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to indent them centrally, even though not perfectly normally [START_REF] Delorme | Direct Method to Study Membrane Rigidity of Small Vesicles 504 Based on Atomic Force Microscope Force Spectroscopy[END_REF] . In a pioneering study, Laney et 61 al. [START_REF] Laney | Changes in the Elastic 506 Properties of Cholinergic Synaptic Vesicles as Measured by Atomic Force Microscopy[END_REF] extracted synaptic liposomes (~110 nm diameter) from the electric organ of the electric 62 ray Torpedo californica, immobilized them by adsorption onto mica and measured elastic 63 moduli values in the range 0.2 -1.3 MPa. Liang et al. [START_REF] Liang | Probing Small Unilamellar EggPC Vesicles on 511 Mica Surface by Atomic Force Microscopy[END_REF]2119,[START_REF] Benesch | A Comparative Calorimetric Study of the Effects of 520 Cholesterol and the Plant Sterols Campesterol and Brassicasterol on the Thermotropic 521 Phase Behavior of Dipalmitoylphosphatidylcholine Bilayer Membranes[END_REF] followed the same approach on 41.7°C) [START_REF] Benesch | A Comparative Calorimetric Study of the Effects of 520 Cholesterol and the Plant Sterols Campesterol and Brassicasterol on the Thermotropic 521 Phase Behavior of Dipalmitoylphosphatidylcholine Bilayer Membranes[END_REF]23 . Therefore, it is yet to assess whether the AFM indentation measurement degrees or head groups [START_REF] Garcia-Manyes | Nanomechanics of Lipid Bilayers by Force Spectroscopy 527 with AFM: A Perspective[END_REF] . However, calculation of the SLBs' effective elasticity using 82 indentation of the membrane and the Hertz model requires careful and narrow experimental 83 conditions not to be affected by the support [START_REF] Picas | Direct Measurement of the Mechanical Properties of 530 Lipid Phases in Supported Bilayers[END_REF] Furthermore, direct measurement on small 84 liposomes would encompass possible curvature effects. Indeed, their high membrane 85 curvature may affect their mechanical properties, as lateral intermolecular distances and 86 forces vary across the bilayer's thickness [START_REF] Ahmed | Effect of Curvature on Nanoparticle Supported 532 Lipid Bilayers Investigated by Raman Spectroscopy[END_REF][START_REF] Marbella | Investigating the Order Parameters of 535 Saturated Lipid Molecules under Various Curvature Conditions on Spherical Supported 536 Lipid Bilayers[END_REF] . However, indentation measurements on 3D 87 vesicles may be either impossible [START_REF] Sorkin | Mechanical Stability and Lubrication by 538 Phosphatidylcholine Boundary Layers in the Vesicular and in the Extended Lamellar 539 Phases[END_REF] , require high deformation of the objects [START_REF] Liang | Probing Small Unilamellar EggPC Vesicles on 511 Mica Surface by Atomic Force Microscopy[END_REF] or somewhat 88 depend on the composition of the internal medium, if different from the surrounding 89 medium [START_REF] Buchner Santos | Nanomechanical 541 Properties of Phospholipid Microbubbles[END_REF] . For these reasons, there is interest to assess indentation measurement of the 90 mechanical properties of membranes directly on volumetric objects such as liposomes.
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In the present study, the respective elasticities and bending rigidities of membranes of either 

Transmission electron microscopy (TEM)

152

The observation of DOPC and DPPC Liposomes by cryo-TEM was realized as described in 153 previous work [START_REF] Gaillard | Cryo-TEM and AFM for the Characterization of Vesicle-552 like Nanoparticle Dispersions and Self-Assembled Supramolecular Fatty-Acid-Based 553 Structures: A Few Examples[END_REF] . The samples were prepared using a cryoplunge cryo-fixation device (Gatan,

