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Self-assembly of hydrophobin protein rodlets studied with atomic force spectroscopy in dynamic mode
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We have investigated the self-assembling properties of the class I hydrophobin Vmh2 isolated from the fungus Pleurotus ostreatus. Five different hydrophobin self aggregate samples including monolayers, bilayers and rodlets have been prepared by Langmuir technique and studied at the nanoscale. Local wettability and visco-elasticity of the different hydrophobins samples were obtained from Atomic Force Spectroscopy experiments in dynamic mode performed at different, controlled relative humidity (RH) values. It was found that hydrophobins assembled either in rodlets or in bilayer films, display similar hydropathicity and viscoelasticity in contrast to the case of monolayers, whose hydropathicity and viscoelasticity depend on the adopted preparation method (Langmuir-Blodgett or Langmuir-Schaeffer).

The comparison with monolayers properties evidences a rearrangement of the bilayers adsorbed onto solid substrates. It is shown that this rearrangement leads to the formation of a stable hydrophobic film, and that the rodlets structure consists in fragments of restructured proteins bilayers. Our results support the hypothesis that the observed variations in the viscoelastic properties could be ascribed to the localization of the large flexible loop, typical of Class I hydrophobins which appears free at the air interface for LB monolayers but not for the other samples. These findings should now serve future developments and applications of hydrophobin films beyond the archetypal monolayer.

Introduction

Hydrophobins are amphiphilic proteins produced exclusively by fungi 1 . They form an amphipathic layer which self-assembles at hydrophobic and hydrophilic surfaces and are the most surface active proteins known 2,[START_REF] Linder | Current Opinion in[END_REF] . It has been shown that hydrophobicity of surfaces can be reversed using hydrophobin films 2,[4][5][6][7][8] . Recently, research on these proteins has focused on utilizing their physical properties for biotechnological applications [START_REF] Linder | Current Opinion in[END_REF]9,10 . In biosensor design hydrophobins allow the subsequent attachment of cells or proteins 6,11 . Hydrophobins are divided into two groups, class I and class II hydrophobins. It is well-known that at the air-water interface, molecules of class I self-assemble to form anisotropic aggregates, the so-called rodlets 12 . Rodlets may also be formed in vitro on both hydrophobic and hydrophilic surfaces 13 . They are extremely stable and can be dissolved only in pure trifluoro acetic acid. This property makes them useful for application in nanotechnology 14 . The formation of the rodlet-like film is accompanied by beta-sheet structure formation 15 . Models proposed to account for the formation of rodlets interpret them as corresponding to a monolayer 13,[START_REF] Askolin | Characterization of the Trichoderma reesei hydrophobins HFBI and HFBII[END_REF]17 . However, in a previous paper, we have demonstrated the coexistence of rodlets and monolayer 18 in the same film, suggesting the hypothesis of a hydrophilic double-layer structure for the rodlets possibly stabilized by the presence of the surrounding monolayer. Our aim in this work is to advance in the understanding of the structural conformation taken by self-assembled class I hydrophobins that are purified from the basidiomycete fungus Pleurotus ostreatus and identified as Vmh2 19 . We have investigated physical properties of five different structures: two monolayer films prepared by Langmuir-Schaefer (LS) or Langmuir-Blodgett (LB) methods, two bilayer films obtained by a combination of both methods, and rodlets using Atomic Force Microscopy (AFM) and Atomic Force Spectroscopy (AFS) in dynamic mode. The relevance of this latter technique is here evidenced by providing new insights about wetting properties and viscoelasticity of films and aggregates, leading to new assumptions concerning structure of hydrophobin films as well as the molecular rearrangement during films and rodlets formation.

Materials and Methods.

Hydrophobin Purification.

The Vmh2 hydrophobin protein was purified from the fungus Pleurotus ostreatus as described in the reference [19]. Briefly, mycelia were grown at 28 o C in static cultures in potato dextrose (24 g/L) broth with 0.5% yeast extract. Hydrophobins released into the medium were aggregated by air bubbling.

Foam was then collected by centrifugation at 4000 x g. The precipitate was freeze dried and treated with trifluoroacetic acid (TFA) . The sample was then dried, dissolved in 60% ethanol and centrifuged.

LB/LS films.

