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Selective Adhesion of Bacillus cereus Spores on Heterogeneously Wetted Silicon Nanowires Elisabeth Galopin,† Gaelle Piret,† Sabine Szunerits,† Yannick Lequette,‡ Christine Faille,‡ and Rabah Boukherroub*,† †



Institut de Recherche Interdisciplinaire (IRI, CNRS-USR 3078), Parc de la Haute Borne, 50 Avenue de Halley, BP 70478, 59658 Villeneuve d’Ascq, and Institut d’Electronique, de Micro electronique et de Nanotechnologie (IEMN, UMR CNRS 8520), Cit e Scientifique, Avenue Poincar e - BP 60069, 59652 Villeneuve d’Ascq, France, and ‡INRA-UR638, 369 rue Jules Guesde, BP 20039, F-59651 Villeneuve d’Ascq Cedex, France Received August 14, 2009. Revised Manuscript Received October 9, 2009 The article reports on the selective adhesion of Bacillus cereus spores on patterned and heterogeneously wetted superhydrophobic silicon nanowires surfaces. Superhydrophilic patterns on superhydrophobic silicon nanowire (SiNW) surfaces were prepared by a standard optical lithography technique. Exposure of the patterned surface to a suspension of B. cereus spores in water led to their specific adsorption in superhydrophobic areas. Comparable results were obtained on a patterned hydrophobic/hydrophilic flat silicon (Si) surface even though a higher concentration of spores was observed on the hydrophobic areas, as compared to the superhydrophobic regions of the SiNW substrate. The surfaces were characterized using scanning electron microscopy (SEM), fluorescence spectroscopy, and contact angle measurements.



Introduction Surface contamination by microorganisms is a cause of serious concern in the food industry.1-3 The bacterial adhesion mechanism is very complex, and several factors affect cell adhesion. Because of the large variety of substrates of different grades and finishes, it is difficult to predict precisely the dominant factors underlying bacteria interaction with a surface. Indeed, quite different conclusions were reached, depending on the topography4,5 or the physicochemistry of the substrates.6-8 Given the fact that most microorganisms are negatively charged at neutral pH, it has been shown that microbial adhesion is significantly reduced on negatively charged substrates.9,10 However, because of the high electrolyte concentration of the suspending media, the role of electrostatic repulsion during bacterial adhesion often becomes negligible. However, the influence of material surface free energy on bacterial adhesion remains controversial even though many reports tend to emphasize the dominant role played by hydrophobic interactions.8,11,12 For example, E. coli minimal adhesion was observed for surface *To whom correspondence should be addressed. Tel: þ33 3 62 53 17 24. Fax: þ33 3 62 53 17 01. E-mail: [email protected].
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energies in the range of 20-30 mJ m-2.13 The observed discrepancies may reflect heterogeneities such as the grains versus grain boundaries on the substrate that provide localized sites favorable for bacterial attachment.7 It is also likely that none of the substratum physicochemical properties would be clearly linked to microbial attachment and that few surface properties (e.g., polar properties) would contribute to bacterial adhesion. Besides physicochemical properties, surface topography is also expected to play a major role, mainly in bacterial retention under dynamic conditions, because of the involvement of shear stresses. Indeed, it is often reported in the literature that surface irregularities may provide protection from shear stresses.14,15 Furthermore, the size of surface features is believed to be a major parameter accounting for bacteria/surface interaction.15,5 When the size of the surface features allows bacterial entrapment, bacterial retention is clearly enhanced.16 On the contrary, in the presence of very small features, a decrease in the interaction strength is observed, resulting from discontinuous contact between the bacterium and the substrate.17 In an attempt to understand the contributions of such parameters better, microbial adhesion on heteregeneously wetted flat and nanostructured silicon substrates was investigated. The physicochemical properties of silicon have been extensively studied, and for this reason, it constitutes an adequate model for this study.18-20 The flat nature of silicon in contrast to the very rough (13) Zhao, Q.; Wang, C.; Liu, Y.; Wang, S. Int. J. Adhes. Adhes. 2007, 27, 85–91. (14) Boyd, R. D.; Verran, J.; Jones, M. V.; Bhakoo, M. Langmuir 2002, 18, 2343–2346. (15) Verran, J.; Rowe, D. L.; Boyd, R. D. J. Food Prot. 2001, 64, 1183–1187. (16) Whitehead, K. A.; Colligon, J.; Verran, J. Colloids Surf., B 2005, 41, 129– 138. (17) Emerson, R. J.; Bergstrom, T. S.; Liu, Y.; Soto, E. R.; Brown, C. A.; McGimpsey, W. G.; Camesano, T. A. Langmuir 2006, 22, 11311–11321. (18) Boukherroub, R.; Bensebaa, F.; Morin, S.; Wayner, D. D. M. Langmuir 1999, 15, 3831–3835. (19) Boukherroub, R. Curr. Opinion Solid-State Mater. Sci. 2005, 9, 66–72. (20) Faucheux, A.; Gouget-Laemmel, A.-C.; Henry de Villeneuve, C.; Boukherroub, R.; Ozanam, F.; Allongue, P.; Chazalviel, J.-N. Langmuir 2006, 22, 153–162.
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SiNWs substrate will allow us to obtain some information regarding the parameters governing Bacillus cereus/surface interaction and will help us to develop new types of antifouling materials. For this purpose, B. cereus spores’ interaction with patterned and heterogeneously wetted:hydrophobic/hydrophilic silicon (Si) and superhydrophobic/superhydrophilic silicon nanowire (SiNW) surfaces was investigated. Hydrophobic Si and superhydrophobic SiNWs surfaces were prepared by chemical modification of the native silicon oxide layer, coating the substrates, with octadecyltrichlorosilane (OTS). Surface patterning was achieved using optical lithography through a physical mask. The preferential interaction of B. cereus spores was evaluated by means of the number of residual adhering spores after incubation and vortex rinsing in water.



