in drugs specificity and efficiency often come with a loss of intestinal absorption, leading to poor oral bioavailability. [START_REF] Macarron | Impact of High-Throughput Screening in Biomedical Research[END_REF][START_REF] Gard | Applied Pharmacology[END_REF] As such, activity and bioavailability both challenge the development of treatments, especially those for protein-related diseases which require high specificity. [START_REF] Kola | Can the Pharmaceutical Industry Reduce Attrition Rates?[END_REF] By combining the protein-protein blocking capabilities of biologics with the bioavailability of small molecules, some peptides potentially provide a solution to this problem. [START_REF] Morrison | Constrained Peptides' Time to Shine?[END_REF][START_REF] Martin-Loeches | A New Antibiotic Class in the Pipeline[END_REF] A growing family of peptides called cell-penetrating peptides (CPP) emerged as a promising family to chaperone active macromolecules through cell membranes, such as oligonucleotides, proteins, and medical imaging agents to target sites. [START_REF] Patel | Cell Penetrating Peptides: Intracellular Pathways and Pharmaceutical Perspectives[END_REF] Such an asset makes CCPs potent and versatile candidates for disease treatment. [START_REF] Chugh | Cell-Penetrating Peptides: Nanocarrier for Macromolecule Delivery in Living Cells[END_REF][START_REF] Zhang | Cell-Penetrating Peptide Mediates Intracellular Membrane Passage of Human Papillomavirus L2 Protein to Trigger Retrograde Trafficking[END_REF] However, CPPs often exhibit high proteolytic degradation sensitivity and poor endosomal membrane escape ability. [START_REF] Shibata | Improvement of Biological Activity and Proteolytic Stability of Peptides by Coupling with a Cyclic Peptide[END_REF][START_REF] Verdurmen | A Quantitative Comparison of Cytosolic Delivery via Different Protein Uptake Systems[END_REF] Yet, exceptions exist, such as CPPs with constrained patterns, e.g., cycles, staples, or turns. 11 These constraints result in a loss of entropy and the presence of hidden structures in the molecular backbone. Thus, cyclization, for example, likely offers resistance to proteolytic degradations [START_REF] Shibata | Improvement of Biological Activity and Proteolytic Stability of Peptides by Coupling with a Cyclic Peptide[END_REF] , might enhance cell membrane permeability, and, thereupon, represent potent candidates for oral delivery. [START_REF] Gentilucci | Chemical Modifications Designed to Improve Peptide Stability: Incorporation of Non-Natural Amino Acids, Pseudo-Peptide Bonds, and Cyclization[END_REF][START_REF] Liu | Membrane Permeable Cyclic Peptidyl Inhibitors against Human Peptidylprolyl Isomer Ase Pin1[END_REF][START_REF] Bock | Getting in Shape: Controlling Peptide Bioactivity and Bioavailability Using Conformational Constraints[END_REF] In particular, the constrained structure of hydrophobic cyclic peptides likely offer a higher bilayer membrane permeability. 