The Langmuir films were prepared both in a Nima Tech 632D1D2 LB system trough and a home-built trough using ultrapure millipore water, at 5.5 pH and T = 18.0 ± 0.5 °C for the subphase 18 . Once Vmh2 deposited at the air/water interface, the monolayer was compressed up to the transfer pressure of 36 mN/m 18 . Before the film transfer, we compressed the monolayer at the air-water interface five times to obtain coexistence between rodlets and monolayer but only once to obtain an homogeneous monolayer.

The LB monolayers were transferred at constant pressure of 36 mN/m onto hydrophilic SiO 2 substrates, by vertical lifting, at a rate of 10 mm/min. Transfer was similar for coexisting rodlets and monolayer.

Silanized silicon wafers were used for the LS transfer that allows by horizontal lifting method to deposit films with the hydrophilic side in contact with air (LS film). SiO 2 wafers were silanized using octadecyltriethoxysilane (OTE), according to the procedure described by Malham et al. 20 . In order to obtain a bilayer with hydrophilic surface in contact with air, a monolayer (compressed once) was deposited using LS technique onto an already-prepared Vmh2 LB film (this bilayer is named hereinafter LB+LS). Conversely, in order to obtain a bilayer with hydrophobic surface in contact with air, a monolayer (compressed once) was deposited using vertical lifting onto Vmh2 LS film (this bilayer is named hereinafter LS+LB).

Contact Angle Measurements.

Contact angles of water on samples were measured on a home-built instrument. Each surface, placed on a horizontal holder, was brought into contact with a droplet of ultrapure water hanging from the vertical needle of a 10 L microsyringe. Video acquisition was performed using a CCD camera and a long working-distance objective on 3 to 5 different locations.

Atomic Force Microscopy (AFM), Spectroscopy and Imaging.

AFM measurements were obtained in tapping mode using two apparata from Veeco Instruments: Nanoscope Dimension 3100 and MultiMode. Oxidized silicon cantilevers purchased from NanoSensors were used with tips radius of the order of 10nm. The AFM measurements were performed in ambient conditions (i.e. 40 % RH) as well as in controlled RH. Humidity control was achieved by placing the microscope inside a glass chamber and using a home-made humidifier to vary the ratio of dry/wet nitrogen flowing into the chamber. RH was measured with a precision of ±0.5% RH. To avoid local gradients of water vapor, the system was left to stabilize for at least half an hour before each measurement. Prior to the AFS measurements (with no sample beneath) the AFM cantilever was excited at its resonance frequency (around 150 kHz) and the phase-distance curves on the sample were conducted at the same frequency. To ensure the appropriate comparison between AFS data, we checked that the AFM tip underwent no changes during the entire experiment: AFM tips were tested against a SiO 2 surface used as a reference. Phase distance curves on the reference SiO 2 surface were compared before and after each measurement performed on the Vmh2 film ; phase data that showed differences on the reference SiO 2 surface were taken as due to a modified (i.e. : blunted) tip and discarded.

Results and Discussion

Using Langmuir method, we formed hydrophobin monolayers at the air/water interface, compressed only once, which were then transferred by LB technique onto a hydrophilic SiO 2 substrate for one film (LB film) and by LS technique on a hydrophobic silanized SiO 2 substrate for the other film (LS film). In both LB and LS depositions, Vmh2 molecules formed homogenous films as shown in Fig. 1A and1B from AFM imaging. The similarity in topography between both films suggests that LS transfer, although less accurate than the LB one, does not disrupt the hydrophobin interfacial film more than LB transfer, as already reported for HGFI class I hydrophobin 21 . From detailed AFM analysis, same low roughness RMS of 0.25 nm has been found. Possibly due to some inhomogeneity of the substrate, rarely, holes could be found in the LB and LS monolayers, allowing for the thickness measurement by AFM. Same value of 2.5 ± 0.4 nm has been found for LB and LS monolayers (fig. 1). 2.5nm corresponds to the hydrophobin size in solution [START_REF] Linder | Current Opinion in[END_REF], it is thus associated with monolayer films. On the other hand, as already reported 18,21 , films prepared by repeating compression-expansion cycles at the airwater interface and then deposited on SiO 2 substrates showed rod-like aggregates characteristic of class I hydrophobins (see Fig. 1C taken from [18]). These rodlets appear to coexist with the hydrophobin monolayer, and they appear 2.5 nm higher than the surrounding monolayer. This shows that rodlet's height is of 5 nm which may imply two different hypotheses about their structure: 1) rodlets are made of a monolayer of proteins that have undergone strong conformational changes in order to explain the large deviation from the size the protein has in solution, but this scenario is unlikely to occur due to the tight binding cores of hydrophobins. 2) rodlets are made out of two coupled monolayers with two possible structures: either bilayers are disconnected from the surrounding monolayer, or a monolayer patch is directly adsorbed onto the underlying monolayer. During the monolayer compression in the Langmuir through, a part of the hydrophobin molecules could be expelled from the monolayer and they would form stripes predominantly parallel to the barrier.