Pleasanton, CA, USA) in which a drop of the aqueous suspension was deposited on to glow- but can be avoided as long as near-normal contact is maintained between the tip and the 198 liposomes, which is the case when measuring R c at their apex. agreement with previous reports [START_REF] Murthy | Cholesterol Decreases the Size and the 556 Mechanical Resistance to Rupture of Sphingomyelin Rich Domains, in Lipid Bilayers 557 Studied as a Model of the Milk Fat Globule Membrane[END_REF][START_REF] Fa | Effect of the Antibiotic Azithromycin on Thermotropic 561 Behavior of DOPC or DPPC Bilayers[END_REF][START_REF] Grabielle-Madelmont | Calorimetric Studies on Phospholipid-water 566 Systems: I. Dl-Dipalmitoylphosphatidylcholine (DPPC)-water System[END_REF] . XRD experiments allowed identification of the lipid 227 phases at 20°C (Fig. 1C). For this, the MLV are interesting not only to investigate the lateral 228 packing of the acyl chains (at large q), but also to confirm the lamellar organization of the 229 phospholipid (at small q). For DOPC, the absence of diffraction peak at wide angles and a 230 lamellar organization characterized at small angles, confirmed the L α phase of DOPC at 20°C.

231

DPPC multilamellar vesicles exhibited a single broad peak at q ̴ 1. 

263

In the next step, the liposomes were immobilized by adsorption onto silicon to be first 264 imaged then indented using an AFM probe. Images recorded in contact mode showed that 265 DOPC and DPPC liposomes were perfectly stable on the flat substrate. However, it was 266 not possible to prevent non-destructive deformation due to adsorption, as previously 267 reported [START_REF] Liang | Probing Small Unilamellar EggPC Vesicles on 511 Mica Surface by Atomic Force Microscopy[END_REF]40 . The AFM images were also used to measure the height H and basal width W 268 of adsorbed individual liposomes in order to prove that objects observed in AFM images 269 corresponded truly to liposomes. To do this, the adsorbed liposomes were considered to 270 adopt a spherical cap geometry and their volume was calculated as:
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From (Eq.2), the mean diameter of a sphere of equivalent volume was inferred and compared

272

with DLS data (Table 1; Figures 2B andE). The mean diameter values were of similar orders 
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In equation 3, C is a coefficient that accounts for the double deformation of an adsorbed shell 326 object, such as liposomes, upon indentation by the AFM tip. Indeed, whereas membrane 327 deformation occurs at the contact point between the tip and the liposome, simultaneous 328 deformation also occurs at the contact area between the liposome and the substrate 51 . In their 329 recent paper, Bery et al. 52 produced calculations for a correction factor, C, to be applied as a 330 function of the relative radii of the tip (20 nm) and liposome, and of the shell thickness 331 relative to the radius of the liposomes (Table 1). Since that dimensions were similar for both 332 the DOPC and DPPC liposomes, C was ~ 0.55 for both types of liposomes.
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In another way, the mechanical properties of liposomes can be also represented by the 
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The Young modulus was also estimated using the R c of the whole liposome, which involves showed that AFM indentation was able to detect significant differences in the elasticities of 357 the two membranes depending on their fluid or gel phase state. However, the quantification of 358 the mechanical properties was found very sensitive to calculation of R c and to the liposome 359 geometry. For these reasons, we chose to compare the liposomes using the method based on 360 the local R c using Gwyddion in order to avoid any effect due to the form adopted by the 361 liposomes upon adsorption.

362

In conclusion, the structural differences between the fluid-phase DOPC and gel-phase DPPC 363 bilayers as evidenced by DSC and XRD, induced by the unsaturation of the acyl chains 364 (Fig1), resulted in significant difference in their respective mechanical responses. Hence,

365

AFM force spectroscopy proved a sensitive method to compare the mechanical properties of 366 small liposomes with different lipid compositions and phase states. Only few reports exist that 367 have evaluated these mechanical parameters for similar systems of lipid membrane in 3D, 368 especially for DOPC or DPPC using AFM spectroscopy (Table 2). Of all these studies, only 
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For which corresponds a bending modulus:
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lipid bilayers are not anisotropic materials. However, previous investigations suggested that 400

this calculation yet has comparative interest [START_REF] Picas | Direct Measurement of the Mechanical Properties of 530 Lipid Phases in Supported Bilayers[END_REF]61 . On SLBs, the Young modulus (E) of DOPC 401 was found to be 27 ± 8 MPa with a corresponding bending modulus k C = (0.88 ± 0.25) ×10 -19 J,

