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Abstract:
Melting of brain sphingomyelin (bSM) manifests as a broad feature in the DSC curve that encompasses the temperature range of 25 – 45 °C, with two distinguished maxima originating from the phase transitions of two the most abundant components: C24:1 (Tm,1) and C18:0 (Tm,2). While C24:1/C18:0 sphingomyelin transforms from the gel/ripple phase to the fluid/fluid phase, the dynamics of water molecules in the interfacial layer remain completely unknown. Therefore, we carried out a calorimetric (DSC), spectroscopic (temperature-dependent UV-Vis and fluorescence) and MD simulation study of bSM in the absence/presence of Laurdan® (bSM  L) suspended in Britton-Robinson buffer with three different pH values, 4 (BRB4), 7 (BRB7) and 9 ​​(BRB9), and of comparable ionic strength (I = 100 mM). According to DSC, m, 1 (≈ 34.5 °C/≈ 32.1 °C) and m, 2 (≈ 38.0 °C/≈ 37.2 °C) of bSM suspended in BRB4, BRB7, and BRB9 in the absence/presence of Laurdan® are found to be practically pH-independent. Turbidity-based data (UV-Vis) detected both qualitative and quantitative differences in the response of bSM suspended in BRB4/BRB7/BRB9 (m:  35 °C/32.0  0.2 °C/36.4  0.4), suggesting an intricate interplay of weakening of van der Waals forces between their hydrocarbon chains and of increased hydration in the polar headgroups region during melting. The temperature-dependent response of Laurdan® reported a discontinuous, pH-dependent change in the reorientation of interfacial water molecules that coincides with the melting of C24:1 lipids (on average, m (LTC/HTC): ≈ 31.8 °C/30.6 °C/30.5 °C). MD simulations elucidated the impact of Laurdan® on a change in the physicochemical properties of bSM lipids and characterized the hydrogen bond network at the interface at 20 °C and 50 °C.
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1. Introduction
[bookmark: _Hlk160455898]Sphingomyelins (SMs) are the most common class of sphingolipids dominantly found in the outer leaflets of plasma membranes in plant and animal cells (Li et al., 2016). As the only phospholipids that instead of a glycerol backbone contain a sphingosine one (Zheng et al., 2006), by employing both alcohol and amino groups SMs are more prone to both inter- and intramolecular hydrogen bonding than, for instance, phosphocholines (PCs) which contain the same polar headgroup as SMs (Arsov et al., 2018; Massey, 2001; Slotte, 2016). Moreover, owing to their capability to associate with cholesterol, SMs are essential for the formation of lipid rafts, i.e. transient and unique lateral nanodomains (Cebecauer et al., 2018; Hirano et al., 2022; Olsen and Færgeman, 2017; Simons and Toomre, 2000; Simons and Vaz, 2004) that are considered to be responsible cell signaling and membrane trafficking (De Wit et al., 2015). Along with the already mentioned sphingosine backbone and polar phosphocholine moiety, SMs contain an amide-bonded acyl chain with variable length and (un)saturation degree. In particular, the length of N-linked acyl chains usually varies between 14 and 24 C-atoms (Barenholz and Thompson, 1980; Manni et al., 2018; Niemelä et al., 2006) and their saturation or the presence of a single cis double bond in acyl chain drive the structural, thermotropic and functional features of SMs (Niemelä et al., 2006; Schmieder et al., 2022; Van Meer et al., 2008). 
Brain SM (bSM) is a natural SM concentrated in myelin, a lipid-enriched multibilayered membrane wrapped around the axon that ensures efficient conduction of neural impulses (Barnes-Vélez et al., 2023). As other SMs obtained from natural sources (Arsov et al., 2018; Barenholz et al., 1976; Quinn and Wolf, 2009; Shaw et al., 2012), bSM exists as a mixture of SMs with different acyl chain lengths/(un)saturation degree. Dominant components are N-stearoyl-D-erythro-sphingosylphosphorylcholine (C18:0) having 50% of mole fraction and N-nervonoyl-D-erythro-sphingosylphosphorylcholine (C24:1) having 21% of mole fraction (other components are C22:0 (7%), C24:0 (5%), C20:0 (5%) and C16:0 (2%) (Byrdwell and Perry, 2006; Calhoun and Shipley, 1979)
[bookmark: _Hlk160116081]To understand the role of bSM in maintaining the insulating and supporting properties of myelin, the structural and thermotropic properties of pure bSM membranes were assessed using nuclear magnetic resonance spectroscopy (NMR) combined with high-performance liquid chromatography (HPLC) (Byrdwell and Perry, 2006; Cullis and Hope, 1980), X-ray diffraction (Maulik and Shipley, 1995; Tristram-Nagle, 2007), differential scanning calorimetry (DSC) (Calhoun and Shipley, 1979), steady-state probe-partitioning FRET (SP-FRET) (Heberle et al., 2010), small-angle neutron scattering (SANS) (Petruzielo et al., 2013) and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Oborina and Yappert, 2003). Among the properties that have attracted considerable attention, almost central is the melting profile of fully hydrated bSM lipids spanning the physiological temperature range (25-45 °C) (Calhoun and Shipley, 1979; Meyer et al., 1999). Discrepancies observed in the literature regarding the number of peaks in the DSC curves were dominantly attributed to differences in the proportions of individual components (sphingomyelins of a certain acyl chain length) (Barenholz et al., 1976; Barenholz and Thompson, 1980; Calhoun and Shipley, 1979; Kodama et al., 2004) and to a certain degree in the preparation fashion (Meyer et al., 1999). In a calorimetric and microscopic study of bSM prepared in the form of multilamellar liposomes (MLVs) Meyer et al. observed an envelope in the melting profile of bSM with two maxima at 35 °C and 38 °C and demonstrated that thermotropic properties can be also affected by the bSM preparation procedure (Meyer et al., 1999). More importantly, using freeze-fracture electron microscopy (FFEM) they detected rippled surface of bSM bilayers in the range of physiological temperatures, which seems to be common for egg SM (eSM) and milk SM (mSM), i.e. for all SMs of natural origin (Arsov et al., 2018; Barriga et al., 2015; Leidy et al., 2002). To associate the thermotropic events that generate the observed melting profile of bSM with the structural features, Shaw et al. conducted a detailed study on fully hydrated bSM (along with eSM and mSM) (Shaw et al., 2012). Using SAXS and WAXS measurements they concluded that the melting profile of bSM can be separated into two dominant events: i) the melting of C24:1 lipids at lower temperatures, i.e. their transition from the gel phase (L) to the fluid phase (L) mainly as a consequence of the weakening of the van der Waals interactions between the hydrocarbon chains with a peak at the melting temperature (Tm,1 in bSM); and ii) the melting of C18:O lipids at higher temperatures (Tm,2 in bSM). As C18:0 lipids form a ripple phase (P'), the second maximum in the DSC curve originates from the phase transition P'  L (Tm,2 in bSM) (Shaw et al., 2012). Interestingly, once C24:1 lipids are melted, along with C18:0-originated ripples at the bSM surface, additional curved patterns such as macro ripples and sponge-like networks are seen in FFEM images. Owing to the packing frustration of long-chained and melted C24:1 lipids, the latter presumably form smaller vesicles (exclusively C24:1-based) that exist in the equilibrium along with MLVs formed from other bSM components (Meyer et al., 1999; Shaw et al., 2012). 