11,[START_REF] Jobin | The Role of Tryptophans on the Cellular Uptake and Membrane Interaction of Arginine-Rich Cell Penetrating Peptides[END_REF][START_REF] Hoang | Connecting Hydrophobic Surfaces in Cyclic Peptides Increases Membrane Permeability[END_REF] This is the case of Cyclosporin-A which is a cyclopeptide found in fungi that exhibits a high bioavailability and bioactivity. [START_REF] Tjia | Cyclosporin Metabolism by the Gastrointestinal Mucosa[END_REF][START_REF] Borel | Biological Effects of Cyclosporin A: A New Antilymphocytic Agent[END_REF] The cyclic nature and multiple backbone N-methylations of Cyclosporin-A has been found to be the key features of its bioavailability. [START_REF] Räder | Improving Oral Bioavailability of Cyclic Peptides by N-Methylation[END_REF][START_REF] Hill | Constraining Cyclic Peptides to Mimic Protein Structure Motifs[END_REF] N-methylation can affect conformation and hydrogen bonding potentials. In this way, it may modulate the bioavailability and bioactivity of peptides. [START_REF] Rezai | Testing the Conformational Hypothesis of Passive Membrane Permeability Using Synthetic Cyclic Peptide Diastereomers[END_REF] Accordingly, multiple pieces of evidence showed a correlation between backbone methylation and membrane permeability. [START_REF] Chatterjee | N-Methylation of Peptides: A New Perspective in Medicinal Chemistry[END_REF][START_REF] Doedens | Multiple N -Methylation of MT-II Backbone Amide Bonds Leads to Melanocortin Receptor Subtype HMC1R Selectivity: Pharmacological and Conformational Studies[END_REF][START_REF] Chatterjee | Multiple N-Methylation by a Designed Approach Enhances Receptor Selectivity[END_REF] Considering structural features that can induce constrained patterns in molecular backbones, somatostatin-inspired peptides were designed to identify minimum sequences required for an efficient cell permeation. Notably, few hexa-and nona-peptides derived from somatostatin showed significant intestinal permeability and oral bioavailability. [START_REF] Liu | Membrane Permeable Cyclic Peptidyl Inhibitors against Human Peptidylprolyl Isomer Ase Pin1[END_REF][START_REF] Biron | Improving Oral Bioavailability of Peptides by Multiple N-Methylation: Somatostatin Analogues[END_REF] With the benefits offered by these peptides, several methods have been set up for the earlystage assessment of their activity and bioavailability. They are often based on cell culture methodologies coupled with microscopy studies. [START_REF] Ter-Avetisyan | Cell Entry of Arginine-Rich Peptides Is Independent of Endocytosis[END_REF][START_REF] Patel | Cell-Penetrating Peptide Sequence and Modification Dependent Uptake and Subcellular Distribution of Green Florescent Protein in Different Cell Lines[END_REF] Unfortunately, such methods are not suitable for the pharmaceutical industry because of frequent reproducibility issues and inability to scale them up to high throughput screening. Therefore, most permeability studies rely on Caco-2 cell models and PAMPA systems. Caco-2 cells are small intestine cells put in culture to mimic the intestinal barrier. This method cumulates contributions from both passive and active permeabilities, and diffusion through cell junctions, which cannot be decorrelated.