402

while the E and k C of DPPC were found to be 31 ± 12 MPa and (2.03 ± 0.79) ×10 -19 J, 403 respectively. Therefore, the E and k C parameters of DPPC and DOPC were less distinct when 404 measured on SLB than on SUV (Table 2). Meanwhile, more dispersed E values were reported 405 in the literature for SLBs than for liposomes, thereby indicating the higher sensitivity of this 406 measurement upon experimental conditions in the case of SLB [START_REF] Picas | Direct Measurement of the Mechanical Properties of 530 Lipid Phases in Supported Bilayers[END_REF]61,62 (Table 2). To conclude,
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it is showed that membranes in the gel phase were more elastic and stiffer than the 

414

The structure of molecules and the intermolecular interactions that lead lipid molecules to 415 self-assembly in bilayers, have a significant impact on the rigidity of these bilayers 63,64 

  ) and found that the elastic modulus increased with 66 the addition of up to 50 mol % cholesterol from ~2 to 13 MPa. However, these authors used 67 an adaptation of the Hertz model for their calculations that assumed the liposomes to be 68 homogeneous filled spheres. By implementing the shell deformation theory, Delorme and 69 Fery 16 obtained higher elasticity values of ~110 MPa by indenting DPPC 70 (dipalmitoylphophastidylcholine) and proposed that the Hertz model underestimated the 71 mechanical properties of the liposomes. However, due to its mono-unsaturation, egg PC has a 72 melting temperature (Tm) of -15°C and is therefore in the l d or liquid crystalline (Lα) phase at 73 20°C, while the fully saturated DPPC is in the gel or solid-ordered (s o ) phase (Tm = 74
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  combined with the shell theory interpretation is sensitive enough to discriminate liposomes 76 with presumably different mechanical properties of their membranes, e.g. by comparing 77 saturated and unsaturated phospholipids in different physical phases at 20°C.78When the membranes are spread as two-dimensional supported lipid bilayers (SLBs), 79 measurement of the rupture force of membranes using AFM indentation has proven to fully 80 between phospholipids with various chain lengths, saturation 81
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  the unsaturated phospholipid dioleoylphosphatidylcholine (DOPC) or the saturated 93 phospholipid dipalmitoylphosphatidylcholine (DPPC) as shaped in the form of liposomes, 94 were measured at 20°C using AFM indentation and the shell theory. The results were 95 discussed in light of the respective phase states of the two phospholipids at 20°C and showed 96 that AFM indentation is a sensitive method to assess the mechanical properties of 3D 97 membrane objects at the nanoscale. Pure phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; 18:1; >99%) and 1,2-102 dipalmitoyl-sn-glycero-3-phospholcholine (DPPC; 16:0; >99%) were purchased from Avanti 103 Polar Lipids (Alabaster, AL). PIPES (1,4-piperazinediethanesulfonic acid) buffer was 104 prepared as: PIPES 10 mM (purity ≥99%; Sigma-Aldrich, Milwaukee, WI, USA), NaCl 50 105 mM (Sigma), and CaCl 2 10 mM (Sigma) were dissolved in Milli-Q water and adjusted to pH 106 6.7 using NaOH 5 M.

107 2 . 2 .

 22 Preparation of liposomes 108Samples were prepared by dissolving appropriate quantity of the lipid powder of DOPC or 109 DPPC in glass vials with chloroform/methanol (4:1 v/v). The organic solvent was then 110 evaporated at 40 °C under a stream of dry nitrogen. The dried lipid films were hydrated with 111 PIPES-NaCl-CaCl 2 buffer at 70°C to reach a final concentration of 0.1 wt. % lipids then 112 thoroughly vortexed. Small unilamellar vesicles (SUV) were produced at 65°C by sonication 113 using a Q700 equipment (Q-sonica, Newtown, CT, USA) and a microtip operating at 50% 114 amplitude (~400 W) for 30 min. After sonication, the SUV suspension was left to cool and 115 equilibrate at room temperature (20°C). The SUV produced according to this protocol will be 116 designated as "liposomes" throughout this report.