Experimental Section Materials and Reagents. N-type Æ100æ crystalline silicon



wafers (Siltronix) with a resistivity of 5-10 Ω cm were used as substrates for the preparation of silicon nanowires (SiNWs). All cleaning and etching reagents were clean room grade. Sulfuric acid 96%, hydrofluoric acid 50%, and hydrogen peroxide 30% were all purchased from Carlo Erba. Nitric acid 65% and hydrochloric acid 37% were purchased from Merck. All other chemicals were reagent grade or higher and were used as received unless otherwise specified. Acetone, isopropyl alcohol (i-PrOH), and chloroform (CHCl3) were purchased from Sigma-Aldrich. Octadecyltrichlorosilane (OTS) was obtained from ABCR. Silicon Nanowires Preparation. The silicon nanowires (SiNWs) investigated in this study were prepared by chemical etching of crystalline silicon in AgNO3/HF aqueous solution, according to our previously published work.21,22 The surface was first degreased in acetone and isopropanol, rinsed with Milli-Q water, and then cleaned in piranha solution (3:1 concentrated H2SO4/30% H2O2) for 15 min at 80 C, followed by copious rinsing with Milli-Q water. The SiNW arrays were obtained by chemical etching of the clean substrate in HF/AgNO3 (5.25/0.02 M) aqueous solution at 50 C for 10 min. The resulting surfaces were rinsed copiously with deionized water and immersed in an aqueous solution of HCl/HNO3/H2O (1/1/1) at room temperature overnight to remove the silver nanoparticles and dendrites deposited on the silicon nanowires during chemical etching. Safety Considerations. The H2SO4/H2O2 (piranha) solution is a strong oxidant. It reacts violently with organic materials and can cause severe skin burns. It must be handled with extreme care in a well-ventilated fume hood while wearing appropriate chemical safety protection. HF is a hazardous acid that can result in serious tissue damage if burns are not appropriately treated. Etching of silicon should be performed in a well-ventilated fume hood with appropriate safety considerations: a face shield and double-layered nitrile gloves.