PAMPA is based on a filter plate made of pores, infused with a micrometer thick solution of phospholipids in oil, and placed between two aqueous compartments. [START_REF] Wang | Rational Design and Synthesis of an Orally Bioavailable Peptide Guided by NMR Amide Temperature Coefficients[END_REF][START_REF] Rezai | Conformational Flexibility, Internal Hydrogen Bonding, and Passive Membrane Permeability: Successful in Silico Prediction of the Relative Permeabilities of Cyclic Peptides[END_REF][START_REF] Ghasemy | Fine-Tuning the Physicochemical Properties of Peptide-Based Blood-Brain Barrier Shuttles[END_REF][START_REF] Morimoto | A Parallel Permeability Assay of Peptides across Artificial Membranes and Cell Monolayers Using a Fluorogenic Reaction[END_REF] Despite the presence of phospholipids, the water-oil-water film is distinct from phospholipid bilayer membranes.

Model membranes are a suitable tool to assess the passive membrane permeability of peptides, potentially translatable to on-chip high throughput systems. Unilamellar vesicles particularly enable to assess the ability of polycationic and amphipathic peptides to cross cell membranes and to depict permeation mechanisms. [START_REF] Bárány-Wallje | A Critical Reassessment of Penetratin Translocation across Lipid Membranes[END_REF][START_REF] Persson | Vesicle Size-Dependent Translocation of Penetratin Analogs across Lipid Membranes[END_REF][START_REF] Swiecicki | The Efficacies of Cell-Penetrating Peptides in Accumulating in Large Unilamellar Vesicles Depend on Their Ability to Form Inverted Micelles[END_REF][START_REF] Wheaten | Translocation of Cationic Amphipathic Peptides across the Membranes of Pure Phospholipid Giant Vesicles[END_REF] Droplet interface bilayers (DIBs) are droplet-based method which represent an interesting alternative for identifying peptidescargo systems suitable for membrane transport. [START_REF] Lein | Protein Transport across Membranes: Comparison between Lysine and Guanidinium-Rich Carriers[END_REF][START_REF] Li | Peptide-Mediated Membrane Transport of 12369-12374[END_REF][START_REF] Huang | Direct Quantitation of Peptide-Mediated Protein Transport across a Droplet-Interface Bilayer[END_REF] Indeed, DIBs are versatile, made rapidly with controlled membrane composition, and they offer a straightforward visualisation and quantification of permeation. [START_REF] Lee | Static and Dynamic Permeability Assay for Hydrophilic Small Molecules Using a Planar Droplet Interface Bilayer[END_REF][START_REF] Czekalska | Passive and Parallel Microfluidic Formation of Droplet Interface Bilayers (DIBs) for Measurement of Leakage of Small Molecules through Artificial Phospholipid Membranes[END_REF][START_REF] Faugeras | Membrane Determinants for the Passive Translocation of Analytes through Droplet Interface Bilayers[END_REF][START_REF] Strutt | UV-DIB: Label-Free Permeability Determination Using Droplet Interface Bilayers[END_REF] Here, we used DIBs to study the passive permeation of a range of hydrophobic peptides derived from somatostatin, a somatotropin release-inhibiting factor. The impact of cyclization and backbone methylation on the resulted permeability was studied. Cyclization improved the permeation of the tested peptides. Methylation also improved permeation but not systematically. By exploring the physical chemistry of the interaction of the peptides with the DIB bilayer, we discussed possible hypotheses for the increased permeability of the peptides.

Results and discussion

Droplet pairing and permeability determination. With a millifluidic device, we generated separately donor (filled with peptides) and acceptor water droplets in an oil phase containing phospholipids. Binary droplets decorated with a monolayer of phospholipids were then brought together under the microscope (Figure 1.a). When the droplets were approached to each other, they spontaneously adhered and formed a droplet interface bilayer (DIB). [START_REF] Huang | Direct Quantitation of Peptide-Mediated Protein Transport across a Droplet-Interface Bilayer[END_REF][START_REF] Poulin | Adhesion of Water Droplets in Organic Solvent[END_REF] The bilayer was fully formed within a minute, depending on the solvent and phospholipids used. [START_REF] Thiam | From Stability to Permeability of Adhesive Emulsion Bilayers[END_REF] We used glyceryl trioctanoate (TO) for the oil phase and DOPE for phospholipids unless stated otherwise. We previously showed that the passive permeability of soluble fluorophores to such a DIB bilayer is similar to that of common membranes. [START_REF] Faugeras | Membrane Determinants for the Passive Translocation of Analytes through Droplet Interface Bilayers[END_REF][START_REF] Ben M'barek | ER Membrane Phospholipids and Surface Tension Control Cellular Lipid Droplet Formation[END_REF] We used a buffer solution containing 50 mM HEPES, 120 mM KAcetate, and 1 mM MgCl 2 in Milli-Q water (pH 7.4, 293 mOsm, I = 173 mM) with an addition of DMSO (5 % v/v), enabling a complete dissolution of the peptides at the concentration of 5 µM, used for all experiments.

The buffer osmolarity of ~ 300 mOsm was slightly reduced by the addition of DMSO but maintained in a physiological range. Peptides at 5 µM barely modulated the buffer osmolarity. Thus, osmotic fluxes between donor and acceptor compartments are nonexistent.

