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Abstract

:

Supported lipid bilayers (SLBs) are low-complexity biomimetic membranes, serving as popular experimental platforms to study membrane organization and lipid transfer, membrane uptake of nanoparticles and biomolecules, and many other processes. Quartz crystal microbalance with dissipation monitoring has been utilized to probe the influence of several parameters on the quality of SLBs formed on Au- and SiO2-coated sensors. The influence of the aqueous medium (i.e., buffer type) and the adsorption temperature, above and below the lipid melting point, is neatly explored for SLBs of 1,2-dimyristoyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine formed by a solvent exchange. Below the lipid melting temperature, quality variations are observed upon the formation on Au and SiO2 surfaces, with the SLBs being more homogeneous for the latter. We further investigate how the buffer affects the detection of lipid melting in SLBs, a transition that necessitates high-sensitivity and time-consuming surface-sensitive techniques to be detected.
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1. Introduction


Biological membranes constituting the cell and organelle boundaries perform multiple functions, allowing ions and nutrients to enter and, at the same time, acting as barriers against toxic substances. They are composed of a lipid bilayer bearing a large number of phospholipids and glycolipids, as well as embedded and peripheral proteins. Cholesterol, interspersed within the lipid bilayer, modifies locally the membrane fluidity by forming so-called rafts that are important for cell signaling and trafficking [1,2,3,4,5]. Overall, the biological membrane is highly complex [6,7,8,9,10,11] and thus model membranes, so-called biomimetic membranes, are frequently chosen as experimental testbeds. The latter have fewer types of constituent units than their biological counterparts, and their composition and geometry can be precisely controlled. Supported lipid vesicles (SLVs) and supported lipid bilayers (SLBs) represent typical examples of biomimetic membranes [12,13]. Although the solid substrate affects, to a certain degree, the properties of the supported membranes, it has the major advantage of enabling their study by means of surface-sensitive techniques, such as atomic force microscopy (AFM) [14] and quartz crystal microbalance with dissipation monitoring (QCM-D) [15,16,17].



QCM-D is a highly sensitive and versatile experimental technique, using the acoustic waves generated by the oscillation of a piezoelectric crystal quartz sensor to monitor mass variations, down to only a few ng/cm2, at the sensor-sample interface [15,18]. It possesses certain advantages, such as measuring molecular events in real-time as well as being a label-free (no need to probe molecules or fluorescent agents that could influence the sample’s inherent properties) and non-destructive method. The variations of two quantities are recorded in real-time: (i) the sensor’s oscillation frequency, related to the uptake or loss of mass, and (ii) the dissipation factor, related to the viscoelastic properties of the adsorbed mass. Various coatings can be applied on the quartz sensor’s surface and serve as substrates for SLBs and SLVs, tailored to the specific needs of each experiment. QCM-D is extensively used in chemical- and bio-sensing [19,20,21] and in studying lipid phase transitions [22,23]. It can additionally probe the interaction with or the inclusion of nanoscale entities, such as vesicles, nanoparticles, and quantum dots, within the lipid bilayer [24,25,26,27]. QCM-D data are analyzed with different models to provide the thickness and the viscoelastic properties of adsorbed films [15,28,29]. They are very often combined with AFM and calorimetry results to provide a multiple-scale characterization of lipid membranes [30,31,32].



The most common and well-established method to create SLBs is vesicle adsorption, fusion, and rupture (VAFR) [33]. In this approach, lipid vesicles are deposited on a very hydrophilic substrate, and due to their strong adhesion on the surface, they deform, fuse, and finally rupture. The so-produced SLBs are of good quality, spreading and covering the surface homogeneously. The main drawback of VAFR is that it is limited to very hydrophilic surfaces, which leads to the rupture of vesicles with low bending modulus. In a few past studies, researchers exploited the idea of gradually exchanging an organic solution of lipid monomers with a buffer to form SLBs [34,35]. This was more systematically investigated and optimized by Tabaei et al. [36,37], who introduced the term solvent-assisted lipid bilayers (SALBs). This method consists of three well-defined steps: (i) dissolution of the lipid in an organic solvent (e.g., methanol, ethanol, or isopropanol), which is water-miscible, (ii) gradual exchange of the organic solvent with a buffer, and (iii) formation of SLBs in the final equilibrated state. Ferhan et al. [38] have provided a thorough description of all SALB steps and many useful tips, including the optimal lipid concentration and flow rates and the choice of organic solvent depending on the type of lipid. The advantages of this method are the short-time scale required for sample preparation (faster than VAFR, which requires the extrusion of vesicles), the independence of the substrate’s surface energy, and the good quality of the so-produced SLBs. SALBs have been chosen in many studies performed on flat and topographically complex surfaces where VAFR fails to form SLBs [39,40,41,42,43] and is extended to create hybrid lipid-polymer [44] and polymer bio-interfaces [45]. A similar yet alternative approach, referred to as a chaotropic agent-assisted supported lipid bilayer, has also been recently proposed, bypassing the use of organic solvents during SLB formation [46]. Several studies have reported on the quality of the SALBs by varying the different parameters. Tabaei et al. [36] have compared SALBs in the liquid phase of the zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine on SiO2, Au and alkanethiol-treated Au surfaces. Tabaei et al. [37] investigated the SALBs of charged lipids on SiO2 and Al2O3. The same authors also studied the influence of the (zwitterionic) lipid membrane state on SALBs formed on SiO2 surfaces and evidenced negligible posterior adsorption of bovine serum albumin protein in so-produced bilayers irrespective of the state [39]. In a spectroscopic study, Hohner et al. [35] presented phase diagrams of ternary systems, composed of lipid, organic solvent, and water, as a function of temperature and water content. Moreover, Betlem et al. [42] explored the influence of the initial buffer concentration (i.e., starting from the dissolution of the lipid in a mixture of buffer and organic solvent) on the SALB of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).



Apart from being much less sensitive to the surface energy of solid surfaces, SALBs are apparently less dependent on the phase at which the lipid is dissolved [39]. This is an additional advantage as compared to VAFR, which relies on vesicle rupture and only works for lipids in its liquid-disordered phase, a phase with a bending modulus an order of magnitude smaller than the gel phase [47]. This advantage has, however, been much less explored than the effect of surface energy. As a matter of fact, a systematic comparison of SALBs performed at temperatures corresponding to different lipid phases (e.g., liquid-disordered versus gel-ordered), on Au and SiO2 simultaneously, and using three different buffers has not yet been carried out to the best of the authors’ knowledge.