Formation of Heterogeneously Wetted Silicon and SiNW Surfaces Using Photolithography. The exposure of crystalline silicon and SiNW surfaces to the ambient atmosphere leads to the formation of a thin native silicon oxide layer. This termination confers hydrophilic and superhydrophilic character to the silicon and SiNW interfaces, respectively. OTS termination was obtained by immersion of the substrates into a 10-3 M octadecyltrichlorosilane (OTS) solution in hexane for 16 h at room temperature in a dry-nitrogen-purged glovebox. The surfaces were then rinsed with CHCl3 and i-PrOH and dried in a gentle stream of nitrogen.21,23 (21) Piret, G.; Coffinier, Y.; Roux, C.; Melnyk, O.; Boukherroub, R. Langmuir 2008, 24, 1670–1672. (22) Douani, R.; Hadjersi, T.; Boukherroub, R.; Adour, L.; Manseri, A. Appl. Surf. Sci. 2008, 254, 7219–7222. (23) Coffinier, Y.; Janel, S.; Addad, A.; Blossey, R.; Gengembre, L.; Payen, E.; Boukherroub, R. Langmuir 2007, 23, 1608–1611.
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Galopin et al. The formation of patterned (hydrophobic/hydrophilic) Si and (superhydrophobic/superhydrophilic) SiNW surfaces was achieved using standard optical lithography techniques (Figure 1). To promote adherence between the OTS-terminated silicon and the photoresist, the substrate was heated to 110 C for 10 min. Optical resist AZ4562 (from Hoeschdt) was then spin coated onto the surface using v = 3000 rpm, a = 2000 rpm2, and t = 40 s and soft baked at 110 C for 3 min to remove excess solvent. Under these conditions, the resulting resist layer is 6 μm thick. Optical writing was carried out by exposure of the resist to 365 nm UV light for 3 s at 12 mW/cm2 through a chromium quartz mask (the mask consists of arrays of 50  50 μm2 squares spaced 25 μm apart). The sample was then dipped into a AZ351/EDI (1/1) revelation solution for 90 s, thoroughly rinsed in deionized water, and dried in a stream of nitrogen. Removal of the OTS monolayer within the apertures was achieved using an O2 plasma etch under the following conditions: t = 1 min, P = 150W, O2 flow rate = 30 sccm, and p = 100 mTorr. Etching rates of the AZ4562 resist with O2 plasma do not exceed a few hundreds nm/min. Thus, the 6-μmthick resist layer is very efficient in acting as a mask during the 1 min plasma treatment used. The monolayer exposed to the plasma etch is removed, leading to an OH-rich hydrophilic surface. Finally, the resist is removed with acetone, and the surface is thoroughly washed with isopropyl alcohol and deionized water. Spore Preparation and Adhesion. B. cereus spores (ATCC 14579T) were used in this study. The spores were tagged with a GFP. A BamHI fragment from pPE2824 containing the gfp gene under the control of the spoIIQ promoter was cloned into the BamHI restriction site of pHT315,25 yielding the pYL300 vector. The pYL300 vector was electroporated into ATCC 14579T. Strain ATCC 14579T pYL300 was used to produce fluorescent spores as previously described.26 Briefly, spores were produced at 30 C on Spo8-agar consisting of 8 g L-1 nutrient broth (Biokar Diagnostics, Beauvais, France), 0.5 g L-1 MgSO4 3 7H2O, 0.97 g L-1 KCl, 0.2 g L-1 CaCl2 3 2H2O, 3  10-3 g L-1 MnCl2 3 4H2O, 0.55  10-3 g L-1 FeSO4 3 7H2O, and 1.5% agar. When >95% of the spores were obtained, they were harvested by scraping the surface and were washed five times in chilled water. An aqueous spore suspension containing 106 spores/mL was prepared from 10 mL of a 108 spores/mL suspension that was previously sonicated (Deltasonic Meaux, France, 40 kHz) for 1 min to eliminate the spore aggregates. The different surfaces were vertically incubated for 30 min at room temperature in the spore suspension. Then the surfaces were rinsed carefully by five successive dips along the vertical direction in Milli-Q water and finally dried in a stream of air. The resulting surfaces were examined at a magnification of 1000 with an Axioscop 2 Plus epifluorescent microscope (Zeiss, France), and reference images were taken in fluorescence mode. To detach adherent spores, surfaces were vortex mixed in 35 mL of Milli-Q water for 1 min and rinsed as described above in fresh Milli-Q water. Surfaces were then dried and imaged using optical microscopy. Scanning Electronic Microscope (SEM). SEM images were obtained using an ULTRA 55 electron microscope (Zeiss, France) equipped with a thermal field emission emitter, three different detectors (EsB detector with filter grid, high efficiency In-lens SE detector, Everhart-Thornley secondary electron detector), and an energy-dispersive X-ray analysis device (EDX analysis). SEM analysis was carried out on the incubated surfaces after their progressive dehydration in ethanol solutions and were critical point dried. A few nanometers thick gold layer is evaporated on the dehydrated surfaces to decrease charging effects during analysis. (24) Eichenberger, P.; Fawcett, P.; Losick, R. Mol. Microbiol. 2001, 42, 1147– 1162. (25) Arantes, O.; Lereclus, D. Gene 1991, 108, 115–l 19. (26) Faille, C.; Tauveron, G.; Le Gentil-Lelievre, C.; Slomianny, C. J. Food Prot. 2007, 70, 2346–2353.
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Figure 1. Photolithography steps used in the preparation of patterned Si and SiNW surfaces.