[bookmark: tw-target-text_Copy_2]Although several decades of research into the thermotropic properties of bSM lipids have enabled the breakdown of their melting into dominant steps with the characterization of accompanying structural features, it is necessary to emphasize that most of the described properties relate mostly to the lipid molecules themselves, especially the hydrocarbon chains (Quinn and Wolf, 2009). As opposed to that, the findings on the structural and functional role of water as a component essential for MLVs existence are more than scarce, especially in the context of variations in medium pH values that influence interfacial electrostatics of zwitterionic lipid bilayers (Watanabe et al., 2019; Zhou and Raphael, 2007). Aiming to characterize the fundamental dynamical features of water molecules found in the interfacial layer of bSM (Fig. 1), we performed a detailed calorimetric (DSC) and spectroscopic (UV-Vis and fluorescence) study of bSM hydrated with Britton-Robinson buffer (BRB) with pH values 4, 7 and 9. The temperatures of the dominant thermotropic events (Tm,1 and Tm,2) and accompanied calorimetric enthalpies (Hcal) were determined from DSC curves and compared with the values obtained from turbidity-based measurements. The latter addresses the utility of temperature-dependent UV-Vis spectroscopy in the determination of not only the phase transition temperatures of the lipid bilayer, regardless of their cooperativity degree (Maleš et al., 2022a), but also in temperature-induced variations in structural features at liposome surface (Maleš et al., 2023, 2022b; Pašalić et al., 2023). Additionally, we have recently demonstrated that the temperature-dependent fluorescent spectra of Laurdan® incorporated in a lipid bilayer can record their phase transition temperatures.(Brkljača et al., 2022). As Laurdan®  senses the changes in reorientation dynamics of water molecules in the interfacial layer (Bagatolli, 2006; Orlikowska-Rzeznik et al., 2023) upon lipid phase transitions (Chandra et al., 2023), when incorporated in bSM-constituted MLVs it reports which event is crucial for the change of reorientation dynamics of bSM lipids. Along with experimental research, we performed a computational (MD) study to elucidate potential Laurdan®-induced changes in bSM physicochemical properties, as well as the hydration pattern of bSM at 20 °C and 50 °C.
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Fig. 1. Structural formula of: a) bSM and b) Laurdan®.
2. Experimental
2.1 Chemicals and lipid suspensions preparations
[bookmark: _Hlk156808489]Brain sphingomyelin (bSM) was purchased as a white powder from Avanti Polar Lipids (≥ 99 %, porcine) and used for the preparation of stock solution in concentration of γ(bSM) = 10 mg ml−1 in chloroform (CHCl3; colorless liquid, p.a., Carlo Erba). The lipophilic probe Laurdan® (L; 6-dodecanoyl-2-dimethylaminonaphthalene, white powder, Mr = 353.54, purity  98 %) purchased from ThermoFisher Scientific was dissolved in chloroform (CHCl3; colorless liquid, p.a., Carlo Erba) to make up the concentration of γ(L) = 7 mg ml−1. The prepared solutions were kept under −4 °C. An amount of 3 ml of bSM stock solution was pipetted in four flasks; two of them contained only the solution of bSM, whereas in the other two Laurdan® stock was added in an amount needed to gain x(L) = 2%. The films of bSM  2% mol Laurdan® (bSM  L) were made on a rotary evaporator under pressure (600 to 100 mbar) to eliminate CHCl3 from the samples and each film was then dried under an Ar stream. 
[bookmark: _Hlk100053249][bookmark: _Hlk100134987][bookmark: _Hlk100135442]bSM  L films were hydrated with Britton-Robinson (BRB) buffer composed by NaOH (T.T.T. doo, p.a.), CH3COOH (Gram-Mol, p.a.), H3PO4 (Kemika, w= 85%), H3BO3 (Krka, p.a.), NaCl (Kemika, p.a.) (Cerdrá and Mongay, 2017). The measured pH values of BRB were 4.0 (≈ 4; BRB4), 7.3 (≈ 7; BRB7), and 9.0 (≈ 9; BRB9). After that, films were dissolved with 6 ml of BRB4/BRB7/BRB9 to gain a mass concentration of γ =5 mg ml−1. The multilamellar liposomes (MLVs) preparation is a three-step cycle that is repeated multiple times until a homogeneous white suspension is obtained. The first step is vortexing, then heating in a hot H2O bath (heated up to 50 °C) and cooling in an ice bath (~ 4 °C). Each step took 2 minutes and the whole procedure was performed in three to five cycles. Finally, the prepared multilamellar bSM+2% mol Laurdan® white suspensions (γ = 5 mg ml−1) were used for DSC measurements and were diluted for other measurements: γ = 1 mg ml−1 (UV/ Vis), γ = 0.05 mg ml−1 (DLS) and γ = 0.125 mg ml−1 (fluorimetry).
2.2 Determination of the size of liposomes: DLS measurements and data analysis
The size distribution of bSM MLVs was measured with dynamic light scattering using a photon correlation spectrophotometer equipped with a 532 nm (green) laser (Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK). The average hydrodynamic diameter (dh) was specified as the value at the peak maximum of the volume-size distribution. The reported results correspond to the average of six measurements at 25 °C. The data processing was done by the Zetasizer software 7.13 (Malvern Instruments). The average hydrodynamic diameter values of the bSM MLVs (γ = 0.05 mg ml−1) were in the range of 100 nm ≤ dh ≤ 550 nm, and bSM+L MLVs were in the range of 100 nm ≤ dh ≤ 300 nm (Fig. S1).
2.3 DSC: data acquisition and analysis
[bookmark: _Hlk118367387]The microcalorimeter Nano-DSC, TA Instruments (New Castle, USA) was used for DSC measurements of bSM  L MLVs. Before the samples were put in the instrument, they were in a degassing station for 10 min. The temperature interval for samples was 10– 60 °C at scan rates of 1 °C min−1, as well as for reference solutions (BRB4, BRB7, and BRB9). Every lipid suspension was recorded two times in two heating-cooling cycles, whereas the reference buffers were recorded once. Since the second heating run is considered to be free from thermal history (Chen et al., 2010), thermotropic properties of bSM in two buffers were determined using Nano Analyze software package as follows: i) DSC trace of particular buffer was subtracted from corresponding DSC trace of respective bSM suspension, ii) in the temperature range 20-50°C the resulting trace was baseline corrected, iii) by integrating the surface under the curve Hcal obtained (Lewis et al., 2006).  
2.4 Temperature-dependent UV-Vis and fluorescent spectroscopy: Data acquisition and spectral analysis
UV-Vis spectra were measured on the UV-Vis spectrophotometer Thermo Scientific Nanodrop 2000 (Thermo Fisher Scientific, USA) in the spectral range of 250– 500 nm. The samples were pipetted into quartz cuvettes of 1 ml total volume and placed in a temperature-controlled cuvette holder. Every sample was recorded in the temperature interval of 20–50 °C in four different cuvettes, except for BRB4, BRB7, and BRB9 solutions which were recorded only once. 
Fluorescence measurements were performed on an Agilent Cary Eclipse fluorometer by use of slits corresponding to the bandpass of 2.5 nm for the excitation and 5 nm for the emission. The sample concentrations were adjusted to 0.125 mg ml−1 and measurements were performed by exciting the samples at the wavelength of 380 nm in three separated cuvettes. The temperature increased from 20 °C to 50 °C in intervals of 1°C. The references were recorded cuvettes with buffers.
Obtained temperature-dependent UV-Vis/fluorescent spectra were smoothed (Savitzky-Golay; polynomial of a 3rd degree and 10 points) (F. Menges, 18.03.2024) and examined in the wavelength range 250–300 nm/400-600 nm that displays the greatest sensitivity on sample turbidity change/the signal of Laurdan® (Brkljača et al., 2022; Maleš et al., 2022a, 2022b) (Fig. 2a/2b present representative temperature-dependent UV-Vis/fluorescent spectra of bSM suspended in BRB7). 
The temperature-dependent fluorescence spectra were baseline-corrected in the spectral range 400-600 nm ensuring that at x = 600 all spectra have value 0 at the ordinate. Expectedly, Laurdan® incorporated in bSM lipid bilayers displayed displacement of the signal maximum to the high-wavelength region upon heating bSM suspensions, with a discontinuity observed at/near the phase transition temperature (Brkljača et al., 2022) (Fig. 2b).
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Fig. 2. Temperature-dependent: a) UV-Vis and b) fluorescent spectra of bSM  L MLVs suspended in BRB7 acquired in the temperature range 20-50 °C. The spectra obtained at the lowest (20 °C) and the highest (50 °C) temperatures are highlighted with magenta/purple solid curves. The spectral profiles of the first/first and second principal component/principal components obtained from MCA are labeled with magenta/magenta and purple dotted curves. The position and the displacement of the signal maximum in temperature-dependent fluorescence spectra are emphasized with a gray rectangle.