For the studied peptides, the possible partitioning to the oil phase was largely negligible in front of their membrane permeation rate. The concentration of the fluorescent peptide in the acceptor droplet was thus obtained from the following mass conservation:

where is the concentration and V is the volume; " " denoting for acceptor and " " for donor compartment;

is the concentration of the solute in the donor droplet at t 0 . Since the concentration is proportional to the fluorescence intensity F, the mass conservation can be written simply as: which yields:

Here, the contribution of bleaching is irrelevant since we consider the ratio of the fluorescence between the acceptor and donor droplets that would be similarly bleached. We defined the translocation parameter at 30 minutes as:

which quantifies the permeability of the bilayer to the considered analyte ( Cyclization significantly increases permeation rate. We investigated the impact of cyclization for a range of peptides derived from somatostatin (Figure 1.c; L stands for linear, C for cyclic, m for methylated). C1, the cyclic counterpart of L1 was found to be much more permeable (Figure 2.a-c). Indeed, permeability was improved by about one order of magnitude by cyclization, from 1.4.10 -7 cm.s -1 to 1,0.10 -6 cm.s -1 . Yet, both peptides have similar chemical properties (MW, hydrophilicity). Importantly, we attached a specific terminal group, acetamide for both N-and C-terminus, to prevent their ionization (Figure S2.a).

Thus, the net charges of peptides L1 and C1 were equal and the difference in permeation should then result from the cyclization of the peptide.

We also compared the cyclic peptide C1 with well-established linear peptides, the polycationic TAT, and the amphipathic Penetratin (Pen). Likewise, the linear peptides were much less permeable compared with the cyclic C1, with respectively 5.3.10 -8 cm.s -1 for Pen, 1.4.10 -8 cm.s -1 for TAT, and 1.8.10 -7 cm.s -1 for C1 (Figure S3.a-d). Yet, these discrepancies may not be solely ascribed to the cyclic nature of C1, as the peptides have different net charges, 0, 8, and 9 respectively for C1, Pen, and TAT. Indeed, charge is a determinant parameter for leaving the water environment and to cross the bilayer.

Our findings are consistent with several studies showing that cyclic peptides are better permeants than their linear counterparts. [START_REF] Dougherty | Understanding Cell Penetration of Cyclic Peptides[END_REF][START_REF] Nischan | Covalent Attachment of Cyclic TAT Peptides to GFP Results in Protein Delivery into Live Cells with Immediate Bioavailability[END_REF] However, whether cyclization systematically improves permeability may depend on the amino acid sequence. [START_REF] Kwon | Quantitative Comparison of the Relative Cell Permeability of Cyclic and Linear Peptides[END_REF] In any case, designing peptides to increase their lipophilicity and reduce interaction with solvents will improve their permeation. [START_REF] Wang | Exploring Experimental and Computational Markers of Cyclic Peptides: Charting Islands of Permeability[END_REF] The contribution of cyclization in this picture is likely related to constraints in the molecular structure of the peptide, e.g., through hiding H-bond in the backbone and exposing hydrophobic group. [START_REF] Wang | Rational Design and Synthesis of an Orally Bioavailable Peptide Guided by NMR Amide Temperature Coefficients[END_REF] Indeed, such constraint would increase the apparent lipophilicity, reduce interactions with the solvent and, hence, improve permeation rates. Impact of backbone N-methylation on permeation. We investigated the impact of amide group methylations on permeation rate for the same group of peptides. To do so, we designed a methylated counterpart of C1 peptide, C1m (Figure 1.c), with two methylated amide groups on its two first leucine residues. Compared to C1, C1m showed a significant increase in permeation (Figure 3.a-b). Permeability increased from 1.0.10 -6 cm.s -1 for C1 to 3.7.10 -6 cm.s -1 for C1m.

We decided to change the nature of the cargo dye, by using a FITC-labelled analog, to test whether our findings hold (Figure S3.b,c; (f) stands for FITC-labelled). The impact of methylation on permeability for C1 was then studied by repeating the permeation assay.

First, we found the permeation rate to differ from TAMRA. Indeed, for the FITC cargo, we measured reduced permeability values, from 1.0.10 -6 cm.s -1 to 1,77.10 -7 cm.s -1 and 3.7.10 -6

cm.s -1 to 1,43.10 -6 cm.s -1 , respectively for C1(f) and C1m(f). These variations indicated that the nature of the cargo modulated permeability. Here, the slowdown in permeation may be ascribed to the net charge difference between FITC, having two additional charges, and the zwitterionic TAMRA at our physiological-working pH. Second and foremost, C1m(f) still had a much higher permeability than C1(f), by almost an order of magnitude (Figure S3.b, c).