117 2 . 3 .

 23 Dynamic light scattering (DLS)118The size distribution and the average hydrodynamic diameter (D h ) of the vesicles were 119 measured in PIPES-NaCl-CaCl 2 buffer at 20°C by dynamic light scattering (DLS) on a scattering experiments were performed on the home-made Guinier beamline at IPR[START_REF] Bizien | Self-Organization of 546 Quantum Rods Induced by Lipid Membrane Corrugations[END_REF] .141A two-dimensional Pilatus detector with sample to detector distance of 232 mm allowed the 142 recording of XRD patterns in the range 0.013 Å -1 to 1.742 Å -1 , thus covering both the small 143 and wide-angles regions of interest to characterize the lamellar structures and to identify the 144 packing of the acyl chains, respectively. Diffraction patterns displayed series of concentric 145 rings as a function of the radial scattering vector q = 4 π sinθ / λ, where 2θ is the scattering 146 angle and λ = 1.541Å is the wavelength of the incident beam. The channel to scattering vector 147 q calibration of the detector was carried out with silver behenate[START_REF] Blanton | Preparation of Silver Behenate Coatings to 549 Provide Low-to Mid-Angle Diffraction Calibration[END_REF] . Small volumes (around 10 148 µL) of samples containing DOPC or DPPC vesicles were loaded in thin quartz capillaries of 149 1.5 mm diameter (GLAS W. Muller, Berlin, Germany) and inserted in the set-up at a 150 controlled temperature.
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 51 at 65°C, 10 µg of the hot lipid suspension were deposited onto 201 freshly cleaved mica in an Asylum Research open liquid cell, then incubated at 65°C for 60 202 min. Slow cooling of the samples was performed using a programmed incubator as in Murthy 203 et al. 34 to yield supported lipid bilayers (SLB). Once equilibrated at 20°C, the bilayers were 204 extensively rinsed and exchanged with PIPES-NaCl-CaCl 2 buffer. AFM imaging of the 205 bilayers was then performed in the same buffer and in contact mode using MSNL probe 206 (nominal spring constant k ~0.03 N.m -1 -Bruker Nano Surfaces, Santa Barbara, CA, USA) 207 with the same imaging parameters already cited. The probes were calibrated 208 extemporaneously using the thermal noise method. Force spectroscopy curves were then 209 acquired at 20°C by using force-volume imaging of the bilayers (typically 10 × 10 µm 2 or 210 less) with a typical set point of 20 nN and a piezo speed of 2µm.s -1 . The results are presented as mean value ± standard deviation. Analysis of variance was 213 performed using the General Linear Model procedure of Statgraphics Plus version Statistical Graphics Corp., Englewood Cliffs, NJ). Differences were significant for p < 0.05. Phase state of DOPC and DPPC at 20°C 218 The thermal phase behavior of unsaturated (18:1) DOPC and saturated (16:0) DPPC 219 phospholipids (chemical structures shown in Fig1.A) was examined using DSC and the 220 with the structural analysis performed by XRD. Fig1.B shows the 221 respective DSC heating thermograms of both lipids in the same conditions. For DOPC, the 222 thermogram shows a very low temperature of L β to L α (gel to fluid) phase transition at T m = -223 20°C, in good agreement with previous reports 11,35,36 . Meanwhile, the heating of DPPC 224 revealed two endotherms, characteristic of the L β (gel) to P β' (ripple) transition at 225 T m = 37.09 °C and of the P β' (ripple) to L α (fluid) transition at T m = 41.01°C, also in good 226

3 . 2 .