The prepared temperature-dependent UV-Vis/fluorescent spectra were further analyzed by multivariate curve analysis (MCA) thoroughly described in (Maleš et al., 2022a). Briefly, this approach is based on representing the spectral data as a matrix (D) that can be obtained as a product of two factors: one of them is the spectrum of particular species in a certain wavelength range (matrix of the spectral profile of particular species, S), and another is the concentration of the particular species (matrix of the concentration profile of particular species, C): 
D = CST + E 											(1)
In the expression above E stands for residual matrix that contains unexplained data, i.e. the information not contained in C and S. 
Before performing MCA (De Juan et al., 2014) using publicly available Matlab code (Jaumot et al., 2005), the number of components that constitute the data matrix D has to be assumed. In the temperature-dependent UV-Vis spectra, owing to a heating-induced decrease in suspension turbidity in the wavelength range 250-300 nm and consequently absorbance decrease, one (first) principal component exhausts all spectral variance with the temperature. 
On the contrary, in temperature-dependent fluorescence spectra Laurdan® signal displays not only the intensity change but also the displacement of the signal maximum (wavelength range 400-600 nm) as a consequence of the lipid bilayer phase change (Osella and Knippenberg, 2019). Thus, in the fluorescent spectra, the total temperature-dependent spectral variance is expressed as a linear combination of two components: a low- and a high-temperature component (LTC and HTC/first and second principal component), where the concentration of one component increases/decreases at the expense of a decrease/increase of the other component.
The concentrational profiles of the (first) principal component (UV-Vis) and the LTC and HTC (fluorescence) are sigmoidal and their inflection points, associated with structural changes within lipid bilayers (Brkljača et al., 2022; Maleš et al., 2023, 2022b; Pašalić et al., 2023), are obtained by fitting the curves on a single Boltzmann profile. 
The inflection point of the obtained curve for bSM in BRB4 was visually estimated to be at ~ 35 °C, but mathematically was not possible to obtain a physically meaningful value. On the contrary, for bSM in BRB7, the inflection point gave Tm = 32.0  0.2 °C (R2 = 0.999) and for bSM in BRB9 the inflection point was at Tm = 36.4  0.4 °C (R2 = 0.999). On the other hand, the concentrational profiles of LTC and HTC obtained from MCA of temperature-dependent fluorescent spectra, exhibited physically and statistically reasonable values for all three systems: Tm (LTC) = 32.4  0.3 °C (R2 = 0.999) and Tm (HTC) = 31.2  0.2 °C (R2 = 0.999) for bSM+L in BRB4, Tm (LTC) = 30.3  0.2 °C (R2 = 0.999) and Tm (HTC) = 30.8  0.1 °C (R2 = 0.999) for bSM+L in BRB7, and Tm, LTC = 30.2  0.1 °C and Tm, HTC  = 30.8  0.2 °C for bSM+L in BRB9. The corresponding intersection points were found at Ti ≈ 31.4 °C/ 30.0 °C/31.9 °C for bSM+L in BRB4/BRB7/BRB9 (all values are additionally listed in Table 1). 
Additionally, the temperature at which lipid order was altered was determined from Laurdan® generalized polarization (GP) data. The results are presented in Supporting Information (Fig. S2) and briefly compared with those obtained by MCA.
3. Molecular dynamics simulations
Simulations of bSM bilayers in gel and fluid phases in the presence and absence of Laurdan® were conducted by classical molecular dynamics (MD) in the program package GROMACS 2020.0 (Abraham et al., 2015). The bilayer was generated by the CHARMM-GUI Membrane Builder module (Wu et al., 2014). It consisted of a total of 192 lipid molecules evenly divided into two leaflets: 4 of C16:0, 108 of C18:0, 10 of C20:0, 16 of C22:0, 10 of 24:0, and 44 of C24:1. It was solvated with 14400 water molecules, and 9 Na+ and 9 Cl− ions were added to achieve the experimental ionic strength. The lipids were modeled using the CHARMM36m force field (Klauda et al., 2010), and the TIP3P model was used for water (Jorgensen et al., 1983). Standard CHARMM-GUI procedure was used to equilibrate the bilayers at 20 °C and 50 °C. Laurdan® was parametrized using CGenFF (VANOMMESLAEGHE et al., 2010) and the parameters are listed in Table S1 in Supporting Information. 4 Laurdan® molecules (2%) were added into each simulation box into the water phase. They were introduced into the membrane by short (5 ns) pull simulations using the umbrella harmonic potential. The probes were pulled at the rate of 0.0008 nm/ps and with the force constant of 1000 kJ mol-1 nm-2, across 4 individual reaction coordinates following the z-axis, between the center of mass of the molecule and the center of mass of a cylindrical cross-section of the bilayer below the probe. bSM+L bilayers were re-minimized and re-heated for 200 ps in the NVT ensemble. Both bSM and BSM+L systems then underwent a production run of 500 ns in the NpT ensemble at 20 °C and 50 °C. Temperature control was achieved through the Nosé-Hoover thermostat (Nosé, 1984) with a time constant of 1 ps, and pressure control through the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) with semi-isotropic pressure coupling and the time constant of 2 ps (target pressure of 1 bar). The cutoff for van der Waals and short-range Coulomb interactions was 1.2 nm with the switching function activated at 1.0 nm. Particle mesh Ewald (PME) was used for long-range Coulomb interactions (Essmann et al., 1995). LINCS was used to constrain bonds involving hydrogen. 3D periodic boundary conditions were used in all simulations, and the time step was 2 fs. Data analysis and visualization were conducted using GROMACS modules and Visual Molecular Dynamics (VMD) (Humphrey et al., 1996). The equilibration period of the production runs was determined based on the stabilization of the membrane surface (defined by x and y box lengths), and only the last 200 ns were included in the analysis. All results are presented as an average of 3 independent replicates.