Thus, we found that methylation improved the permeability of the cyclic peptide C1 with two different cargos.

We also studied whether methylation improves the permeability of the corresponding linear L1. Like C1m, L1m features two methylated groups on the same residues (two first leucine residues). As between L1 and C1, L1m had a lower permeation rate than C1m, i.e. 3.1.10 -8 cm.s -1 to 3.7.10 -6 cm.s -1 , a two orders magnitude difference (Figure 3.c). While C1m had a higher permeability than C1, it is interesting to note that the permeability for L1m was significantly reduced compared to L1. This trend could be due to the reduction of donor Hbond for methylated L1m, which would reduce the possibilities of intramolecular H-bonding constraining the peptide. In any case, these findings support that the relevance of methylation in improving permeability is likely more prominent to cyclic peptides. C2m, i.e., from 5.6.10 -6 cm.s -1 and 2.4.10 -6 cm.s -1 , but increased by methylation between C3 and C3m, 2.6.10 -6 cm.s -1 and 3.7.10 -6 cm.s -1 (Figure 4.b). Thus, for C1 and C3, and not C2, methylation improved permeability.

Methylation may modulate both peptide lipophilicity and interaction with the solvent. When amides are methylated, peptide interaction with the solvent is decreased through the reduction of H-bonds. In this way, methylation might confer higher intramolecular constraints. [START_REF] Wang | Rational Design and Synthesis of an Orally Bioavailable Peptide Guided by NMR Amide Temperature Coefficients[END_REF] These constraints may reduce conformational possibilities offering interactions with water molecules and, thereupon, improve permeability. This might have been the case for C1m and C3m. Yet, the position of the methylation would be crucial as it could also prevent intramolecular H-bonding. In such an eventuality, the nature of the resulting constraint may not be favorable for membrane permeation. This might have occurred with

C2m that showed reduced permeability compared to C2. In conclusion, the methylation of cyclic peptides can improve the passive permeability but not systematically, and the methylation position might be detrimental to the improvement of permeability. The DIB assay represents an accurate model for permeability assessment. The permeability of the studied peptides was assayed with the industrial gold-standard methods PAMPA and Caco-2 (Figure 5.a). [START_REF] Wang | Exploring Experimental and Computational Markers of Cyclic Peptides: Charting Islands of Permeability[END_REF] However, the results with these methods are often discrepant. [START_REF] Wang | Rational Design and Synthesis of an Orally Bioavailable Peptide Guided by NMR Amide Temperature Coefficients[END_REF] In the PAMPA approach, a phospholipid bilayer is not generated and does not reproduce properly a phospholipid bilayer. The Caco-2 approach cumulates multiple permeabilities: through cell junctions, passive permeability across the plasma membrane, and permeability via endocytic pathways. Thus, it may not be surprising that these methods become discrepant for specific conditions. Also, these methods would not yield the absolute bilayer permeability, as model bilayers such as DIBs would enable. Therefore, we decided to compare the permeability values of the cyclic peptides between the three approaches.

The permeability values of C1, C1m, C2, C2m, C3, and C3m were evaluated via PAMPA and Caco-2 cells by Wang et al. (2015). [START_REF] Wang | Exploring Experimental and Computational Markers of Cyclic Peptides: Charting Islands of Permeability[END_REF] Considering the impact of the fluorescent cargo reporter we attached to the peptides, we renormalized all results and analyzed the relative permeability of the peptides for each assay ( Permeability dependence on membrane recruitment. We found that the peptides were recruited to the DIB interfaces (Figure 3.a, 4.a). Since their translocation requires contact with the membrane, we asked whether the interfacial signal of the peptides could be a proxy for permeability.

We defined an interfacial recruitment parameter, R m and R b , respectively quantifying the signal of the peptides on the monolayer and the bilayer (Figure 6.a). Methylation systematically increased the interfacial recruitment R m and R b of the cyclic peptides (Figure

6.b,c).