In this work, we report on the influence that several parameters exert on the quality of SLBs, using two common zwitterionic lipids: DMPC and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). Through QCM-D frequency and dissipation shifts, we assess the influence of the adsorption temperature (above or below the lipid melting temperature Tm) and the type of aqueous buffer medium on the quality of SALBs on SiO2. In one case, we incorporate into the aqueous medium trisethylenediaminetetra-acetic acid (EDTA), a frequently used additive in solutions for biomembrane studies. EDTA has been reported to impact the organization of charged lipid- [48] and zwitterionic lipid layers [49], and its effect on SALBs has not yet been explored. We further assess how the choice of buffer influences the detection of the lipid melting transition. Finally, we perform a brief comparison of SLBs produced by VAFR and SALBs [38,50].




2. Materials and Methods


2.1. Materials


The lipid compounds DMPC and DPPC have been purchased from Avanti Polar Lipids in powder form. They have been constantly stored at −20 °C and kept only for short time periods at room temperature during the weighing process for sample preparation. Three buffers, namely, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), tris(hydroxymethyl)aminomethane (Tris), and Tris-EDTA were prepared using high-purity HEPES powder ≥ 99.8%, Trizma base powder ≥ 99.9%, NaCl ≥ 99%, all purchased from Sigma Aldrich (Steinheim, Germany), and EDTA powder from VWR Chemicals (Leuven, Belgium).



The HEPES buffer solution (pH 7.4) was prepared by dissolving 10 mM HEPES and 150 mM NaCl in water. The Tris buffer solution (pH 7.4) was prepared by dissolving 10 mM Trizma base and 150 mM NaCl in water. The Tris-EDTA buffer solution (pH 7.4) was prepared by dissolving 10 mM Trizma base, 150 mM NaCl, and 5 mM EDTA in water. Freshly purified MilliQ water with a resistivity of 18.2 MΩ·cm at 25 °C (Simplicity® purification system, Merck Millipore, Overijse, Belgium) was used in all cases. For every buffer, the pH was adjusted to 7.4 by adding a tiny volume of either HCl 37% solution (Avantor Performance Materials, Gliwice, Poland) or 1 M NaOH solution (prepared with NaOH pellets from VWR Chemicals, Leuven, Belgium) and tracked with a Metrohm 827 lab pH-meter (Herisau, Switzerland). The buffer solutions were filtered through 0.2 µm-pore size PES membranes (Corning GmbH—Wiesbaden, Germany) and stored at 4 °C until being used. The extrusion of lipid suspensions was performed with a mini-extruder kit from Avanti Polar Lipids (Alabaster, AL, USA), using polycarbonate membranes and filter supports from Cytiva WhatmanTM (Maidstone, UK).




2.2. Lipid Sample Preparation


For the VAFR process, dispersions of unilamellar lipid vesicles were produced as follows: DPPC and DMPC powders were first dissolved in high-purity (>99.9%) chloroform. The mixture was slowly dried under a continuous mild flow of Ar to form lipid films, which were vented overnight to eliminate any chloroform residues. The dried films were then hydrated with fresh buffer to a concentration of 2 mg/mL under magnetic stirring for 45 min. The hydration was performed by immersing the sample vials in a temperature-controlled water bath, at T = 60 °C for DPPC and T = 40 °C for DMPC samples. In each case, the hydration was carried out well above the melting temperatures of DPPC (Tm ~ 42 °C [51]) and DMPC (Tm ~ 24 °C [52]) to obtain large multilamellar vesicles of different sizes. These vesicles were subsequently extruded through membranes with a pore size of 50 nm, using a series for 25 passes, to become unilamellar. The extruded solutions were finally diluted in the buffer to obtain a working concentration of 0.5 mg/mL.



For the SALB process, lipids were injected in monomer form since no vesicle formation is necessary in this case. Prior to injection, the lipid powder was dissolved at a concentration of 0.5 mg/mL in high-purity (>99.9%) isopropanol (IPA), which among other organic solvents (ethanol, methanol, etc.) yields the best-reported results [38]. The solution (lipid in IPA) was sonicated for 5 min just before injection into the QCM-D modules.




2.3. Experimental Setup


A QSense Analyzer (Biolin Scientific, Gothenburg, Sweden) QCM-D apparatus has been employed for all measurements. It is characterized by a high sensitivity, down to a few ng per cm2. It enables simultaneous monitoring of frequency and dissipation changes, Δfn/n and ΔD, where n is the overtone number; the fundamental frequency is 5 MHz. A QSense Analyzer allows the simultaneous execution of four experiments. The sample temperature can be changed in the range from 15 °C to 60 °C and with a precision of ±0.01 °C, allowing heating and cooling ramping with variable scanning rates. Two types of sensors have been used for the present measurements: Au-coated (QSX301) and SiO2-coated (QSX303), purchased from Biolin Scientific, and cleaned following standard protocols. Before each experiment, the sensors were exposed to UV light using a UV-ozone cleaner for 15 min. The changes in Δfn/n and ΔD were monitored for four different overtones (from 3rd to 9th). The bilayers were formed at either 15 °C or 52 °C., i.e., being simultaneously either above or below the melting temperatures of both lipids [51,52]. The layer formation processes were followed by heating and cooling cycles between 15 °C to 52 °C to detect lipid phase transitions.



For the SALB formation, experiments were carried out with DMPC and DPPC on SiO2 or Au, using the three different types of buffers. The process can be followed in Figure 1A,C, which show a schematic representation and the QCM-D frequency and dissipation variations along each step of SALB formation at 52 °C on SiO2. First, a baseline with pure buffer was established for approximately 10 min. Second, the buffer was gradually exchanged with pure IPA until a complete solvent exchange took place and a new stable baseline was achieved. As can be seen in Figure 1C, the change of the aqueous medium causes a frequency decrease and an overtone spreading, which do not affect the final SLB. Afterward, the lipid dissolved in IPA at 0.5 mg/mL concentration was injected for 15 min, before a new buffer replacement. The final plateau values of frequency Δf and dissipation ΔD shifts are related solely to the mass of the formed SLB. All the injections were performed with a flow rate of 100 μL/min. The values reported in the manuscript are averages and standard deviations of different experiments of the same system.



Figure 1B,D display the process of VAFR for the formation of a DPPC bilayer performed on SiO2, at 52 °C. In this case, a baseline with pure buffer (HEPES) was first established. The suspension of (extruded) 50 nm-lipid vesicles (0.5 mg/mL in buffer) was then injected into the QCM-D chamber. The vesicle adsorption leads to a frequency decrease (Δf < 0) and a dissipation increase (ΔD < 0), reflecting the accumulation of vesicles onto the surface and the formation of a viscous SLV. At a certain coverage density on the sensor surface, the vesicles fuse and finally rupture to form a bilayer. The buffer and lipid release occurring during this step is accompanied by an increase in the frequency and a decrease in the dissipation, marking the formation of an organized lipid layer. After reaching a stable signal plateau, a rinsing step with buffer was performed to remove any remaining vesicles from the chamber. All injections were carried out at a flow rate of 50 μL/min. The calculated hydrated masses per unit area were obtained using two models provided by QSense DFind 1.3.0 software. The composite Sauerbrey model was chosen for rigid organized lipid bilayers, using a weighted average of all harmonics for the fit. The Dfind broadfit model was chosen for soft, non-homogeneous lipid layers, fitting all points independently to obtain the best match. For configuring modeling at 15 °C, the Dfind “fat” (density of 910 g/L) was set as the default layer material, and the “buffer-15 °C” (density of 1007 g/L) was set as the baseline default bulk liquid.