4. Results and discussion
4.1 Thermotropic and spectroscopic response of bSM suspended in BRB4, BRB7 and BRB9
[bookmark: _Hlk160448653]Existing as a mixture of lipids with different lengths and degrees of unsaturation of hydrocarbon chains (Byrdwell and Perry, 2006), dominated by those of C18:0 and C24:1, the melting profile of bSM observed by DSC extends from, roughly, 20 °C to 45 °C (Fig. 3a, b and c). Agreeing to the previously published data (Calhoun and Shipley, 1979; Kodama et al., 2004; Meyer et al., 1999; Shipley et al., 1974), it shows two maxima in all three buffers, i.e. at all three pH values: in BRB4 at Tm, 1  = 34.7  0.1 °C and Tm, 2 = 37.9  0.1 °C, in BRB7 at Tm, 1 = 34.5  0.1 °C and Tm, 2 = 38.2  0.1 °C, and in BRB9 at Tm, 1 = 34.4  0.1 °C and Tm, 2 = 37.8  0.1 °C. For suspensions of bSM with incorporated Laurdan® the maxima in DSC curves are, expectedly (Brkljača et al., 2022; Heimburg, 2007), slightly displaced to the lower temperatures; for bSM+L suspended in BRB4 the maxima are registered at Tm, 1 = 31.9  0.1 °C and Tm, 2 = 37.4  0.1 °C, and for bSM+L suspended in BRB7 at Tm, 1 = 32.0  0.1 °C and Tm, 2 = 37.0  0.1 °C, and for bSM+L suspended in BRB9 at Tm, 1  = 32.3  0.1 °C and Tm, 2 = 37.0  0.1 °C. Accordingly, the change in the medium pH while maintaining the ionic strength does not alter the melting profile of bSM in qualitative terms, irrespective to the presence of Laurdan®. Additionally, Hcal values determined in this work were on average 31 ± 4 kJ mol−1 (Table 1), regardless to the buffer pH or the absence/presence of Laurdan®, and they coincide with the literature-reported values for other sphingomyelins (Jiménez-Rojo et al., 2014).  
The UV-Vis spectra of bSM lipid bilayers show an expected turbidity decrease upon heating from 20-50 °C (Fig. 2) (Maleš et al., 2022a). Since the turbidity of lipid suspensions is a function of the temperature-dependent change in the refractive index of a medium as well as of the lipid phase transition(s) (see Supporting Information in (Maleš et al., 2021) for more details), the former exhibits a discontinuity which seems to be more distinguished in bSM suspension made in neutral or alkaline BRB than in acidic one (Fig. 3d, e and f). By comparing the DSC data of bSM suspended in BR4B/BRB7/BRB9 (Fig. 3a, b and c) with corresponding UV-Vis spectra (Fig. 3d, e and f), which is possible since both data sets reflect thermotropic properties of the suspensions (Maleš et al., 2023, 2022a, 2022b), two important findings rise. First, for bSM suspended in BRB4, the inflection point cannot be obtained by fitting, although visually it is assumed to be at about 35 °C (Tm). On the contrary, the corresponding quantity for bSM suspended in BRB7 and BRB9 is Tm = 32.0  0.2 °C and Tm = 36.4  0.4 °C, respectively. The origin for this phenomenon probably derives from the larger uncertainty in bSM in RB4B system so that discontinuity in the temperature-dependent spectral response of the latter is not as sharp as for bSM in BRB7 or BRB9. Second, there is only one inflection point estimated (BRB4)/obtained (BRB7 and BRB9) from concentrational profile of the measured data set, while in DSC measurements there are two maxima, i.e. two (the most significant) thermotropic events appear; according to the literature known data, the first event most likely originates from the melting (LβL) of C24:1 sphingomyelin, while another from melting (Pβ’L) of C18:0 sphingomyelin (Calhoun and Shipley, 1979; Jiménez-Rojo et al., 2014; Quinn and Wolf, 2009; Shaw et al., 2012). The detection of only one phase transition in temperature-dependent UV-Vis measurements is further entangled by the fact that estimated (bSM in BRB4) value of Tm is almost the same as Tm,1 obtained from the corresponding DSC curves, opposite to the obtained values (bSM in BRB7 and BRB9) of Tm that are for about 2 °C lower (BRB7)/higher (BRB9) that Tm,1 obtained from DSC curves (see greenish mark x on Fig. 3a, b and c). As Tm,1 is read at the maximum of DSC curve, i.e. at the point at which about 50 % of (certain) lipids are melted (Lewis et al., 2006), the discrepancies between Tm,1 (DSC) and Tm values (UV-Vis) for bSM suspended in BRB7/BRB9 might be related with the fact that the maximum in the turbidity change occurs at the beginning of melting (LβL) of C24:1 sphingomyelin lipids/when almost 50 % of C18:0 sphingomyelin lipids undergo Pβ’L phase transition. Furthermore, the detection of one inflection point only in turbidity-based measurements needs to be discussed as well. Since freeze-fracture