LB and LS layers homogeneity allows to investigate the wettability by contact angle measurements.

Due to the LB method transfer on hydrophilic surface, Vmh2 molecules are attached to the hydrophilic SiO 2 by their hydrophilic parts, while the hydrophobic regions of the protein remain exposed to the air and the contrary is consistently expected for LS films. LB film exhibits a contact angle of 81 o which means that it is indeed more hydrophobic than hydrophobin LS film that displays a contact angle of 43 o .

The contact angle value obtained for LS film is consistent with those reported in Ref. [2] for class I hydrophobins on Teflon (from 36 o to 63 o ). The dispersion in the contact angle values 2,6 appears related to the hydrophobin exact nature but also to the dispersion of preparation method. In this context, it is worthwhile to notice that the LB and LS techniques allow to obtain hydrophobin layers with not only well defined thickness, but also well defined molecular orientation if it is not modified by the transfer onto substrate.

Surface Measurements at the Nanoscale.

Modeling Phase Vs. Distance Curves. AFM in tapping mode works with a tip attached to an oscillating cantilever, at a frequency close to its resonance frequency o . For AFM imaging, the oscillation amplitude is fixed in order to record the surface topography. In AFS, the variations of the oscillation amplitude, A and phase, , are recorded as a function of the average tip-sample distance d 0 .

They reflect the perturbation of the cantilever dynamics by the interaction between the tip and the sample. The AFM cantilever can be modeled as a forced harmonic oscillator with k c the stiffness and Q the quality factor associated with damping in air. In presence of tip-sample interactions F ts (d), the equation of motion is given by : (2)

In this equation, H represents the Hamaker constant of the tip-sample system, E is the reduced Young modulus, and R is the tip radius which is herein assumed to be spherical. Q dis is the quality factor associated with damping of the tip within the sample. The numerical integration of the equation of motion was performed by using a fourth order Runge-Kutta algorithm 22 . The phase values calculated are plotted as a function of d o in Fig. 2. The transition between regime dominated by attractive long range forces and repulsive ones has a clear signature in phase curves given by a jump from values larger than 90 o to values below 90 o23 . When viscoelasticity is taken into account, this shift is modified, as shown on Fig. 2. Phase/distance curves can also be used to calculate the power dissipated by the tip-sample interaction. When the cantilever is excited at its resonance frequency, the power dissipated by the tip when it probes periodically the sample surface (i.e. energy dissipation per period) is obtained using the following equation 24 :

(3) where A o is the free amplitude of the cantilever. For conservative forces like vdW or DMT ones, the power dissipated by the tip is expected to be zero. The evaluation of the power dissipation thus allows to highlight non conservative interactions like viscoelastic ones.

Hydrophobicity investigation at the nanoscale. Wetting properties of our Vmh2 samples were further investigated at the nanoscale, using AFS. Changes in humidity have a role in adhesion forces between the AFM tip and the sample, due to the formation and growth of a water bridge between both surfaces 25,26 . In Fig. 3A, phase versus distance curves performed on LS monolayer are presented for 4 RH values.