To know whether the peptides were inserted between phospholipids, we conducted the assay with a lipid composition offering a better tightening of the phospholipid bilayer. [START_REF] Faugeras | Membrane Determinants for the Passive Translocation of Analytes through Droplet Interface Bilayers[END_REF][START_REF] Caillon | Triacylglycerols Sequester Monotopic Membrane Proteins to Lipid Droplets[END_REF] Namely, we used a phospholipid composition made of DOPE:DOPC 1:1. With this new composition, the peptides were almost totally excluded from the interface (Figure S4.a,b).

Therefore, the phospholipid bilayer packing level correlates with the capacity of the peptides to insert into the membrane. Methylated peptides have thus a higher tendency to insert.

Interestingly, the decrease in the peptide recruitment level to the bilayer was accompanied by a reduction in permeability for C1m, from 3.7.10 -6 cm.s -1 for DOPE and 1.5.10 -6 cm.s -1 for DOPE:DOPC 1:1 (Figure S4.b). At least for this peptide, the insertion capacity of the peptides seems to correlate with permeability.

To further verify our conclusion, we plotted all the permeability values for each peptide as a function of the bilayer recruitment R b, and regardless of the membrane composition. We observed that permeability tends to increase with R b for both C1/C1m and C3/C3m pairs (Figure 6.d); we noticed an almost linear dependence between the peptide recruitment to the phospholipid bilayer with permeability (Figure 6.d). For these peptides, the recruitment to the bilayer seemed determinant to permeation. Their membrane recruitment was likely mediated by the hydrophobic residues in the peptides (L, Y) [START_REF] Campelo | The Hydrophobic Insertion Mechanism of Membrane Curvature Generation by Proteins[END_REF][START_REF] Bird | Biophysical Determinants for Cellular Uptake of Hydrocarbon-Stapled Peptide Helices[END_REF] and the methylation at the Leucine could improve their orientation and interaction with the membrane. For instance, such a membrane recruitment-based mechanism promotes the translocation of amphipathic peptides. [START_REF] Jobin | The Role of Tryptophans on the Cellular Uptake and Membrane Interaction of Arginine-Rich Cell Penetrating Peptides[END_REF][START_REF] Gehan | Penetratin Translocation Mechanism through Asymmetric Droplet Interface Bilayers[END_REF] However, C2/C2m showed inconsistent behaviors (Figure 6.d), as its translocation rate was not reflected by its interfacial recruitment (except if C2m was considered alone). This observation indicates that the capacity of a peptide to insert into the bilayer membrane represents only one parameter controlling permeability. Other parameters might become more prominent depending on the nature of the peptide, as for C2. Thus, although the peptide insertion in the bilayer could be a proxy for permeability, the insertion level does not systematically correlate with the penetrating ability of the peptide. This will be especially true for peptides having a high intrinsic translocation capacity, e.g., with high flexibility allowing them to fit both hydrophilic and hydrophobic environment. 

Conclusion

Poor intestinal permeability is a key limitation to the development of bioavailable drugs suitable for oral delivery. Therefore, there is a crucial need for assays that can enable robust and high-throughput measurement of cell permeability. Current gold-standard systems are PAMPA wells and Caco-2 cells. [START_REF] Nigsch | In Vitro Models for Processes Involved in Intestinal Absorption[END_REF] However, the permeability of many compounds assessed with these systems was discrepant. [START_REF] Hallifax | Clearance-Dependent Underprediction of in Vivo Intrinsic Clearance from Human Hepatocytes: Comparison with Permeabilities from Artificial Membrane (PAMPA) Assay, in Silico and Caco-2 Assay, for 65 Drugs[END_REF] In this study, we used a biomimetic DIB assay to investigate the permeability of various molecules tested by these methods and highlight determinant features that had not been revealed. We found that DIB assay can efficiently discriminate peptides based on their structure when they have similar amino acid content.