electron microscopy data (Meyer et al., 1999) and structural (and NMR) data (Shaw et al., 2012) reported on formation of small vesicles made up from exclusively C24:1 sphingomyelin, it may be that this event simply dominates the change in turbidity for bSM in BRB7 and obscures Pβ’L transition of C18:0 sphingomyelin (and other sphingomyelin lipids having saturated hydrocarbon chains), whereas for bSM in BRB9 the reverse scenario occurs, i.e. the peak of the turbidity decrease occurs during Pβ’L phase transition of C18:0 sphingomyelin. Moreover, it cannot be neglected that the concentrational profile of a projection of temperature-dependent UV-Vis spectra does not display steep sigmoid transition for bSM, as it displays for, for instance, pure lipids like 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Maleš et al., 2022a) or 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) (Maleš et al., 2023). Instead, a slight sigmoidal transition can also represent a cumulative change in the turbidity of suspensions where the maximum appears at the temperatures observed (BBR4) or determined by fitting (BRB7 and BRB9) on a single Boltzmann profile.
[bookmark: _Hlk160449308][bookmark: _Hlk171344890][bookmark: _Hlk171345679]Since Laurdan® signal contains important information about the aqueous medium to which it is exposed to some extent, its fluorescence spectra should reflect the changes in interfacial water when bSM undergoes a phase transition (Bagatolli, 2006). Accordingly, the concentration profiles of LTC and HTC, i.e. the projections of temperature-dependent response of Laurdan® inserted in bSM (Fig. 3g, h and i), gave the inflection point (= phase transition temperature) as follows:  Tm (LTC) = 32.4  0.3 °C (R2 = 0.999) and Tm (HTC) = 31.2  0.2 °C (with Ti ≈ 31.4 °C) for BRB4,  Tm, LTC = 30.3  0.2 °C and Tm, HTC  = 30.8  0.1 °C (with Ti ≈ 31.3 °C) for BRB7, and Tm, LTC = 30.2  0.1 °C and Tm, HTC  = 30.8  0.2 °C (with Ti ≈ 31.9 °C) for BRB9, respectively. Comparing the obtained quantities with those measured from DSC of bSM+L, two phenomena emerged: i) only one inflection point is seen from concentration profiles of LTC and HTC, whereas the DSC curve displays two maxima and ii) obtained Tm (HTC/LTC) values are only partially comparable with Tm, 1 value of bSM+L (Tm, 1 = 31.9  0.1 °C in BRB4, 32.0  0.1 °C in BRB7, and 32.3  0.1 °C in BRB9), i.e. the latter is either practically equal to Tm (LTC/HTC) in BRB4, or is for about 2 °C higher than Tm (LTC/HTC) obtained in BRB7 and BRB9, respectively (see yellowish mark x on Fig. 3a, b and c). Estimated Ti values, usually associated with the temperature at which two lipid phases (low- and high-temperature phase) are in a 50% : 50% mol ratio (Maleš et al., 2021), are slightly higher than Tm (LTC/HTC) and hence deviate twice less than those determined from Tm (LTC/HTC) (1 °C/1 °C/2 °C in BRB4/BRB7/BRB9). As for Ti enhancement in comparison with Tm (LTC/HTC) values is concerned, we tentatively suggest that the former somehow generates an average response of the change in lipid order (the values provided from DSC) and reorientation of interfacial water molecules (the value obtained from Laurdan® response). Ultimately, it appears that Laurdan® incorporated in BRB4-suspended bSM senses the water reorientation when about 50% of C24:1 sphingomyelin is melted, whereas the one incorporated in BRB7/BRB9-suspended bSM registers water reorientation few degrees before then in BRB4. As the most likely cause of the deviation of the response of Laurdan® in BRB4 in relation to BRB7 and BRB9, the possibility of protonation of N-atom in N, N-dimethyl-1-naphtylamino moiety of Laurdan® in BRB4 is suggested. More specifically, since pKa value of structurally similar N, N-dimethyl-1-naphtylamine is 4.83 (at 25 °C) (Hall and Sprinkle, 1932), N-atom in Laurdan® is expected to be protonated in BRB4, but not in BRB7 and BRB9, which might modulate interfacial water reorientation dynamics (more detailed discussion on the protonation of N-atom in N, N-dimethyl-1-naphtylamino moiety is discussed in the continuation of the text). 
[image: ]
[bookmark: _Hlk160446239][bookmark: _Hlk160446413]Fig. 3. Thermotropic properties of bSM suspended in BRB4 (left column), BRB7 (middle column) and BRB9 (right column) obtained from: DSC measurements (a) bSM ± L in BRB4, b) bSM ± L in BRB7, and c) bSM ± L in BRB9); the concentrational profile of the (first) principal component obtained by MCA of temperature-dependent UV-Vis spectra (d) bSM in BRB4, e) bSM in BRB7 and f) bSM in BRB9); the concentrational profiles of the first (LTC) and second (HTC) principal components obtained by MCA of temperature-dependent fluorescent spectra (g) bSM+L in BRB4, h) bSM+L in BRB7 and i) bSM+L in BRB9). Obtained DSC and spectroscopy-derived data, as well as fitting results of the latter, are presented with solid curves. The melting temperatures obtained from DSC curves maxima (Tm,1/2) and from fitting the concentration profiles of the component(s) obtained from MCA (UV-Vis and fluorescence data; Tm and Tm (LTC/HTC)) are highlighted with dashed and dotted lines, respectively, and also written in the particular graph. Intersection points of LTC and HTC (e) and f)) are designated with short dashed lines and labeled on graphs.  
[bookmark: _Hlk160449023]
2