At low RH (smaller than 30%) the phase jump from the attractive regime to the repulsive one takes place at ca. 7 nm from the onset of tip-sample interactions (marked with "A" in the plot). When RH attains the critical value 34%, the phase jump suddenly moves at ca. 10 nm from "A". This behavior is ascribed to the absence of meniscus between the tip and the sample at low RH: the water vapor does not condensate between tip and sample, and the tip-sample interaction is mainly dominated by attractive vdW and repulsive contact forces. When the RH attains 34% the formation of a water bridge between the tip and the LS film results in a shift of the jump toward the left; this is associated with the energy dissipation required to break the meniscus 27 . This kind of evolution was systematically observed on LS films for all the tips used with a threshold humidity only varying between 25%RH and 38%RH. In contrast, the phase curve related to the LB films, evidences no variation in the position of the jump for humidity varying from 3%RH to 79%RH (Fig. 3B). This confirms that, at the local scale also, the LB film is more hydrophobic than the LS one, with no water nano-condensation between tip and surface taking place (table I). These results confirm also the ability of AFM in tapping mode to probe the wettability of surfaces at the nanoscale, which allows now to investigate locally the hydrophobicity of rodlets. Notice that this task would not have been possible to perform using contact angle measurements where wettability is averaged over a large sample area including rodlets and the LB film.

We have thus localized the AFM tip on rodlets (co-existing in the same sample with LB monolayer (see Fig. 1C)). On the top of the rodlets, we observe no changes in the Phase Vs. distance curves when the RH increases (Fig. 3C), similarly to the LB monolayer surrounding the rodlets. This behavior is contrary to what one would expect if we assume a bilayer thickness for the rodlets, with a hydrophilic exposed surface. We could thus expect that rodlets are formed by two hydrophobin layers on top of each other, interacting due to the presence of hydrophobic forces, independently of the hydrophilicity of the two layers facing each other. Hydrophobic forces indeed appeared dominant for hydrophobins of class II 10 , where attraction is dominated by hydrophobic interaction rather than by the electrostatic attraction.

However in such a case we would expect a poor stability of rodlets on substrates at air, due to the absence of water which is not compatible with hydrophobic forces, contrary to our observations of extremely high stability of rodlets on silicon substrates. According to previously reported data 15,[START_REF] Askolin | Characterization of the Trichoderma reesei hydrophobins HFBI and HFBII[END_REF] , conformational changes in some parts of the protein molecule could occur within rodlets, made of rearranged protein bilayer fragments (table I). It appeared thus interesting to study the local properties of Vmh2 bilayers by AFM/AFS for comparison with the rodlets properties. Using the Langmuir trough, we have prepared two kinds of bilayers, LB+LS ones (LB below, LS on top, deposited on a SiO 2 substrate) and LS+LB ones (LS below, LB on top, deposited on a silanized SiO 2 substrate). AFM images evidence the similarity in the topography of the two bilayers (Fig. 4). The roughness has increased with respect to monolayers, up to 0.8 nm. Fig. 4 shows that, whatever the tip used is, wettability of LS+LB and LB+LS bilayers appears also similar and characterized by no formation of water meniscus between tip and surface, even at high RH. As expected, the LS+LB bilayer is hydrophobic, similarly to LB monolayer. Surprisingly, the LB+LS bilayer displays also a hydrophobic wetting behavior, while it is expected to present wetting properties comparable to LS films, i.e. hydrophilic. In order to account for this observation we conclude that structural changes must have occurred in the LB+LS bilayer, which is not a simple LS monolayer on top of a LB one (table I). molecule approximation is considered. The hydrophilic character is associated to the ability of a given system to give rise to nano condensation of water vapor between the afm tip and the sample surface for a critical value of the environmental Relative Humidity (RH); the lower the critical RH value the higher the hydrophilic character. Conversely, when no water bridge forms whatever is the relative humidity, the surface is hydrophobic. Note that in the LB+LS case the observed hydrophobic behavior for the free surface is contrary to what one would expect for this assembly, and it could be the consequence of a protein reconfiguration inside the bilayer (see the text for the complete discussion).