Indeed, tiny structural modifications such as amide methylation or amino acids chirality inversion induced significant changes in peptide permeation through bilayers. The DIB assays allowed us to quantify permeability variations in three orders of magnitude, with intermediate performance between PAMPA and Caco-2. Altogether, the DIB assay appears as a solid alternative to PAMPA to study cell permeability and is highly complementary to Caco-2. It demonstrates the ability to consistently distinguish the passive permeation capacity of peptides designed with tiny structural differences. Translating this assay into high throughput will make it a promising tool for the pharmaceutical industry.
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 1 b). During permeation, the volume of the droplets and the patch area were almost constant (Figure S1.a). Unless mentioned otherwise, the fluorescent probe used to study the peptides' translocation and distribution was the fluorescein-derivative TAMRA, attached to the lysine residue of the peptide (Figure S2.a,b).

Figure 1 :

 1 Figure 1: Passive permeability DIB assay with hydrophobic peptides. a) Left: Schematic of the proposed DIB permeability assay. Two sets of W/O droplets, empty and peptide-filled (respectively acceptor and donor droplets), are produced with a millifluidic device and dropped on a treated glass slide for monitoring under a confocal microscope. Right: Microscopic pictures showing droplet paring and DIB parameters. Scale bars, 100 µm. b) Example of permeation kinetics of peptide L1 through glyceryl trioctanoate DOPE DIB; introduction of permeation parameter p 30 . c) Sequence of the studied peptides, specific methylations are highlighted in grey.

Figure 2 :

 2 Figure 2: Comparison of the linear and cyclic peptides L1 and C1. a) Confocal microscopy pictures of DIB permeation assay for L1 and C1 peptides over time. The same signal enhancement correction was applied to every single image to be able to detect significative signals of translocation for both peptides (image brightness is enhanced). Corresponding L1 and C1 fluorescence profiles are provided. Scale bars, 100 µm. b) Permeation kinetics for peptides L1 and C1. c) Calculated permeability for L1 and C1 peptides (defined as permeation parameter p 30 ) (mean value, error bars represent the SD; **** indicates p < 0.0001).

Figure 3 :

 3 Figure 3: Comparison of cyclic peptides C1 and C1m. a) Confocal microscopy pictures of DIB permeation assay for C1 and C1m peptides over time. Corresponding C1 and C1m fluorescence profiles are provided. Scale bars, 100 µm. b) c) Calculated permeability for C1, C1m, L1 and L1m peptides (defined as permeation parameter p 30 ) (mean value, error bars represent the SD; **** indicates p < 0.0001).

Figure 4 :

 4 Figure 4: Comparison of cyclic peptides C1, C1m, C2, C2m, C3, and C3m. a) Confocal microscopy pictures of DIB permeation assay for C2, C2m, C3, and C3m peptides over time. Corresponding fluorescence profiles are provided. Scale bars, 100 µm. b) Calculated permeability for C1, C1m, C2, C2m, C3 and C3m peptides (defined as permeation parameter p 30 ) (mean value, error bars represent the SD; **** indicates p < 0.0001).

Figure 5 .

 5 b). Overall, we found that permeability values from the DIB assay were intermediate between PAMPA and Caco-2 assays. Yet, while the permeability value for C3m relative to C3 shows a decrease of permeability in the case of PAMPA (0.5 times), it is increased for the DIB (1.4 times) and Caco-2 (13 times) assays. Moreover, methylated peptides showed close permeability patterns for the DIB and Caco-2 assays when PAMPA significantly underestimates the value for C2m and C3m relative to C1m (Figure5.b). These comparisons reveal that the DIB assay is an encouraging approach to evaluate the passive permeability of peptides, given that Caco-2 and PAMPA might misevaluate permeability. This will be especially the case when peptides can cross cell membranes through several mechanisms. In such a case, Caco-2 might overestimate the passive permeability, e.g., because of active transports or para-and transcellular diffusion, while PAMPA might underestimate the permeation efficiency because of the thick layer of oil between the two phospholipid monolayers. Collectively, our results suggest that the DIB assay reflects better than PAMPA the passive permeability of peptides across bilayers and it is a good compromise between PAMPA and Caco-2.