Table 1. Temperatures of the phase transitions (Tpt) and accompanied calorimetric enthalpies (Hcal) of bSM arranged as MLVs determined from the maxima of DSC curves (Tm, 1 and Tm, 2 for the main phase transition) andfrom inflection points of concentration profiles obtained from multivariate curve analysis (MCA) of temperature-dependent UV-Vis (Tm) and fluorescent spectra (Tm (LTC/HTC)) spectra. Note: 1st PC = LTC, 2nd PC = HTC 
	system
	Tpta (and Hcalb) as obtained from DSC, UV-Vis, and fluorescence spectroscopy

	
	DSC
	UV-Vis
	Fluorescence

	[bookmark: _Hlk164774353]
	Tm, 1a
	Tm, 2a
	Hcal(Lβ/Pβ'  L)b
	Tma
	Tm, LTCa
	Tm, HTCa

	bSM in BRB4
	34.7  0.1
	37.9  0.1
	28  2
	 35
	
	

	bSM+L in BBR4
	31.9  0.1
	37.4  0.1
	39  1
	
	32.4  0.3
	31.2  0.2

	bSM in BRB7
	34.5  0.1
	38.2  0.1
	33  2
	[bookmark: _Hlk159249519]32.0  0.2
	
	

	bSM+L in BRB7
	32.0  0.1
	37.0  0.1
	22  1
	
	30.3  0.2
	30.8  0.1

	bSM in BRB9
	34.4  0.1
	37.8  0.1
	39  1
	36.4  0.4
	
	

	bSM+L in BBR9
	32.3  0.1
	37.0  0.1
	22  1
	
	30.2  0.1
	30.8  0.2


a In °C; b In kJ mol1.