 32 5 Å -1 corresponding to the 232 formation of ordered phase packed in pseudo-hexagonal lattice and a lamellar organization at 233 small angles, showing the formation of a L β' organization of DPPC at 20°C. The tilt of the 234 acyl chains may have been induced by the multilamellar organization of the DPPC molecules 235 in the vesicles. Since AFM experiments on DPPC molecules were performed in SUV, the 236 ordered phase state of DPPC molecules in SUV at 20°C was also proved by XRD 237 experiments performed on SUV of DPPC. As previously reported in literature 38 , the high 238 curvature of expected SUV of DPPC do not allow the recording of a peak at wide angles. 239 Nevertheless, the Small Angles X-ray Scattering could be performed upon heating of the 240 Page 12 of 40 ACS Paragon Plus Environment Langmuir SUV. Both high and low temperature spectra can be fitted as an individual membrane using 241 , the headgroup thickness, e CH2 , the aliphatic chain thickness and r the rugosity of the 245 headgroup/water interface. 246 The full analysis demonstrates a contraction of 2Å of both e HG and e CH2 at the gel-fluid 247 transition at 40-44°C (Fig. 1D). This showed that the DPPC molecules in SUV are sensitive to 248 temperature and consequently in the gel phase at room temperature. In conclusion, DSC and 249 XRD confirmed that DOPC (unsaturated; Tm = -20°C) and DPPC (saturated; Tm = 41°C) 250 were respectively present in fluid and gel phases at 20°C. 251 Morphology of the liposomes at 20°C 252 Electron microscopy, dynamic light scattering (DLS) and AFM imaging were used to 253 characterize the morphology (size and shape) of the liposomes obtained after sonication (Fig 254 2). Cryo-TEM images showed that DOPC and DPPC vesicles were essentially unilamellar 255 and spherically shaped. However, while DOPC liposomes consistently exhibited circular 256 cross-sections (Fig 2A), DPPC could show both rounded and/or somewhat faceted 257 membranes (Fig 2D). The presence of angle facets was attributed to the physical gel state of 258 DPPC at 20°C 39 . Cryo-TEM images revealed variable liposome diameters (from tens to 259 Page 13 of 40 ACS Paragon Plus Environment Langmuir hundreds of nm) which corresponded to the size distribution measured by DLS (Fig 2B, E). 260 For DOPC, the size distribution was monomodal with a mean diameter D h at 120 ± 69 nm 261 (Fig 2.B). Whereas, DPPC liposomes exhibited a shouldered size distribution with a mean 262 diameter D h of 132 ± 73 nm for the whole distribution (Fig 2.E; Table1).
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  of magnitude in both methods; and whatever the method used, DOPC liposomes always 274 exhibited smaller diameters than DPPC ones. This confirmed that the adsorbed objects visible 275 on the AFM images truly were liposomes. However, the mean diameter results measured by 276 AFM were higher than DLS probably because larger liposomes were preferably chosen out of 277 images (such as shown on Figure2) to perform close-up views and indentation 278 measurements (Table1).