Figure 5 :

 5 Figure 5: a) Schematic illustration of common in vitro assays used to assess membrane permeability,

Figure 6 :

 6 Figure 6: a) Schematic representation of DIB and the associated method to obtain fluorescence profile and peptide recruitment R m and R b . Scale bars, 100 µm. b) Monolayer donor (mD) and bilayer (b) recruitment values for peptides C1 and C1m. c) Bilayer recruitment values R b for all three peptide couples (C1, C1m, C2, C2m, C3, C3m) d) Permeability value for each DIB assays as a function of

Material and Method

Products. All phospholipids (Avanti Polar Lipids), glyceryl trioctanoate (Sigma-Aldrich), fluorescein sodium salt (VWR Chemicals), HEPES (Sigma-Aldrich), potassium acetate KCH 3 COO (Sigma-Aldrich) and magnesium chloride MgCl 2 (Sigma-Aldrich) are used without further purification. Penetratin and TAT peptides were purchased at Anaspec. Linear peptides L1, L1m and cyclic peptides C2, C2m, C3, C3m were synthesized at Peptides & Elephants GmbH. Other cyclic peptides were purchased by Peptides International (USA).

Structure and purity were respectively checked by mass spectroscopy and HPLC (purity > 90 %).

Unless mentioned otherwise, peptides are first aliquoted down to 100 µM in a mixture of HKM buffer and DMSO (50/50% v/v) suitable for the complete dissolution of peptide. Peptide samples are then diluted down to 5 µM for W/O droplets fabrication and assays.

Preparation of the Oil Phase. Phospholipids used for the oil phase are conditioned in chloroform. We first evaporate chloroform under a stream of argon; the dried lipids are subsequently re-solubilized to the desired concentration in glyceryl trioctanoate (TO). Unless stated otherwise, a lipid concentration of 0.1 wt% is used for all experiments, this value is above the critical concentration for every studied phospholipid composition.

Millifluidic setup to fabricate monodisperse W/O droplets.

Experiments are performed with a 0.1 wt. % lipids in TO solution and the following HKM buffer recipe: 50 mM HEPES, 120 mM KCH 3 COO, and 1 mM MgCl 2 in Milli-Q water (at pH 7.4). For our assays, it is necessary to produce two types of droplets: acceptor droplets filled with buffer and donor droplets filled with a 5 μM solution of peptides in buffer. To do so, we use two parallel circuits Permeability Assay. All permeability assays are conducted at room temperature T lab = 21°C under a laser scanning microscope (LSM 800, Carl Zeiss, Oberkochen, Germany). Two droplets, one acceptor and one donor are selected. We then bring the droplets into contact enabling the adhesion of monolayers and the spontaneous formation of a bilayer. Just after DIB formation, we follow the passage of the analyte through the interface by taking pictures of the droplets every minute. The permeation is studied over 30 minutes (Figure 1 We finally define the translocation parameter at 30 minutes: p 30 as:

Where and are respectively the measured peptide concentration at t = 30 min and the initial peptide concentration in the acceptor droplet, is the patch area and is the duration of the experiment (here 30 minutes). The translocation ratio is weighted with both and to consider variation in droplet morphology and divided by to be homogeneous to a permeability. Each permeability value was determined by its mean and standard deviation.

We performed a minimum of 10 measurements for each peptide or lipid composition. The Measurement of monolayer and bilayer peptide recruitment. From confocal microscopy picture of DIBs, we can study the interfacial behaviour of peptides. The fluorescent intensity profile is obtained via mean segment profile integration (25 px lateral integration) for each droplet interface bilayers (Fig. 6a). We then introduce a peptide recruitment factor calculated from the mean fluorescence value of droplet bulk and the maximum fluorescence intensity on bilayer and/or monolayers. The peptide recruitment factor is defined as:

Where , and respectivly refer to the bilayer, the bulk and the monolayer of donor/acceptor droplet fluorescence intensity (a.u.). Peptide recruitment was considered at the end of the permeability assay, after 30 minutes, letting enough time for peptide to reach interfacial equilibrium.

Quantification and statistical analysis. 

Supporting information

Peptide details and additional data (control experiments, FITC-labeled peptides permeation behavior, data treatment) are provided.