LB

Variations of Viscoelasticity at the Nanoscale. In order to validate this hypothesis, we have compared LS and LB monolayers first, then bilayers and rodlets, with the same tip under dry atmosphere to avoid any influence from capillarity. For LS and LB monolayers, systematically, as shown in Fig. 5A, the jump position for the LB monolayer is shifted with respect to the one of the LS monolayer by roughly 4 nm. Two hypotheses may explain such shift: either a particular attractive interaction exists between tip and LB monolayer; or viscoelasticity is different between both layers. In order to discriminate between the two hypotheses, we have used amplitude and phase-distance curves to obtain the power dissipated between tip and surface (equation 3). The dissipated power becomes different between LS and LB film for average distance between tip and surface smaller than the one associated with the jump between attractive and repulsive regimes (Fig. 5B). A different contact interaction thus occurs between the two films which can be attributed to differences in viscoelasticity, in agreement with numerical simulation results (see Fig. 2). The higher viscoelasticity corresponds to the LB film which presents larger power dissipation. The higher viscoelasticity for the LB monolayer compared to the LS one may be attributed to the asymmetry of the Vmh2 molecule. It is known that Class I hydrophobins are constituted by a tight binding core and a large flexible loop, markedly hydrophobic, between the Cys3 and Cys4 13,17 . The hydrophobic loop which is particularly flexible is also known to be much larger in the class I hydrophobins in comparison to the class II 17 . The higher viscoelasticity for the LB monolayer very likely can be related to the presence of this flexible loop. Due to its hydrophobicity the loop is expected to be in contact with air in the LB monolayer in order to minimize contact with the hydrophilic substrate; while in the LS monolayer the loop is expected to interact with the hydrophobic substrate, away from the air interface 28 . The flexibility of the loop at air may thus explain the difference in viscoelasticity observed for the two kinds of LB and LS hydrophobin monolayers. This result emphasizes the difference of structure between LB and LS monolayers, associated with the localization of the loop, which could not be detected with the AFM topography only.

Fig. 6A displays the comparison of phase distance curves, obtained with the same AFM tip, in dry conditions, related to LB monolayer and rodlets coexisting in the same sample. Systematically, the jump for the LB monolayer appears shifted towards smaller average tip-sample distances with respect to rodlets, with a shift of 3 nm for the tip used for the measurements reported on Fig. 6a. This shows that the dissipative term is less important in the rodlets than in LB monolayer, although both display similar hydrophobic character. In contrast to the LB films, in the rodlets the flexible part seems to be hidden from the air interface or rearranged in a more rigid structure. Similarly, Fig. 6B displays comparison between phase curves performed on top of both types of bilayer and of rodlets (still with the same tip).

The position of the jump from the attractive regime to the repulsive one appears very similar for the two bilayers and for the rodlets with jump shifts differences not exceeding 1 nm. This suggests that the three surfaces, LB+LS, LS+LB and rodlets, have comparable viscoelasticity, lower than the LB one. The surface of LS+LB bilayer is consequently different from the one of LB monolayer deposited on hydrophilic rigid substrates. Unlike the LB film, the LS+LB bilayer does not expose the flexible parts to the air. Consequently, similarly to LB+LS bilayer, the hydrophobin molecules appear to reorganize in LS+LB bilayer, leading to an hydrophobic bilayer without the flexible part in contact with air. The properties of these films, as probed by AFM spectroscopy, are finally very close to the ones of LB+LS as well as to the ones of rodlets. These results, associated with the fact that rodlets present the same thickness than bilayers, led us to conclude that the three systems LB+LS, LS+LB and rodlets are equivalent. In other words, a stable configuration for interacting hydrophobins induced a rearrangement within LB+LS and LS+LB bilayers resulting in a structure similar to that of the rodlets. This rearrangement may have occurred during the deposition of the second layer and, more generally speaking, it would explain why homogeneous multilayers of hydrophobins are not possible to obtain using LB techniques 29 . Contrary to rodlets which always display an elongated form, LS+LB and LB+LS bilayers form uniform isotropic films. This difference may be associated with the formation of bilayers in two steps. The first LS or LB monolayer being isotropic, it may induce isotropy of the hydrophobin aggregates in bilayers. Rodlets, on the contrary, may show their characteristic preferential alignment as a direct result from the uniaxial compression in the Langmuir trough 18,20 . This implies in particular that rodlet units are already formed at the air/water interface before the film is transferred onto the substrate.

It was already known that structural modifications occurred during spontaneous self-assembly of hydrophobins, at air/water interfaces or on substrates 13,15,27,30 Rodlets formed by Vmh-2 hydrophobin are bilayers, hydrophobic, with a smaller visco-elasticity than monolayers. It has already been pointed out in previous publications 13,15,17,30, that structural modification of hydrophobins occurred in the rodlets and that the loop, although not mandatory for rodlet formation, may be positioned between or around them and may affect their lateral packing. Our data can validate these hypotheses. The loop being not freely localized at the air/water interface, it may be possibly involved in interactions among molecules. Together with modification of hydrophobin structure within rodlets, future models should now take into account these new features for new modelizations of rodlets.