279 3 . 3 . 3 . 3 . 1 .Page

 33331 Mechanical properties of liposomes as a function of phase state at 20°C 280 Bilayer thickness 281 The average bilayer thickness d was measured in the conditions used in this work: 282 temperature 20°C, pH=6.7, 50 mM NaCl and 10 mM CaCl 2 . This measurement was 283 performed using atomic force spectroscopy on SLB of DOPC or DPPC spread onto freshly 284 cleaved mica. Average values of d were obtained from measurements performed on various 285 regions of different samples (n=50). In a typical force spectroscopy experiment, the AFM tip 286 approaches the surface until a mechanical contact with the SLB is established. Then, the 287 bilayer is elastically deformed by the AFM probe until the tip ruptures (breaks through) the 288 membrane, thereby coming into contact with the substrate. The indentation vs force curves 289 exhibited breakthrough events23,[START_REF] Murthy | Cholesterol Decreases the Size and the 556 Mechanical Resistance to Rupture of Sphingomyelin Rich Domains, in Lipid Bilayers 557 Studied as a Model of the Milk Fat Globule Membrane[END_REF]41 where the jump-through distance (noted d) was 290 assimilated as the bilayer's thickness[START_REF] Murthy | Cholesterol Decreases the Size and the 556 Mechanical Resistance to Rupture of Sphingomyelin Rich Domains, in Lipid Bilayers 557 Studied as a Model of the Milk Fat Globule Membrane[END_REF] . The limitations of this measurement were discussed 291 elsewhere 42 and efforts were taken to regard bilayer compression. Fig.3A and Cshow three 292 examples of force-distance curves for each type of lipid bilayer. The d mean values obtained 293 were 3.91 ± 0.46 nm, and 4.93 ± 0.47 nm for DOPC and DPPC bilayers, respectively. This 294 thickness difference between fluid and gel phases was perfectly detected by AFM 295 spectroscopy, in agreement with previous works 25,43 . In the literature, Nagles and Tristram-296 Nagles 44 also determined the thicknesses of DOPC and DPPC fully hydrated bilayers using 297 a value of 3.6 nm for DOPC in the fluid phase and of 4.4 nm for DPPC in 298 the gel phase. It should be noted that DOPC has two unsaturated 18 hydrocarbon chains and 299 DPPC has two fully saturated 16 hydrocarbon chains (Fig1A). Unsaturation is the main 300 reason that adversely affected chain elongation and molecular packing 45 , making DPPC 301 bilayers more ordered and thicker than DOPC bilayers at room temperature. 302 Noteworthy, the value of the force at which the SLB ruptured (i.e., the breakthrough force) 303 was higher for DPPC (2-3 nN) than for DOPC (<1 nN), in agreement with their respective 304 phase states 46-48 . The lower absolute values found in the present study may be accounted for 305 the lower ionic strength and the sharper AFM tip (radius of MNSL tip ~2 nm) in comparison 306 to previous works.

307 3 . 3 . 2 .Page

 332 Mechanical properties of DOPC or DPPC liposomes: 308 In this work, we show that AFM spectroscopy could be used to discriminate and compare the 309 mechanical properties of very small liposomes (~150 nm) in different phase states. 310 Calculations of the Young modulus E and bending modulus k C , based on the shell theory 311 model, were done on DOPC or DPPC liposomes respectively in fluid or gel phase. In order to 312 limit the plastic deformation, force distance curves were recorded over 100 nm distance with a 313 set point of 200 pN maximal force. Typical examples are shown in Fig. 3 B and D. In these 314 conditions, the approaching and retracting curves were superimposed, demonstrating the 315 elastic behavior of the membrane (not shown). The tip-membrane contact was defined as the 316 point where significant positive slope appeared. According to the shell theory developed by 317 Fery et al. 16,50 , the Young modulus E of thin-shelled spherical micro-capsule 318 under a point load scales with the bilayer's stiffness, k, which was deduced from the slope of 319 the linear region of each force curve after the tip-membrane contact, i.e. in the small 320 deformation region (Fig 3.B and D). As k strongly depends on the size of the individual 321 liposomes 21 , it has to be normalized by the local radius of curvature R c of the individual 322 liposomes 16 to describe their mechanical properties. Calculation of E requires the bilayers' 323 stiffness k, the local radius of curvature R c (see section 2.7.1), the bilayer's thickness d 324 (Table1) and the Poisson ratio ν, taken as 0.5:

334

  bending rigidity k C, which is expressed in terms of the same parameters and is also common in 335 Young's modulus, regardless of liposome size, showed that the DPPC 337 liposome membranes (L β ) E= 116 ±45 MPa were significantly more elastic at 20°C than 338 DOPC liposome membranes (L α ) which exhibited a lower value of E = 13 ± 9 MPa (Fig.4.A 339 and B; p < 0.05). Accordingly, the liposome membranes composed of DPPC were also stiffer 340 with k C = (15.5 ± 6) ×10 -19 J (360 k B T) than those composed of DOPC with k C = (0.9 ± 0.6) 341 ×10 -19 J (22 k B T) (Fig.4.C and D; p < 0.05 ). To verify that electrostatic repulsion was not 342 implicated in the force curves near the contact point, we compared the results acquired on 343 DPPC liposomes with varying surface charge, taken as the zeta potential and measured as 344 described in Makino et al. 53 . The DPPC liposomes were positively charged with a zeta 345 potential of 18 mV in PIPES buffer (ionic strength I=0.09); and barely charged with a zeta 346 potential of 0.11 mV in PBS buffer (14 mM KH 2 PO 4 , 200 mM Na 2 HPO 4 , NaCl 1.36 M, KCl 347 20 mM; I=1.99; pH= 7.2). The Young's modulus showed a mean value of E= 120 ± 39 MPa 348 in PBS buffer and no significant difference was found between the Young moduli values 349 obtained in the two buffers (p> 0.05). This result showed that force measurement of DPPC 350 membrane was not influenced by electrostatic interaction between the AFM probe and the 351 liposomes.
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  the two parameters H and W (equation A.1). The results showed that the elasticity of DPPC 354 183 MPa) than that obtained by local R c (116 MPa), whereas E was not 355 significantly changed for DOPC. With either methods of R c calculation, the results therefore 356

369

  Liang et al.[START_REF] Liang | Mechanical Properties and Stability Measurement of 517 Cholesterol-Containing Liposome on Mica by Atomic Force Microscopy[END_REF] used AFM spectroscopy comparatively, on liposomes with increasing addition 370 of cholesterol. Liang et al.[START_REF] Liang | Mechanical Properties and Stability Measurement of 517 Cholesterol-Containing Liposome on Mica by Atomic Force Microscopy[END_REF] obtained Young's modulus of 1.97 ± 0.75 MPa, for liposomes in 371 the fluid phase composed of egg PC (mixture of saturated and unsaturated polar lipids; mostly 372 in the form of SOPC -stearoyl-oleoyl-phosphatidylcholine). Using an optical method, 373 Meleard et al. 54 and Duwe et al. 55 respectively obtained bending rigidities of 1.27 ± 0.09 ×10 - k B T) or 1.15 ×10 -19 J (28 k B T) for liposomes composed of the saturated polar lipid 375 DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) in fluid phase at 40°C (Tm = 24°C). 376 Rawicz et al. 45 found values of ~0.9 × 10 -19 J for bilayers of various synthetic 18:1 377 phospholipids. Another group, Hantz et al. 56 used the osmotic swelling method and found 378 values of the Young's modulus of 15 MPa for DOPC liposomes in the fluid phase at 20°C. 379 Delorme and Fery 16 obtained Young's moduli values of 110 ± 15 MPa for DPPC liposomes in 380 the gel phase. Taking only account of the phase state conditions, the values available in the 381 literature (Table 2) are in the same order of magnitude in comparison to the results showed in 382 this work. Differences between studies could be attributed mainly to the nature of the lipids 383 (carbon chain length, number of unsaturation), the temperature, the chosen technique or, for 384 indentation studies, the mathematical model chosen for the calculation of R c or E 57,58 . The 385 presented results show that AFM indentation of liposome is a sensible method for comparison 386 between different lipid membranes.387For the sake of comparison with the SUV (tridimensional organization), the elasticity of 388 DPPC or DOPC membranes was calculated on the SLB (two dimensional organization) using 389 AFM load curves performed in the same conditions as for the breakthrough force 390 measurement. Only a larger MLCT probe was used for better sensibility. By attempting the 391 fit of equation (5), the Young's moduli (noted E SLB ) and bending modulus (noted ݇ ିௌ ) 392 were calculated using the classical Hertz model:
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  membranes in fluid phase regardless the lipid organization (2D or 3D). However, the values 409 of E and k C were more robust when measured on liposomes than on SLBs, where the presence 410 support affected the results depending on the indentation distance[START_REF] Picas | Direct Measurement of the Mechanical Properties of 530 Lipid Phases in Supported Bilayers[END_REF] . These 411 comparisons show that liposomes are adequate systems to determine the elastic properties of 412 lipid membranes. On the other hand, measurement of the breakthrough force is relevant for 413 SLBs.
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 1 FIGURES:

Figure 3 :

 3 Figure 3: AFM indentation measurement on DOPC (dioleoylphosphatidylcholine, in blue) or

Figure 4 :

 4 Figure 4: Distributions of the Young moduli E and of the bending rigidity k C , independent of
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		Langmuir
	161 181	using a CT-3500-cryotransfer system (Gatan, USA) and cooled with liquid nitrogen. TEM the adsorbed liposomes, then closer images (typically 2 × 2 µm 2 or less) were recorded and
	162 182	images were then obtained from liposomes suspension preserved in vitreous ice and sections were drawn across the images in order to measure the individual liposome's height
	183	suspended across a hole in the supporting carbon substrate. The samples were observed under (H) and base width (W). The AFM probe was then positioned above the center of each
	184	liposome and individual force curves (n > 60) were recorded with a set point of 200 pN, a
	185	distance of 100 nm and a Z-piezo speed of 2 µm.s -1 . In these conditions, indentation of the
	186	AFM tip into the liposome did not exceed ~5 nm, thereby allowing measurement of the
	187	mechanical properties in the elastic regime of the membrane. The approach curves were then
	188	treated using the shell theory as described in the result section.
	189	For data visualization and analysis, Gwyddion 2.47 software was also used, as a means to
	190	deduce the local radius of curvature (R c ) at the top of individual adsorbed liposomes over a
	191	distance of ~130 nm both sides of the apex (130 nm being the estimated radius of the
	192	membrane area affected by indentation by a 20-nm radius MLCT probe). The R c values of
	193	individual liposomes were input in the calculation of the Young modulus (see below).
	194	Measurement of the local R c values at the apex of individual liposomes, instead of for the
	155 195	complete objects, avoided errors due to imperfect (e.g. flattened) spherical cap geometry of
	156 196	discharged holey-type carbon-coated grids (Ted Pella Inc., Redding, CA, USA). The TEM the liposome upon adsorption, and/or errors due to convolution by the AFM tip. The latter
	157 197	grid was then prepared by blotting the drop containing the specimen to a thin liquid layer may indeed overestimate lateral dimensions of the liposomes by as much as the tip diameter,
	158	remained across the holes in the support carbon film. The liquid film was vitrified by rapidly
	159	plunging the grid into liquid ethane cooled by liquid nitrogen. The vitrified suspension of
		liposomes was mounted in a Gatan 910 specimen holder that was inserted in the microscope

Table 2 :

 2 . The 416 elasticity of the membrane allows it to accommodate strain without failure, which is essential 417 in many applications where the membrane need to resist shear stress, e.g. in transdermal 418 application, in blood vessels, the epithelial cells of the gastrointestinal tract, etc. The 419 hydrophobic interactions between the lipid molecules, in particular Van der Vaal interactions, 420 are the major responsible of the fluidity and the rigidity of the membrane. The double bond in The presence of this double bonds reduces the hydrophobic interactions by increasing the 424 distance between the hydrophobic moieties which decreases the stiffness of membrane 45 . Comparison of the bending modulus (k C ) and Young modulus values (E) of

	421	
	422	cis conformation interferes with hydrocarbon chain packing and destroys the cooperativity of
		the chain interactions in the bilayer 65,66 .
	425	
	426	IV. CONCLUSION:
	427	The nano-indentation of DOPC and DPPC liposomes by AFM probe at low force load was
	428	able to provide local and discriminant information on the elastic properties of bilayer
	429	membranes in 3D organization without plastic deformation. The Young's moduli E and
	430	bending rigidity values k C of gel phase DPPC membranes is significantly higher than that of
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For the publication where the membrane thickness not shown, the following values were used 454 to calculate the elasticity or the bending rigidity:
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Where the parameters are the same already cited for liposome membranes. In these equations, 396 δ is the indentation distance and R tip is the nominal radius of AFM MLCT tip (~20 nm).

397

The use of contact mechanics using the Hertz model on SLB is limited by the effect of 398 confinement of the sample between the tip and the underlying substrate 59,60