3. Results


In this section, the experimental results are presented, focusing on SALB formation on different surfaces (SiO2 and Au), adsorption temperatures (in the liquid-disordered and in the gel-ordered phases), and buffers (HEPES, Tris, Tris-EDTA). DPPC and DMPC lipids have been used to probe the differences in SALB quality. We mostly present DPPC results accompanied by DMPC ones in some cases; detailed DMPC figures are shown in Figures S1 and S2 of the Supplementary Material.



Figure 2 shows the DPPC SALB process on SiO2 and Au substrates, performed at 15 °C, well below the main transition of DPPC. The frequency (Figure 2A) and dissipation (Figure 2B) changes are very similar in both cases for the initial steps (injection of pure IPA, subsequent injection of DPPC in IPA, and IPA exchange with HEPES) and can be explained by the change of the physicochemical properties (medium density and viscosity) of the chamber environment when exchanging aqueous and non-aqueous media. However, the final plateau values are quite different for both frequency and dissipation. In the case of SiO2, one obtains a frequency shift of around −25 Hz and dissipation change below 10−6 characterizing a good-quality, homogeneous bilayer [37,53,54,55]. In the case of Au, the final frequency shift (for the 3rd overtone) of −55 Hz and at least an order of magnitude higher dissipation change of ~2 × 10−5 (compared to SiO2), mark an inhomogeneous DPPC-supported bilayer that very likely contains several patches and a few non-ruptured vesicles. Similar differences have been obtained for DMPC, depicted in Figure S1 of the Supplementary Material. The way overtones spread can be used to evaluate the homogeneity of a SLB. Figure 3 presents the frequency shifts of four different overtones (n = 3, 5, 7, and 9) for the DPPC SALB commonly shown in Figure 2A. In Figure 3A, assigned to the Au-coated quartz QCM-D sensor, the large split between different overtones demonstrates the deviation from a homogeneous SLB. The lower surface energy of Au (its polar component being half that of SiO2 [56]) allows some of the structures (e.g., vesicles) formed in the last step of the process to adsorb and stay intact. This, in turn, leads to a viscoelastic film and the response of the system is overtone-dependent. On the contrary, in Figure 3B, assigned to the SiO2-coated sensor, there is essentially no overtone dispersion indicating the presence of a single homogeneous bilayer on the surface.



It is worth noting a tiny yet interesting feature observed in Figure 2 and Figure 3: when DPPC in IPA is injected, a very small frequency shift is observed. This shift is more pronounced in the case of SiO2 (ranging from 6 to 8 Hz) compared to Au (smaller than 2 Hz), in full agreement with a previous QCM-D study [36]. This difference between SiO2 and Au is repeatedly observed for different lipids (DPPC, DMPC, and DOPC), aqueous buffers (HEPES, Tris), and adsorption temperatures (corresponding to liquid and gel phases), in the present study, as well as by Tabaei et al. [36]. Therefore, it is reasonable to assume that the initial lipid adsorption when dissolved in IPA depends on the surface energy of the substrate. The higher surface energy of SiO2 apparently enables a small (yet larger than in the case of Au) initial lipid adsorption when the lipids are in IPA, i.e., prior to the final step of exchanging IPA with a buffer where the major part of adsorption occurs. This, in turn, likely favors a more homogeneous surface coverage during the solvent exchange.



Specific models using the frequency and dissipation shifts can be applied to obtain additional information, such as hydrated masses per unit area. The Sauerbrey model is typically used for homogeneous, very thin, rigid layers, displaying overlapping frequency overtones and very small dissipation shifts (ΔD ~ 0). In our case, this model is applicable for DPPC and DMPC bilayers formed on SiO2 substrates. On the contrary, for SLBs formed on Au surfaces, a viscoelastic model is used since the films are softer and the overtones are spread. The calculated hydrated masses per unit area using the aforementioned models are presented in Table S1 of the Supplementary Material.



To assess the influence of the adsorption temperature, the DPPC SALB process has been additionally performed at 52 °C. The results of the SALB performed at both phases (gel-ordered phase at 15 °C and liquid-disordered phase at 52 °C) are presented in Figure 4 for both types of substrates. As can be observed, when lipids are dissolved in their liquid-disordered phase, the final Δf/n and ΔD plateaus approach more the established values [53,54] for complete and homogeneous SLBs. Figure 4A shows that the adsorption at 52 °C, i.e., well inside the liquid-disordered phase, improves remarkably the quality of the SALB in the case of the Au surface. On average, the shifts obtained on Au at 52 °C, Δf = −26.1 ± 0.2 Hz, and ΔD = (0.5 ± 0.1) × 10−6, resemble the ones obtained on SiO2 with a higher surface energy (Δf = −22.2 ± 0.7 Hz and ΔD = (0.8 ± 0.1) × 10−6 at 15 °C; Δf = −24.9 ± 0.5 Hz and ΔD = (0.6 ± 0.1) × 10−6 at 52 °C). Analogous conclusions are drawn in the case of DMPC, the results of which are reported in Figure S2 of the Supplementary Material.



Tabaei et al. [39], in their study of DPPC and DMPC SALBs on SiO2, have associated the differences in the adsorbed mass with differences in packing area per molecule in the liquid and gel phases, reporting a reasonable agreement. In the present work, we systematically observe slightly larger (yet always in the range of 10−6) dissipation shifts when the adsorption takes place at 15 °C, indicating a somewhat lower homogeneity of the SLBs formed at the gel phase. Therefore, such a quantitative comparison as in Ref. [39] cannot be performed since it would make sense only between SLBs displaying similar surface coverage and homogeneity. Note that, as pointed out by Keller and Kasemo [54], these calculations have to be taken with caution since they neglect the hydration of lipid heads as well as the mass of the thin aqueous layer between the SLB and the substrate.



Figure 5 shows the SALB formation of DPPC (Figure 5A) and DMPC (Figure 5C) at 15 °C. These SALBs are associated with their temperature derivatives of frequency changes (3rd overtone) occurring upon subsequent heating runs for DPPC (Figure 5B) and DMPC (Figure 5D). As can be seen in Figure 5A,C, the final frequency shifts at the plateau (shown here for the 3rd overtone) are similar and, thus, almost independent of the buffer type. In particular, the frequency shifts are around −20 Hz (±2 Hz), whereas the dissipation is in all cases below 10−6. These values are in agreement with the formation of vesicle-free, good-quality bilayers. The same experiments performed on SiO2, but at 52 °C, yielded frequency shifts of −23 Hz (±2 Hz), very close to the reported values for SLBs in the literature [54,55].