Conclusion

In summary, using force spectroscopy measurements in dynamic mode we have investigated Vmh2 LS and LB monolayers, rodlets and LS+LB, LB+LS bilayers at the nanoscale level. Concerning monolayers, we have confirmed the hydrophilicity of LS monolayer at the nanoscale by detecting the water meniscus formation between the AFM tip and the monolayer and demonstrated in contrast that no meniscus is formed between tip and LB monolayer. A higher viscoelasticity for LB monolayer has been evidenced with respect to the LS ones. This can be related to the presence of the loop, exposed to the air in the LB film, due to its hydrophobicity, but interacting with the substrate in the LS film.

The fact that rodlets and bilayer films display similar hydropathicity and viscoelasticity demonstrates that bilayers are not formed by two "simple" hydrophobin monolayers (LS and LB monolayers) on top of each other but that rearrangement of hydrophobin molecules occured during the transfer of the second layer. It strongly suggests that rodlets are actually fragments of bilayers associated with structural modifications that lead to a common stable hydrophobic structure. The difference between hydrophobic bilayers and LB monolayer can be associated with loops no more freely located at the air interface in rodlets and bilayers and possibly involved in interactions between hydrophobins. It would 
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 1 where z(t) is the oscillation of the tip. Notice that d o in simulations and the vertical displacement in experimental curves are equivalent except for an arbitrary offset value. Contact occurs when d o -A = a o with a o the tip-sample distance at which contact interactions start taking place. The tip-sample interaction F ts (d) may be defined by a combination of van der Waals forces (vdW) and Derjaguin-Muller-Toporov contact mechanics (DMT). The presence of viscoelasticity is taken into account through a damping within the sample:

Table 1 .

 1 Direct comparison of the surface hydropatic character at the nano scale of the different systems under investigation. With reference to a single monolayer floating on water, the hydrophobic side is represented in red whereas the hydrophilic one is represented in blue. The film arrangements shown in the schematics and the expected hydropathy behavior are those that would result if a rough amphiphilic
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 1 Figure 1. AFM topography images and height profiles of : (A), Vmh2 LB monolayer, (B) LS monolayer, (C) coexistence of LB monolayer and rodlets.
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 23 Figure 2. Simulated phase-distance curves without taking into account visco-elasticity (black color, triangles) and taking into account visco-elasticity (red color, squares). Parameters for the simulations are : 0 /2=142kHz, A o =40nm, k c =5.1N/m, Q = 550, Q dis = 0.5, E=65GPa, a o =0.1nm, H= 610 -20 J, R = 10nm.
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 4 Figure 4. AFM topography images of the Vmh2 bilayers with the corresponding phase-distance curves for different humidities : (A) LB+LS bilayer deposited onto SiO 2 surface. (B) LS+LB bilayer deposited onto silanized SiO 2 surface.
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 5 Figure 5. Experimental phase distance curve performed with the same tip for Vmh2 LB and LS monolayers in dry conditions (A), and the corresponding energy dissipation per period (B). The maximum dissipation observed for LB film ( 0.42 pW) is about 1.7 times larger than the one observed for LS film ( 0.25 pW). The energy dissipation was evaluated using equation 3.
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 6 Figure 6. (A) Experimental phase distance curves performed in dry conditions with the same tip for LB monolayer and rodlets. (B) Experimental phase distance curves for hydrophobin bilayers and rodlets performed in dry conditions with the same tip.

  

  

  

  . In this paper we now demonstrate that modifications also occur when bilayers are formed with Langmuir techniques and simply deposited onto hydrophilic or reversely onto hydrophobic substrates, independently of the nature of the substrate (hydrophilic SiO 2 or hydrophobic silanized SiO 2 substrates), leading to similar air interfaces. Similar modifications can occur when rodlets are formed. It is interesting to notice that in our conditions these modifications lead to formation of hydrophobic bilayers on top of a hydrophobic substrate, in contrast to other hydrophobin films obtained on hydrophobic Teflon, on which reversed rodlets (hydrophilic) are formed31 . On the other hand it is worthwhile to point out that in Ref 31 the hydropathy was evaluated through Water Contact Angle measurements on a macroscopic surface with a different protein (SC3).