2

[bookmark: _Hlk171345827][bookmark: _Hlk171346519][bookmark: _Hlk171346666]In addition to the differences between the values ​​of phase transition temperatures obtained by DSC (Tm, 1/2) and fluorescence spectroscopy (Tm, LTC/HTC), it is also necessary to compare the deviations of the phase transition temperatures between spectroscopic measurements (see Table 1). Although the Tm values ​​obtained from the UV-Vis data in all three buffers are higher than Tm (LTC/HTC), it is evident that the magnitude of the deviation depends on the pH value:  3-4 °C for pH 4,  1-2 °C for pH 7 and  5-6 °C for pH 9. The presence of Laurdan® and its possible influence on the change in the physicochemical properties of bSM certainly emerges as one of the main causes of the aforementioned deviation (examined by molecular dynamics and explained in more detail in subsection 4.2). However, the inconsistency of the observed discrepancies suggests that the influence of the pH value on the turbidity of the bSM suspension (UV-Vis) and on the reorientation dynamics of water in the interfacial layer (fluorescence), is more significant than the interference of the bSM bilayer by the presence of Laurdan®. Even though the protonation of N-atom of N, N-dimethyl-1-naphtylamino moiety of Laurdan® at pH 4 (Hall and Sprinkle, 1932), the contribution of which is inseparable from Laurdan® overall response in BRB4 (i.e for bSM + L in BRB4) in our experiments, it has to be emphasized that certain pH-dependent variations are observed from Laurdan®-free UV-Vis measurements. Thus, in the continuation of the text, we will focus on the undoubtedly important pH impact on the bSM thermotropic and molecular properties.
[bookmark: _Hlk171346727]As Chemin et al. showed to what extent the pH value of the medium affect the thermotropic properties of eSM (Chemin et al., 2008), it is expected that different pH values of the same buffer (independent of the protonation of the N-atom of Laurdan® at pH 4) will lead to different interfacial water reorientation temperatures. The most probable cause of a pH-induced difference in the temperature at which water dynamics significantly changes stems from the electrostatic interactions of H3O+ and OH with charged functional groups of lipid molecules (cholines, phosphates) (Lee et al., 2019; Schönfeldová et al., 2021; Zhou and Raphael, 2007), as well as from the different pattern of the network of hydrogen bonds woven from water molecules, anions and HB donor/acceptor functional groups of lipids (phosphates, carbonyls, and sphingosine backbone) (Zhou and Raphael, 2007). As a result of the interactions between the mentioned species or functional groups (Garcia-Manyes et al., 2005), the surface charge density of the membrane modulates Tm and, in general, the lipid melting profile (Heimburg, 2007), and which in turn affects HB arrangement and dynamics in interfacial water layer (Schönfeldová et al., 2021). The characterization of the latter in terms of intermolecular interactions, emphasizing hydrogen bonds formed between various HB donors and HB acceptors (Alfredsson et al., 2021; de la Arada et al., 2020; Slotte, 2016), was accomplished by MD simulations. Since all three suspensions had the same composition in terms of anions and cations, the interactions of the latter with lipid functional groups were taken as systematic uncertainty and the simulations did not take them into account. Additionally, the effect of pH change was not examined due to the complexity of adequately modeling.
4.2 MD simulations: Hydration of bSM surface at 20 °C and 50 °C and the impact of Laurdan® on bSM structural parameters 
MD simulations were conducted to explore the changes in lipid-water interface at gel and fluid phases, while also examining the potential impact of Laurdan® incorporation on biasing experimental results. 
[bookmark: _Hlk173934598]The validity of simulations was checked by analyzing basic structural parameters - area per lipid (APL) and membrane thickness (MT). Calculated APL values were ~0.49 nm2 at 20 °C and ~0.55 nm2 at 50 °C, which was in good agreement with previously reported values for some SM lipids (0.44-0.52 nm2 in gel phase or 0.52-0.60 nm2 in fluid phase (Chiu et al., 2003; Hyvönen and Kovanen, 2003; Niemelä et al., 2004)). The values of MT (4.7-5.0 nm at 20 °C or 4.5-4.6 nm at 50 °C) also correspond well to literature reports (4.4-5.0 nm/ 3.8-4.4 nm gel/fluid (Chiu et al., 2003; Hyvönen and Kovanen, 2003; Niemelä et al., 2004), indicating that the simulations equilibrated to the correct phase. The significant interdigitation of opposing leaflet lipids was not observed at 20 °C. The presence of 2% Laurdan® resulted in minimal changes in membrane structural parameters which fall under simulation error (Fig. S3, Table S2 and further details can be found in Supplementary Information).
[bookmark: _Hlk173934687]Additional confirmation of the bilayer phase is obtained through acyl chain order parameters (-SCD), where high values correspond to strongly ordered gel phase lipids, while disordered fluid phase chains have low -SCD (Fig. 4, Fig. S4). In addition, the difference in ordering of C18:0 vs. C24:1 lipids can be shown as the indication of the lower melting point of C24:1, considering its degree of order is lower in gel phase compared to C18:0, even in the structurally identical sphingosine chains (Fig S4). Laurdan® appears to slightly increase ordering at 20 °C. Though not statistically significant, it is contrary to the experimental finding of lower Tm in bSM+L systems. Laurdan® and its parent compound Prodan are reported to have a complex influence on membrane organization, both introducing order or disorder depending on the location within the membrane and the excitation state (Suhaj et al., 2020, 2018). Here, the probe has only been modeled in its ground state, which is a possible cause of the discrepancy with the experiment. No effect on ordering was observed at 50 °C, possibly because the location of Laurdan® within the simulated bilayers differed in gel and fluid phases (Fig. S5, further discussion in SI).
[image: ]
[bookmark: _Hlk161601353]Fig. 4. Average acyl chain order parameters for fatty acid chain of bSM lipids in select systems, weighted according to the percentage of each lipid. The error bars represent the standard deviation.
The hydration of SM lipids in regards to the polar head and the backbone was first examined by analyzing water penetration and HB formation around choline (N(CH3)3+), phosphate (PO4−), hydroxyl (OH) and amide (NHC=O) groups. Firstly, the borders of the solvation shells were determined from the first minimum of the radial distribution function of water oxygen (OWAT) around each group’s chosen atom (Fig. S6 in Supporting Information). Then, the number of water molecules within the solvation shells of those groups was counted, and the HB formation was examined (Table 2). Bilayer hydration diminishes the further a group is located from the bilayer surface, and also with the reduced size of the group. As expected from the experimental data, there is a slight increase in the number of molecules in the hydration shells at higher temperatures, but it is still within error. The only group not showing any increase is the amide.
Table 2. The average number of water molecules around choline, phosphate, hydroxyl, and amide groups of studied systems, as well as the average number of hydrogen bonds formed by select groups/molecules.
	[bookmark: _Hlk161615531]No. of waters
	bSM 20 °C
	bSM 50 °C
	bSM+L 20 °C
	bSM+L 50 °C