After the SALB formation at 15 °C, the chambers containing the sensors and samples were heated, at a rate of 0.4 °C/min, to determine the lipid melting phase transition temperatures. The resonance frequency and dissipation of the QCM-D sensors change gradually and continuously with temperature. However, when a phase transition occurs at the sensor-sample interface, it induces an abrupt change, namely, a discontinuous jump in the resonance frequency, the temperature derivatives of which allow us to determine the phase transition peaks. For SLVs and very dissipative layers, the peak intensity can be very high. For thin and less dissipative layers, such as SLBs, the detection of phase transition is more difficult. Although no significant differences are observed in the frequency and dissipation shifts during SALB formation, the detection of the main transition of lipid melting strongly depends on the type of buffer. Figure 5B (DPPC) and Figure 5D (DMPC) show that the melting could not be detected in the case of HEPES within our QCM-D resolution. However, it is visible in the case of Tris for DMPC and in the case of Tris-EDTA for both lipids. The detection is slightly pronounced with Tris-EDTA and notably reproducible during subsequent cooling of the SALB formed at 15 °C as well as during heating of the SALB formed at 52 °C (with the same rate of 0.4 °C/min).




4. Discussion


The results presented in the previous section, as well as in the Supplementary Material, show clearly that the quality of DPPC and DMPC SALB formation is affected by several experimental parameters, such as the substrate surface, the adsorption temperature, and the buffer type. In the following, we attempt an overall evaluation and correlation among these parameters. The trends in the QCM-D average frequency and dissipation shifts obtained for DPPC and DMPC SALBs are depicted in the three-dimensional bar charts of Figure 6. One can visualize the results obtained for both lipids: (i) as a function of the substrate surface and the adsorption temperature (Figure 6A,B) when using the same buffer (Tris), and (ii) as a function of the aqueous buffer medium and the adsorption temperature (Figure 6C,D) when using the same substrate (SiO2). For each experiment, the mean value of four overtones (n = 3, 5, 7, and 9) was calculated, whereas the plotted values represent an average of the mean values of two (independent) experiments. Using this approach, the displayed error bars also illustrate the overtones spreading, allowing one to visualize the surface inhomogeneity. For display purposes, to avoid inverted bar charts, the absolute values of the frequency shifts are plotted.



Adsorption temperature and surface impact on SALBs. When performing the SALB process on Au-coated sensors and using Tris buffer, both frequency and dissipation shifts are much larger (as seen in Figure 6A,B) for a SALB at 15 °C compared to 52 °C. Such frequency and dissipation values mark the presence of inhomogeneity, patches, and few remaining (i.e., non-ruptured) vesicles, and the effect is more pronounced in the case of DPPC (a very large dissipation is seen in Figure 6B). On the contrary, for SiO2, there is a much weaker dependence on the adsorption temperature, with the frequency and dissipation values being close to each other. The best results are obtained for the adsorption on SiO2 at 52 °C, where average frequency and dissipation shifts of −23.3 ± 0.3 Hz and (0.4 ± 0.1) × 10−6 are obtained for DPPC and −24.3 ± 0.8 Hz and (0.3 ± 0.1) × 10−6 for DMPC, corresponding to the formation of a good-quality SLB [36,54]. The results obtained in Tris, are similar to the ones in the case of HEPES (presented in Figure 2, Figure 3 and Figure 4). At low temperatures corresponding to the gel phase and on Au substrates, the establishment of homogeneous bilayers is harder to achieve since any structures (e.g., vesicles) formed during the solvent exchange are too stiff to break and reorganize on the surface. A larger dissipation is also observed for DPPC compared to DMPC (Figure 4B and Figure S2B). At 15 °C, DMPC is closer to its melting point compared to DPPC, and some defects, in particular, non-ruptured DMPC vesicles deform more than DPPC ones, yielding smaller dissipation values.



The frequency shifts and dissipation values of our study for DPPC and DMPC adsorbed on SiO2 at 52 °C are in good agreement with the ones of Tabaei et al. [39], obtained in Tris at slightly different temperatures, albeit in the same (liquid-disordered) phase. A few differences, observed at lower temperatures between the values reported in the two studies, could be ascribed to an interplay of several factors and experimental conditions, such as the amount of adsorbed sample, the presence of a few patches on the SLB, the surface roughness of individual sensors, and variations in working temperatures and, thus, in the lipid structure and fluidity.



Aqueous buffer type impact on SALBs. In the case of SiO2, which gives overall better SALB results than Au, the dependence of average frequency and dissipation shifts on the type of buffer and temperature is seen in Figure 6C,D, respectively. Here, no significant dependence of the final frequency and dissipation shifts on the buffer type is observed. However, the best quality of SLBs is obtained again at the liquid-disordered phase, at 52 °C. The frequency shifts range are (i) in the case of HEPES −24.9 ± 0.5 Hz (DPPC) and −26.3 ± 0.9 Hz (DMPC), (ii) in the case of Tris −23.3 ± 0.3 Hz (DPPC) and −24.3 ± 0.8 Hz (DMPC), and (iii) in the case of Tris-EDTA −20.6 ± 0.4 Hz (DPPC) and −22.3 ± 0.3 Hz (DMPC). The dissipation values are small, and range from (0.3 ± 0.1) × 10−6 to (0.6 ± 0.1) × 10−6 in all cases. The SALB formation in Tris-EDTA apparently yields for both zwitterionic lipids, DMPC, and DPPC, a slightly smaller adsorption of mass associated with the relative amplitude of frequency shifts. Very likely, EDTA intercalates between the bilayers, as it has been proposed in previous studies [48,49], and increases the average effective surface area per lipid molecule. At the same time, the very small dissipation suggests that it does not increase the presence of defects. Our results indicate that, when required for certain experiments, the addition of EDTA not only maintains the quality of the SALBs but also enhances the visualization of the transition peak. However, this conclusion is valid for modest concentrations such as 5 mM used in the present study. At much higher concentrations (~150 mM), a stronger impact has been reported on the area per molecule and the organization of zwitterionic lipid layers [49].



From the values presented in the previous paragraph, it appears that HEPES at 52 °C on SiO2 yields slightly better values for both lipids compared to Tris and Tris-EDTA. However, regarding the detection of melting the situation is reversed; the melting cannot be probed in the case of HEPES, whereas it is detectable in Tris (DMPC) and Tris-EDTA (DMPC and DPPC), as shown in Figure 5B,D. The detection of melting in single SLBs requires time-consuming measurements, using surface-sensitive techniques [57,58]. In the case of QCMD, the strong influence of the substrate coupled to the adjacent bilayer, already shown to affect even the melting of SLVs [56], has an impact on the detection in the case of SLBs. Our results suggest that in the case of Tris and even more in the case of Tris-EDTA, there is an apparent screening of the substrate influence, allowing the detection of lipid melting. The phase transition peak, albeit weak, occurs within a narrow temperature range. This indicates that, unlike what is observed for SLVs using QCM-D [56] and for SLBs on hydrophilic surfaces using AFM and neutron scattering [58,59], the bilayer melting is not decoupled between the two leaflets. AFM studies, performed on mica substrates, have reported variable influence of different aqueous buffers and ions on the stability and mechanical properties of SLBs [58,60]. Combined QCM-D and AFM investigations on identical substrates and lipids, changing only one experimental parameter (e.g., buffer type, ionic strength) at a time, could shed light on the subtle nature of these differences.