Contact Angle Measurements. Water contact angles were measured using deionized water. We used a remote-computercontrolled goniometer system (DIGIDROP by GBX, France) to measure the contact angles. The accuracy is (2. All measurements were made in the ambient atmosphere at room temperature.



Results and Discussion Figure 2A displays a top-view scanning electron microscopy (SEM) image of the nanowires synthesized by silicon dissolution in AgNO3/HF solution. It shows a porous-type structure with an average pore diameter of 1 to 2 μm. The SiNWs are 20-80 nm in diameter and 2.5 μm in length, as evidenced by the cross-sectional SEM image in Figure 2B. Contact angle measurements were used to examine the surface wetting properties of the surfaces as a function of their chemical composition. A flat silicon surface coated with a thin native silicon oxide layer displays a water static contact angle of 10 ( 2 and very large contact angle hysteresis (25). After functionalization with OTS, the contact angle increased to 108 ( 2, in accordance with a surface terminated with long octadecyl chains. The water contact angle hysteresis decreased to 10.27 The effect of surface roughness on the wetting properties has been explained by two models. The model proposed by Wenzel28 assumes that the space between protrusions on the surface is filled with the liquid; this predicts that both hydrophobicity and hydrophilicity are reinforced by the surface roughness. However, the model proposed by Cassie and Baxter assumes that air trapped in the solid surface within the asperities plays an important role in hydrophobicity. The water drop sits on a composite surface made of air and solid. Cassie and Baxter have proposed the following equation to express the contact angle on a composite surface (θr):29 cos θr ¼ f1 cos θ - f2 θr and θ are the water contact angles of the chemically modified nanostructured surfaces and smooth Si/SiO2 surfaces, respectively, and f1 and f2 are the fractions of solid surfaces and air in contact with water, respectively. (27) Onclin, S; Ravoo, B. J.; Reinhoudt, D. N. Angew. Chem., Int. Ed. 2005, 44, 6282–6304. (28) Wenzel, R. N. Ind. Eng. Chem. 1936, 28, 988–94. (29) Cassie, A. B. D.; Baxter, S. Trans. Faraday Soc. 1944, 40, 546–551.
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Figure 2. (A) Top view and (B) cross-sectional SEM images of the silicon nanowire substrate prepared by chemical etching of c-Si(100) in HF/AgNO3 (5.25/0.02 M) aqueous solution at 55 C for 10 min.