	N(CH3)3+
	2106 ± 20
	2121 ± 30
	2073 ± 19
	2157 ± 28

	PO4−
	829 ± 8
	844 ± 11
	822 ± 8
	855 ± 11

	OH
	165 ± 5
	170 ± 7
	162 ± 6
	176 ± 6

	NHC=O
	341 ± 6
	324 ± 9
	329 ± 6
	336 ± 10

	HB type
	bSM 20 °C
	bSM 50 °C
	bSM+L 20 °C
	bSM+L 50 °C

	SM-water
	1250 ± 14
	1200 ± 16
	1235 ± 20
	1225 ± 18

	SM-SM
	267 ± 4
	271 ± 5
	270 ± 4
	268 ± 5

	PO4−-water
	855 ± 8
	835 ± 9
	844 ± 7
	842 ± 9

	OH-water
	120 ± 4
	121 ± 5
	117 ± 4
	125 ± 5

	NHC=O-water
	200 ± 4
	184 ± 5
	191 ± 4
	187 ± 5



[bookmark: _Hlk173934732]Not all waters within a hydration shell form HBs, since those require particular alignment of donors and acceptors. The criteria for recognition of an HB in the simulation are a donor-acceptor distance of ≤0.35 nm and an acceptor-donor-hydrogen angle of ≤30 °. HB analysis shows very little difference between the systems. SM lipids form slightly fewer HBs with water at 50 °C compared to 20 °C, but the addition of Laurdan® negates that effect. Lipid-lipid bonding is the same regardless of temperature or probe insertion. When monitoring specific groups, phosphate and amide form slightly more bonds at 20 °C without Laurdan®, but OH is showing no difference. The choline group did not form HBs with water due to steric effects and its hydration is due to dipole-charge interactions. Further investigation of HB network patterns (Table S3) showed that the majority of water molecules form only one HB with one lipid molecule (~ 80%), 14-16 % of waters form a bridge by binding two neighboring lipids, and 3-4 % establish two HBs with the same lipid. Other patterns represent <1% of bonds. Again, neither temperature nor the presence of Laurdan® seems to affect the network. The absence of meaningful effects is notable in itself since the differences in the system should result in some discrepancies. The increase in temperature and higher kinetic energy of molecules should result in an HB decrease (Swiatla-Wojcik et al., 2008). On the other hand, the increase in APL and membrane disorder in the fluid phase should allow for better penetration of water into the bilayer, and more lipid-water HBs, but lipid-lipid interactions are expected to reduce (Kagawa et al., 2013). Here, the interplay of both effects appears to result in similar H-bonding all around. 
[bookmark: _Hlk173934754][bookmark: _Hlk161616426]The lack of HB differences at high temperatures may also be related to water dynamics at the bilayer interface. Following the procedure of Kagawa et al. (Kagawa et al., 2013), interfacial water was defined as all water within 1 nm of the P-atom, because that is the distance at which the water-P RDF becomes constant (Fig S6b). The dynamics of interfacial water were analyzed and compared to bulk water. In agreement with previous research (Chandra et al., 2023; Srivastava and Debnath, 2018), interfacial water has a lower diffusion coefficient compared to bulk: ~2.8∙10−5/~4.7∙10−5 cm2 s−1 at 20/50 °C vs. ~5.0∙10−5/~7.0∙10−5 cm2 s−1 at 20/50 °C (Table S4). Still, interfacial water mobility is almost doubled at higher temperatures, indicating a faster exchange with bulk. Rotational autocorrelation functions calculated for a period of 200 ps (Fig. 5) show a faster drop towards zero at higher temperatures, confirming significant temperature-driven rotational fluctuations. Therefore, both parameters indicate a faster rate of HB perturbation at 50 °C. However, they also show that the interfacial water is more strongly affected by temperature changes than bulk water since its dynamics are not solely dependent on kinetic energy increase, but also on the rearrangement of the bilayer and lipid interactions, which is the key to understanding experimental phenomena. 
[bookmark: _Hlk173940349][bookmark: _Hlk174096623]Though MD did not fully reproduce experimental results, the absence of notable differences at the ends of the observed temperature spectrum might suggest large perturbations occur predominantly at melting points, or that they are driven by factors absent from the simulation, such as anions from the buffer. In addition, MD shows that Laurdan® may be more than just a reporter probe, but that it participates in ordering and hydration changes, as was previously suggested by Suhaj et al. (Suhaj et al., 2020). An important limitation of this study is the lack of pH-dependent simulations, which were not performed due to the difficulty of obtaining accurate parameters for protonated Laurdan®. It is possible that Laurdan® protonation would further impact water HB formation and re-orientation, since charged species will locate more among lipid headgroups (Pem et al., 2024), which would result in better agreement with the experiment.
[image: ]
Fig. 5. Rotational autocorrelation functions of interfacial (full line) and bulk water (dashed line) for select systems. 
[bookmark: _Hlk171347961]Ultimately, all experimental results presented in this work confirmed that the key changes in the reorientation dynamics of the interfacial water are associated with the melting (LL phase transition) of C24:1 sphingomyelin lipids. Leaving aside the most likely systematic influence of Laurdan® on the change in the physicochemical properties of bSM suspended in buffers of different pH values, the medium pH affects both turbidity and water reorientation dynamics (the data provided by DSC appear to be pH-insensitive). Regarding UV-Vis data, the absence of a trend in Tm values obtained from UV-Vis data for BRB4, BRB7, and BRB9 prevents us from providing a conclusive explanation for the observed phenomenon at this moment. However, as far as the fluorescent data is concerned, it appears that H3O+ ions at pH 4, along with the protonation of N-atom of Laurdan®, enhance the local heterogeneities in sphingosine backbone hydration, reinforce the interactions between lipid polar moieties and interfacial water molecules, and overall contribute to the stabilization of the gel phase of C24:1 sphingomyelin lipids (m (LTC/HTC): ≈ 31.8 °C (pH 4) >  30.6 °C (pH 7 and pH 9) (Garcia-Manyes et al., 2005). In the context of previously reported calorimetric, structural, and microscopic findings (Kodama et al., 2004; Meyer et al., 1999; Shaw et al., 2012), it seems reasonable to assume that water pockets on bSM surface, created upon release of C24:1 vesicles from the rest of bSM, are the hotspots in which interfacial water experience the change in reorientation dynamics. 
5. Conclusion 
[bookmark: _Hlk160544826]Melting of lipid bilayers is a process that is usually divided into two contributions: the first and dominant one is the weakening of van der Waals interactions between hydrocarbon chains, and the second one are hydration-related changes in the polar headgroup region. In this work, we demonstrated how water molecules in the interfacial region of bSM experience a sudden pH-dependent change in reorientation dynamics not in the whole melting temperature range, but at the point/temperature at which C24:1 lipids melt and form small vesicles that coexist with the rippled surface of MLVs constituted from the rest of bSM lipids (mainly C18:0). The appearance of a maximum of reorientation dynamics change suggests their connection with the formation of water pockets upon C24:1 release. More importantly, in acidic conditions Laurdan® incorporated in bSM experienced the change in reorientation dynamics at almost 2 °C higher temperature than in neutral or alkaline conditions, suggesting the contribution of H3O+ concentration on the stabilization of the gel phase of C24:1 sphingomyelin lipids. 
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