Comparison of SALB and VAFR methods. In Figure 7, a comparison is shown between the best-obtained SALBs and SLBs produced by the VAFR process (50 nm extruded vesicles) of DPPC at 52 °C on SiO2 using the three buffers: HEPES, Tris, Tris-EDTA. As seen in Figure 7A, the frequency shifts, ranging from −20.6 Hz to −24.9 Hz for the SALB and from −22.9 Hz to −24.8 Hz for VAFR (errors within ±1 Hz), are very close to each other, as well as reasonably close to the value of complete homogeneous SLBs [54]. Therefore, both methods yield SLBs of similar quality, with only a mild decrease in both frequency and dissipation shifts when moving from HEPES to Tris and, finally, to Tris-EDTA.




5. Conclusions


By means of QCM-D, we have investigated the influence of adsorption temperature (15 °C, 52 °C), the type of aqueous buffer (HEPES, Tris, Tris-EDTA), and the surface of the solid substrate (Au, SiO2), on the quality of SALB formation. Moreover, we have provided a brief comparison between the best-obtained SALBs and SLBs produced via VAFR. For all our measurements, we have strictly adhered to the literature standards regarding sample preparation, flow rates, and concentrations [36,38,39].



Regarding the surface of the solid substrate, SALBs yield more consistent results (almost independent of the lipid phase during the adsorption) in the case of SiO2 with respect to Au. For the latter, an improvement of the bilayer homogeneity, reflected in both frequency and dissipation values, is obtained at higher temperatures. The quality of the so-produced SLBs is generally better when the adsorption is performed at temperatures corresponding to the liquid-disordered phase. When the SALB is formed in the gel phase, it appears more sensitive to the choice of surface, especially in the case of Au. The influence of the buffer on the quality of the SALB is mild; however, it has a clear impact on the detection of the lipid melting being pronounced for Tris-EDTA. Note that the sensing of lipid melting by a purely non-destructive method such as QCM-D could be beneficial in certain experiments, e.g., when sequential thermal cycling or repetition of measurements are necessary. The influence of EDTA on the lipid organization has also a mild effect on the SALB; namely, a smaller adsorbed mass without induction of defects. Therefore, the addition of modest amounts of EDTA, without degrading the quality of the SALB, facilitates the QCM-D detection of the melting transition in thin lipid bilayers. Finally, for adsorption on SiO2 at temperatures corresponding to the liquid-disordered phase, SALBs consistently produce bilayers of essentially identical quality as VAFR, without being subject to as many constraints and large timescales (i.e., limited substrates, extrusion of vesicles, time-consuming evaporation of chloroform and hydration) as the latter.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/s24186093/s1, Figure S1: The influence of the solid surface on the DMPC SALB formation, performed at 15 °C, is shown here for Au (yellow curves) and SiO2 (grey curves). The frequency and the dissipation changes of the 3rd overtone are shown for both cases on the left panel A and the right panel B, respectively. The IPA injection step occurred after the HEPES baseline and the lipid injection was cut (albeit shown for DPPC in the main manuscript) in order to enhance the visibility of the final shifts. Figure S2: The influence of adsorption temperature on DMPC SALBs for Au (left panels A) and SiO2 (right panels B) substrates; the frequency and dissipation changes are shown for the 3rd overtone at the top and bottom layers of each panel, respectively. The dashed lines serve as guides to the eye, denoting the QCM-D frequency shifts corresponding to a complete and homogeneous SLB surface coverage. Table S1: Corresponding hydrated masses per unit area of lipid layers are displayed in Figure 2 and Figure S1 and formed by the solvent-exchange process at 15 °C. The masses were calculated via the Sauerbrey model (for SiO2), or the viscoelastic model (for Au), and correspond to the mass per unit area of the lipids with their coupled hydration layer. The fits were performed on curves obtained after the SALB process, in the HEPES buffer, at 15 °C.





Author Contributions


Conceptualization, G.C. and L.B.; methodology, L.B. and P.L.-P.; validation, G.C., L.B., P.L.-P. and M.E.V.; experiments, M.L., L.B. and N.N.; formal analysis, M.L., L.B. and M.E.V.; data curation, M.L., L.B. and M.E.V.; figures, L.B., M.L., M.E.V. and G.C.; writing—original draft preparation, G.C.; writing—review and editing, all authors; supervision, L.B. and G.C.; project administration and funding acquisition, A.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Slovene Research Agency, via the programs P1-0125, and P2-0232, as well as the projects J2-4447 and J3-3066.




Institutional Review Board Statement


Not Applicable.




Informed Consent Statement


Not Applicable.




Data Availability Statement


The authors are willing to provide the raw data of this work at any time, upon reasonable request.




Acknowledgments


M.L. and L.B. are grateful to N. Osterman (Department of Physics, University of Ljubljana) for continuous access to the Simplicity® purification system, Merck Millipore.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Singer, S.J.; Nicolson, G.L. The Fluid Mosaic Model of the Structure of Cell Membranes: Cell Membranes Are Viewed as Two-Dimensional Solutions of Oriented Globular Proteins and Lipids. Science 1972, 175, 720–731. [Google Scholar] [CrossRef] [PubMed]

	



Simons, K.; Ikonen, E. Functional Rafts in Cell Membranes. Nature 1997, 387, 569–572. [Google Scholar] [CrossRef]

	



Iglič, A.; Hägerstrand, H.; Veranič, P.; Plemenitaš, A.; Kralj-Iglič, V. Curvature-Induced Accumulation of Anisotropic Membrane Components and Raft Formation in Cylindrical Membrane Protrusions. J. Theor. Biol. 2006, 240, 368–373. [Google Scholar] [CrossRef] [PubMed]

	



Israelachvili, J.N.; Marčelja, S.; Horn, R.G. Physical Principles of Membrane Organization. Q. Rev. Biophys. 1980, 13, 121–200. [Google Scholar] [CrossRef]

	



Varshney, P.; Yadav, V.; Saini, N. Lipid Rafts in Immune Signalling: Current Progress and Future Perspective. Immunology 2016, 149, 13–24. [Google Scholar] [CrossRef]

	