In fact, the nanostructuration of the silicon substrate (by the formation of silicon nanowire arrays) induces a siginificant increase in surface roughness. The as-prepared SiNWs, after exposure to the atmosphere, exhibit superhydrophilic character with a contact angle of ∼0. After chemical modification with DOI: 10.1021/la9030377
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OTS, the contact angle increased to 160,23 as compared to 108 ( 2 measured for the OTS-terminated Si surface. The superhydrophobic SiNWs surface has a very low contact angle hysteresis (close to 0), and a water droplet deposited on the surface has a tendency to roll off if the surface is tilted a few degrees. The quasinull hysteresis and rolling ball effect tend to eliminate the possibility of a Wenzel state. The reduced contact between a liquid droplet and the surface will have a significant impact on chemical and biochemical processes and exchange occurring at the surface. The patterned surfaces investigated in this study consist of hydrophobic/hydrophilic silicon and superhydrophobic/superhydrophilic silicon nanowire surfaces. The hydrophilic and superhydrophilic patterns, corresponding to 50  50 μm2 squares spaced by 25 μm, were obtained using optical lithography. B. cereus spores’ interaction with the patterned surfaces was carried out by immersion of the surfaces in a spore aqueous solution for 30 min at room temperature, followed by a rinsing step consisting of dips along the vertical direction. Bacillus spores are dormant cells produced in response to starvation. They are thus metabolically inactive and unable to adapt physiologically to environmental changes. Consequently, changes in neither surfaces properties nor growth will occur during the experiments. Fluorescence images were taken just after incubation in the spore suspension and then after a vortex cleaning step. They clearly indicate that there was no significant difference between contamination levels of the surfaces before and after the vortex cleaning step. Thus, one can hypothesize that shear stresses involved during the rinsing step (dips) are sufficient to remove spores on hydrophilic areas. During this process, spores could be dragged to hydrophobic regions where they immediately adhered. Once spores adhered to a hydrophobic area, a vortex step involving a shear stress is not strong enough to remove adherent spores, suggesting that spores are strongly attached to the surface. As a result, only the images taken after the vortex washing step on patterned Si (Figure 3) and SiNWs surfaces (Figure 4) are shown here. Fluorescence and SEM analysis suggest a high propensity of Bacillus spores to move toward the hydrophobic and superhydrophobic regions of the patterned Si and SiNWs surfaces, respectively. Conversely, a very small number of spores are adsorbed on the hydrophilic and superhydrophilic regions of the patterned Si and SiNWs surfaces, respectively. The differences observed between hydrophilic and hydrophobic substrata are consistent with previsouly reported results on B. cereus spores: B. cereus spores adhered preferentialy onto hydrophobic surfaces30,31 but above all exhibited high resistance to detachment from hydrophobic surfaces.31 Surprisingly, there is globally less population adhering to the superhydrophobic regions on SiNWs (Figure 4) than on hydrophobic areas on flat silicon surfaces (Figure 3). Because the spores are hydrophobic, it is expected that the affinity of the spores will increase with the surface hydrophobicity. Indeed, a good correlation was previously demonstrated between the hydropobicity of various surfaces and the attachment of B. cereus 98/4 spores. An enhancement of the hydrophobicity of the surfaces increased the number of adhering spores.30,31 However, in this study, there was no investigation regarding the effect of surface roughness and the adhesion force.30,31 (30) Shakerifard, P.; Gancel, F.; Jacques, P.; Faille, C. Biofouling 2009, 25, 533– 541. (31) Faille, C.; Jullien, C.; Fontaine, F.; Bellon-Fontaine, M. N.; Slomianny, C.; Benezech, T. Can. J. Microbiol. 2002, 48, 728–738.
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Figure 3. (A) SEM and (B) fluorescence images of patterned silicon interfaces after incubation in a bacillus spore solution.



The observed discrepancy is most likely due to the surface topography of the silicon nanowires, inducing a discontinuous contact between the bacterium and substrate. This is in line with previous studies on Staphylococcus epidermidis adhesion strength on a variety of chemically and texturally distinct model substrata reported by Emerson et al.17 It was found that the surface hydrophobicity and roughness were insufficient parameters to correlate with the adhesion force of S. epidermidis to each surface. Furthermore, by applying the discrete bonding model (DBM), the authors suggested that the adhesive strength is related to the area available for bonding on a particular scale, but on some very fine scales, the bacteria may not be able to conform to the valleys or pits of the substrate. Therefore, the bonding between the bacterium and substrate becomes discontinuous, occurring only on the tops of ridges or asperities.17 To confirm the discontinuous contact between the spores and nanowires, high-magnification SEM images were recorded Langmuir XXXX, XXX(XX), XXX–XXX
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Figure 5. High-magnification SEM images of spores aligned at the border of superhydrophobic/superhydrophilic areas (squares) on SiNWs.



Figure 6. (A) Schematic illustration of a B. cereus spore on silicon nanowires showing the reduced contact between a hydrophobic spore and the top surface of the nanowires. (B) High-magnification SEM image of a spore contacting the top surface of the nanowires.



Figure 4. (A) SEM and (B) fluorescence images of patterned silicon nanowire interfaces after immersion in a bacillus spore solution.