Baumgart, T.; Capraro, B.R.; Zhu, C.; Das, S.L. Thermodynamics and Mechanics of Membrane Curvature Generation and Sensing by Proteins and Lipids. Annu. Rev. Phys. Chem. 2011, 62, 483–506. [Google Scholar] [CrossRef]

	



Kralj-Iglič, V. Stability of Membranous Nanostructures: A Possible Key Mechanism in Cancer Progression. Int. J. Nanomed. 2012, 7, 3579. [Google Scholar] [CrossRef] [PubMed]

	



Mahapatra, A.; Uysalel, C.; Rangamani, P. The Mechanics and Thermodynamics of Tubule Formation in Biological Membranes. J. Membr. Biol. 2021, 254, 273–291. [Google Scholar] [CrossRef]

	



Kralj-Iglič, V.; Pocsfalvi, G.; Mesarec, L.; Šuštar, V.; Hägerstrand, H.; Iglič, A. Minimizing Isotropic and Deviatoric Membrane Energy—An Unifying Formation Mechanism of Different Cellular Membrane Nanovesicle Types. PLoS ONE 2020, 15, e0244796. [Google Scholar] [CrossRef]

	



Kumar, G.; Duggisetty, S.C.; Srivastava, A. A Review of Mechanics-Based Mesoscopic Membrane Remodeling Methods: Capturing Both the Physics and the Chemical Diversity. J. Membr. Biol. 2022, 255, 757–777. [Google Scholar] [CrossRef]

	



Schamberger, B.; Ziege, R.; Anselme, K.; Ben Amar, M.; Bykowski, M.; Castro, A.P.G.; Cipitria, A.; Coles, R.A.; Dimova, R.; Eder, M.; et al. Curvature in Biological Systems: Its Quantification, Emergence, and Implications across the Scales. Adv. Mater. 2023, 35, 2206110. [Google Scholar] [CrossRef] [PubMed]

	



Tero, R. Substrate Effects on the Formation Process, Structure and Physicochemical Properties of Supported Lipid Bilayers. Materials 2012, 5, 2658–2680. [Google Scholar] [CrossRef]

	



Bange, L.; Mukhina, T.; Fragneto, G.; Rondelli, V.; Schneck, E. Influence of Adhesion-Promoting Glycolipids on the Structure and Stability of Solid-Supported Lipid Double-Bilayers. Soft Matter 2024, 20, 2113–2125. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, H.; Miyagi, A.; Redondo-Morata, L.; Scheuring, S. Temperature-Controlled High-Speed AFM: Real-Time Observation of Ripple Phase Transitions. Small 2016, 12, 6106–6113. [Google Scholar] [CrossRef]

	



Reviakine, I.; Johannsmann, D.; Richter, R.P. Hearing What You Cannot See and Visualizing What You Hear: Interpreting Quartz Crystal Microbalance Data from Solvated Interfaces. Anal. Chem. 2011, 83, 8838–8848. [Google Scholar] [CrossRef]

	



Peschel, A.; Langhoff, A.; Uhl, E.; Dathathreyan, A.; Haindl, S.; Johannsmann, D.; Reviakine, I. Lipid Phase Behavior Studied with a Quartz Crystal Microbalance: A Technique for Biophysical Studies with Applications in Screening. J. Chem. Phys. 2016, 145, 204904. [Google Scholar] [CrossRef] [PubMed]

	



Bar, L.; Villanueva, M.E.; Neupane, S.; Cordoyiannis, G.; Losada-Pérez, P. QCM-D Study of the Formation of Solid-Supported Artificial Lipid Membranes: State-of-the-Art, Recent Advances, and Perspectives. Phys. Status Solidi A 2023, 220, 2200625. [Google Scholar] [CrossRef]

	



Ohlsson, G.; Langhammer, C.; Zorić, I.; Kasemo, B. A Nanocell for Quartz Crystal Microbalance and Quartz Crystal Microbalance with Dissipation-Monitoring Sensing. Rev. Sci. Instrum. 2009, 80, 083905. [Google Scholar] [CrossRef]

	



Tsortos, A.; Papadakis, G.; Gizeli, E. Shear Acoustic Wave Biosensor for Detecting DNA Intrinsic Viscosity and Conformation: A Study with QCM-D. Biosens. Bioelectron. 2008, 24, 836–841. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhang, X.; Wei, X.; Xue, Y.; Wan, H.; Wang, P. Recent Advances in Acoustic Wave Biosensors for the Detection of Disease-Related Biomarkers: A Review. Anal. Chim. Acta 2021, 1164, 338321. [Google Scholar] [CrossRef]

	



Xie, M.; Lv, X.; Wang, K.; Zhou, Y.; Lin, X. Advancements in Chemical and Biosensors for Point-of-Care Detection of Acrylamide. Sensors 2024, 24, 3501. [Google Scholar] [CrossRef] [PubMed]

	



Ohlsson, G.; Tigerström, A.; Höök, F.; Kasemo, B. Phase Transitions in Adsorbed Lipid Vesicles Measured Using a Quartz Crystal Microbalance with Dissipation Monitoring. Soft Matter 2011, 7, 10749. [Google Scholar] [CrossRef]

	



Neupane, S.; De Smet, Y.; Renner, F.U.; Losada-Pérez, P. Quartz Crystal Microbalance With Dissipation Monitoring: A Versatile Tool to Monitor Phase Transitions in Biomimetic Membranes. Front. Mater. 2018, 5, 46. [Google Scholar] [CrossRef]

	



Yousefi, N.; Tufenkji, N. Probing the Interaction between Nanoparticles and Lipid Membranes by Quartz Crystal Microbalance with Dissipation Monitoring. Front. Chem. 2016, 4, 46. [Google Scholar] [CrossRef]

	



Tabaei, S.R.; Gillissen, J.J.J.; Vafaei, S.; Groves, J.T.; Cho, N.-J. Size-Dependent, Stochastic Nature of Lipid Exchange between Nano-Vesicles and Model Membranes. Nanoscale 2016, 8, 13513–13520. [Google Scholar] [CrossRef]

	



Sheridan, A.J.; Thompson, K.C.; Slater, J.M. Interaction of Negatively and Positively Capped Gold Nanoparticle with Different Lipid Model Membranes. Biophys. Chem. 2022, 290, 106896. [Google Scholar] [CrossRef]

	



Bar, L.; Perissinotto, F.; Redondo-Morata, L.; Giannotti, M.I.; Goole, J.; Losada-Pérez, P. Interactions of Hydrophilic Quantum Dots with Defect-Free and Defect Containing Supported Lipid Membranes. Colloids Surf. B Biointerfaces 2022, 210, 112239. [Google Scholar] [CrossRef]

	



Voinova, M.V.; Rodahl, M.; Jonson, M.; Kasemo, B. Viscoelastic Acoustic Response of Layered Polymer Films at Fluid-Solid Interfaces: Continuum Mechanics Approach. Phys. Scr. 1999, 59, 391–396. [Google Scholar] [CrossRef]

	



Johannsmann, D.; Langhoff, A.; Leppin, C.; Reviakine, I.; Maan, A.M.C. Effect of Noise on Determining Ultrathin-Film Parameters from QCM-D Data with the Viscoelastic Model. Sensors 2023, 23, 1348. [Google Scholar] [CrossRef]

	



Losada-Pérez, P.; Mertens, N.; De Medio-Vasconcelos, B.; Slenders, E.; Leys, J.; Peeters, M.; Van Grinsven, B.; Gruber, J.; Glorieux, C.; Pfeiffer, H.; et al. Phase Transitions of Binary Lipid Mixtures: A Combined Study by Adiabatic Scanning Calorimetry and Quartz Crystal Microbalance with Dissipation Monitoring. Adv. Condens. Matter Phys. 2015, 2015, 479318. [Google Scholar] [CrossRef]

	



Paiva, J.G.; Paradiso, P.; Serro, A.P.; Fernandes, A.; Saramago, B. Interaction of Local and General Anaesthetics with Liposomal Membrane Models: A QCM-D and DSC Study. Colloids Surf. B Biointerfaces 2012, 95, 65–74. [Google Scholar] [CrossRef]

	



Redondo-Morata, L.; Losada-Pérez, P.; Giannotti, M.I. Lipid Bilayers: Phase Behavior and Nanomechanics. In Current Topics in Membranes; Elsevier: Amsterdam, The Netherlands, 2020; Volume 86, pp. 1–55. ISBN 978-0-12-821021-5. [Google Scholar]

	



Reimhult, E.; Höök, F.; Kasemo, B. Vesicle Adsorption on SiO2 and TiO2: Dependence on Vesicle Size. J. Chem. Phys. 2002, 117, 7401–7404. [Google Scholar] [CrossRef]

	



Hochrein, M.B.; Reich, C.; Krause, B.; Rädler, J.O.; Nickel, B. Structure and Mobility of Lipid Membranes on a Thermoplastic Substrate. Langmuir 2006, 22, 538–545. [Google Scholar] [CrossRef] [PubMed]

	



Hohner, A.O.; David, M.P.C.; Rädler, J.O. Controlled Solvent-Exchange Deposition of Phospholipid Membranes onto Solid Surfaces. Biointerphases 2010, 5, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Tabaei, S.R.; Choi, J.-H.; Haw Zan, G.; Zhdanov, V.P.; Cho, N.-J. Solvent-Assisted Lipid Bilayer Formation on Silicon Dioxide and Gold. Langmuir 2014, 30, 10363–10373. [Google Scholar] [CrossRef]

	



Tabaei, S.R.; Vafaei, S.; Cho, N.-J. Fabrication of Charged Membranes by the Solvent-Assisted Lipid Bilayer (SALB) Formation Method on SiO 2 and Al2O3. Phys. Chem. Chem. Phys. 2015, 17, 11546–11552. [Google Scholar] [CrossRef]

	



Ferhan, A.R.; Yoon, B.K.; Park, S.; Sut, T.N.; Chin, H.; Park, J.H.; Jackman, J.A.; Cho, N.-J. Solvent-Assisted Preparation of Supported Lipid Bilayers. Nat. Protoc. 2019, 14, 2091–2118. [Google Scholar] [CrossRef]

	



Tabaei, S.R.; Jackman, J.A.; Kim, S.-O.; Zhdanov, V.P.; Cho, N.-J. Solvent-Assisted Lipid Self-Assembly at Hydrophilic Surfaces: Factors Influencing the Formation of Supported Membranes. Langmuir 2015, 31, 3125–3134. [Google Scholar] [CrossRef]

	



Tabaei, S.R.; Ng, W.B.; Cho, S.-J.; Cho, N.-J. Controlling the Formation of Phospholipid Monolayer, Bilayer, and Intact Vesicle Layer on Graphene. ACS Appl. Mater. Interfaces 2016, 8, 11875–11880. [Google Scholar] [CrossRef]

	



Losada-Pérez, P.; Polat, O.; Parikh, A.N.; Seker, E.; Renner, F.U. Engineering the Interface between Lipid Membranes and Nanoporous Gold: A Study by Quartz Crystal Microbalance with Dissipation Monitoring. Biointerphases 2018, 13, 011002. [Google Scholar] [CrossRef]

	



Betlem, K.; Cordoyiannis, G.; Losada-Pérez, P. Supported Lipid Membranes at the Au-Buffer Interface by Solvent Exchange: The Effect of Initial Solvent Concentration. Phys. Status Solidi A 2020, 217, 1900837. [Google Scholar] [CrossRef]

	



Neupane, S.; Betlem, K.; Renner, F.U.; Losada-Pérez, P. Solvent-Assisted Lipid Bilayer Formation on Au Surfaces: Effect of Lipid Concentration on Solid-Supported Membrane Formation. Phys. Status Solidi A 2021, 218, 2000662. [Google Scholar] [CrossRef]

	



Di Leone, S.; Kyropoulou, M.; Köchlin, J.; Wehr, R.; Meier, W.P.; Palivan, C.G. Tailoring a Solvent-Assisted Method for Solid-Supported Hybrid Lipid–Polymer Membranes. Langmuir 2022, 38, 6561–6570. [Google Scholar] [CrossRef] [PubMed]

	



Di Leone, S.; Vallapurackal, J.; Yorulmaz Avsar, S.; Kyropolou, M.; Ward, T.R.; Palivan, C.G.; Meier, W. Expanding the Potential of the Solvent-Assisted Method to Create Bio-Interfaces from Amphiphilic Block Copolymers. Biomacromolecules 2021, 22, 3005–3016. [Google Scholar] [CrossRef] [PubMed]

	



Cawley, J.L.; Santa, D.E.; Singh, A.N.; Odudimu, A.T.; Berger, B.A.; Wittenberg, N.J. Chaotropic Agent-Assisted Supported Lipid Bilayer Formation. Langmuir 2024. [Google Scholar] [CrossRef]

	



Méléard, P.; Gerbeaud, C.; Pott, T.; Fernandez-Puente, L.; Bivas, I.; Mitov, M.D.; Dufourcq, J.; Bothorel, P. Bending Elasticities of Model Membranes: Influences of Temperature and Sterol Content. Biophys. J. 1997, 72, 2616–2629. [Google Scholar] [CrossRef]

	



Prachayasittikul, V.; Isarankura-Na-Ayudhya, C.; Tantimongcolwat, T.; Nantasenamat, C.; Galla, H.-J. EDTA-Induced Membrane Fluidization and Destabilization: Biophysical Studies on Artificial Lipid Membranes. Acta Biochim. Biophys. Sin. 2007, 39, 901–913. [Google Scholar] [CrossRef]

	