(Figures 5B and 6). It can be clearly seen that the spores are in contact only with the top of the nanowires and are unable to conform to the topography. This is further illustrated in Figure 5A by a schematic view of a B. cereus spore resting on the nanostructured silicon substrate, with contact restricted to the top surface of the SiNWs. Consequently, the interaction strength must be largely reduced, as compared to that of a flat hydrophobic surface. Furthermore, according to the low contact angle hysteresis measured on the chemically modified SiNWs, the Cassie-Baxter model predicts that a high fraction of the spore is in contact with air. Indeed, assuming that f1 þ f2 = 1 and θ = 108 for Si/SiO2 modified with OTS, values of f1 = 0.0872 and f2 = 0.9127 were obtained using this model. Langmuir XXXX, XXX(XX), XXX–XXX



However, the surface termination of the substrate seems to have a significant influence on the spore/surface interaction. In fact, only a few spores adhered to the hydrophilic/superhydrophilic regions, suggesting that the repellent forces between hydrophilic surfaces and hydrophobic spores are nonnegligible. Conversly, it can be assumed that the attraction strength between apolar chains of the spores and the alkyl groups of the OTSterminated regions are significant. It is worth noting that there is an accumulation of spores at the borders of the superhydrophilic/superhydrophobic patterns. However, there was no apparent or specific orientation of exosporium and appendages of the spores in regards of the surface termination (Figure 7). It was also impossible to evidence any preferential affinity of the exosporium nor appendices for the hydrophobic or hydrophilic areas. A plausible mechanism to explain the higher density of spores at the border of the superhydrophobic/superhydrophilic regions is proposed. When the patterned surface is removed from the spores’ suspension, liquid is pushed out of the superhydrophobic areas while being trapped within the superhydrophilic regions. Upon exposure of the substrate to air, quick evaporation of the liquid takes place. The evaporation of the droplet containing spores will cause a ring stain if the contact line is pinned by contact angle hysteresis. This phenomenon, known as ring stain or the donut effect, is commonly encountered in microarrays.32 As the droplet evaporates, an internal flow is set up to supply liquid to the pinned contact line. Thus, suspended spores are carried to the (32) McHale, G. Analyst 2007, 132, 192–195.
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superhydrophilic surface and by keeping the initial outline of the contact area during evaporation, the spores were forced to adsorb on the outline of the contact area (Figure 8). To avoid effects associated with the removal of the interface from the spore suspension, spore adhesion could be studied in real time in a flow cell. Such a study could also yield information on the dynamics of spore adhesion on nanostructured surfaces and particularly on patterned surfaces.



Conclusions



Figure 7. SEM image of the spores at the borders of the superhydrophilic/superhydrophobic patterns.



Figure 8. Scheme for dynamic motion of dispersed spores in the drying droplet on a patterned superhydrophilic/superhydrophobic SiNWs surface.



edge of the droplet where most deposition then takes place. Given the hydrophobic nature of the spores, their tendency to migrate to the water/air interface is very likely. The spores contained in the liquid are then transferred from the interior to the contour by convection.33 Because of the low affinity of the spores to the (33) Uno, K.; Hayashi, K.; Hayashi, T.; Ito, K.; Kitano, H. Colloid Polym. Sci. 1998, 276, 810–815.
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In this work, we showed that the combination of nanostructuration and chemical modification has a significant impact on the adhesion of B. cereus spores. There is a high propensity of B. cereus spores to move toward the hydrophobic and superhydrophobic regions of patterned Si and SiNWs surfaces, respectively. Yet, superhydrophobic areas are also pulling away spores because of the small surface contact with water and thus present lower adhesion than flat hydrophobic surfaces. Interestingly, a very small number of spores is adsorbed on superhydrophilic regions. Interfaces with spores were vortex mixed in water for 1 min to enhance spore removal, but no significant difference was noticed after the vortex washing step. Following this obervation, it is assumed that already adhered spores are extremely difficult to remove. The advantage of developing surfaces that prohibit spore adhesion is huge. The properties of nanostructured surfaces investigated in this study hold great promise in the field of nonfouling surfaces. As previously explained, we believe that a further dynamic study under a flow of spore suspension will yield some new type of information on adhesion and edge effects. A better understanding of B. cereus’ interaction with respect to topography and chemical properties on well-known and well-controlled interfaces will lead to the development of new routes in the field of antifouling materials in the food industry. Acknowledgment. We gratefully acknowledge the Centre National de la Recherche Scientifique (CNRS) and the NordPas-de Calais region for financial support. We are grateful to G. Ronse, A. Ronse, and M. Clarisse from INRA for technical assistance provided for biological sample preparation. This work has been partially financed by the Agence Nationale de la Recherche under the Programme National de Recherche en Alimentation et Nutrition Humaine, project ANR-07-PNRA009-01 InterSpore.
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