Vazdar, K.; Tempra, C.; Olżyńska, A.; Biriukov, D.; Cwiklik, L.; Vazdar, M. Stealthy Player in Lipid Experiments? EDTA Binding to Phosphatidylcholine Membranes Probed by Simulations and Monolayer Experiments. J. Phys. Chem. B 2023, 127, 5462–5469. [Google Scholar] [CrossRef]

	



Ferhan, A.R.; Jackman, J.A.; Cho, N.-J. Investigating How Vesicle Size Influences Vesicle Adsorption on Titanium Oxide: A Competition between Steric Packing and Shape Deformation. Phys. Chem. Chem. Phys. 2017, 19, 2131–2139. [Google Scholar] [CrossRef]

	



Demetzos, C. Differential Scanning Calorimetry (DSC): A Tool to Study the Thermal Behavior of Lipid Bilayers and Liposomal Stability. J. Liposome Res. 2008, 18, 159–173. [Google Scholar] [CrossRef]

	



Di Foggia, M.; Bonora, S.; Tinti, A.; Tugnoli, V. DSC and Raman Study of DMPC Liposomes in Presence of Ibuprofen at Different pH. J. Therm. Anal. Calorim. 2017, 127, 1407–1417. [Google Scholar] [CrossRef]

	



Cho, N.-J.; Frank, C.W.; Kasemo, B.; Höök, F. Quartz Crystal Microbalance with Dissipation Monitoring of Supported Lipid Bilayers on Various Substrates. Nat. Protoc. 2010, 5, 1096–1106. [Google Scholar] [CrossRef]

	



Keller, C.A.; Kasemo, B. Surface Specific Kinetics of Lipid Vesicle Adsorption Measured with a Quartz Crystal Microbalance. Biophys. J. 1998, 75, 1397–1402. [Google Scholar] [CrossRef]

	



Richter, R.; Mukhopadhyay, A.; Brisson, A. Pathways of Lipid Vesicle Deposition on Solid Surfaces: A Combined QCM-D and AFM Study. Biophys. J. 2003, 85, 3035–3047. [Google Scholar] [CrossRef]

	



Bibissidis, N.; Betlem, K.; Cordoyiannis, G.; Bonhorst, F.P.; Goole, J.; Raval, J.; Daniel, M.; Góźdź, W.; Iglič, A.; Losada-Pérez, P. Correlation between Adhesion Strength and Phase Behaviour in Solid-Supported Lipid Membranes. J. Mol. Liq. 2020, 320, 114492. [Google Scholar] [CrossRef]

	



Yarrow, F.; Kuipers, B.W.M. AFM Study of the Thermotropic Behaviour of Supported DPPC Bilayers with and without the Model Peptide WALP23. Chem. Phys. Lipids 2011, 164, 9–15. [Google Scholar] [CrossRef]

	



Gerelli, Y. Phase Transitions in a Single Supported Phospholipid Bilayer: Real-Time Determination by Neutron Reflectometry. Phys. Rev. Lett. 2019, 122, 248101. [Google Scholar] [CrossRef]

	



Feng, Z.V.; Spurlin, T.A.; Gewirth, A.A. Direct Visualization of Asymmetric Behavior in Supported Lipid Bilayers at the Gel-Fluid Phase Transition. Biophys. J. 2005, 88, 2154–2164. [Google Scholar] [CrossRef]

	



Redondo-Morata, L.; Giannotti, M.I.; Sanz, F. Structural Impact of Cations on Lipid Bilayer Models: Nanomechanical Properties by AFM-Force Spectroscopy. Mol. Membr. Biol. 2014, 31, 17–28. [Google Scholar] [CrossRef]








[image: Sensors 24 06093 g001] 





Figure 1. The QCM-D sensing and schematic representations of the lipid bilayer formation for the SALB (A,C) and VAFR (B,D) methods. The lower panels (C,D) display typical QCM-D signal responses for a DPPC bilayer formation performed on SiO2 substrate at 52 °C, using HEPES as a buffer, via the SALB and the VAFR methods, respectively. The frequency (Δf) and dissipation (ΔD) shift from the 3rd to the 9th overtones are presented. Panels (A,B) are explanatory schemes of the events occurring during the corresponding steps highlighted in the green squares. 
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Figure 2. The influence of the solid surface on a DPPC SALB, performed at 15 °C is shown here for Au (yellow curves) and SiO2 (grey curves). The frequency and the dissipation changes of the 3rd overtone are shown for both cases on the left panel (A) and the right panel (B), respectively. 
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Figure 3. The frequency shifts for the overtones n = 3, 5, 7, and 9 are shown for DPPC (in HEPES) SALBs, performed at 15 °C, on Au (left panel (A)) and SiO2 (right panel (B)), respectively. In the case of Au, a split of the overtones is observed at the final plateau values, whereas in the case of SiO2, the values are almost identical. 
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Figure 4. The influence of adsorption temperature on a DPPC SALB for Au (left panels (A)) and SiO2 (right panels (B)) substrates; the frequency and dissipation changes are shown for the 3rd overtone at the top and bottom layers of each panel, respectively. Data obtained at 15 °C are represented in blue, whereas the ones at 52 °C are in red. The dashed lines serve as guides to the eye, denoting the QCM-D frequency shifts corresponding to a complete and homogeneous SLB surface coverage [36,54]. 
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Figure 5. The influence of three different buffers (HEPES, TRIS, TRIS/EDTA) on the SALB process and the melting phase transition of DPPC and DMPC. The left panels show the QCM-D frequency response (3rd overtone) along the SALB formation of DPPC (panel (A)) and DMPC (panel (C)) on SiO2. The right panels show the temperature derivatives of frequency changes (3rd overtone) upon heating the DPPC (panel (B)) and DMPC (panel (D)) bilayers. Heating runs were performed with a scanning rate of 0.4 °C/min. The data obtained using HEPES, Tris, and Tris-EDTA buffers are represented in blue, cyan, and black, respectively. The red arrows mark the main transition peak of the lipid melting when visible (~42.5 °C for DPPC and ~24.5 °C for DMPC). 
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Figure 6. Comparative bar charts of the QCM-D average (overtones n = 3, 5, 7, and 9) values of the frequency and dissipation shifts occurring during the DPPC and DMPC SALB formation. The values are shown as a function of the adsorption temperature and the substrate (top panels (A,B)) for the same buffer (Tris) and as a function of the adsorption temperature and the type of buffer (bottom panels (C,D)) for the same surface (SiO2). In all panels, DPPC values are represented in green and DMPC ones in blue. The colored planes in panels (A,C) serve as guides to the eye, denoting the average values, as widely accepted in the literature [54,55], for a complete and homogeneous SLB. 
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Figure 7. Comparison of the QCM-D final (absolute) values of the frequency (panel (A)) and dissipation (panel (B)) shifts obtained in the case of DPPC SALBs and DPPC SLBs produced by the VAFR method, performed on SiO2 surfaces at 52 °C. 
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