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S1. Multivariate analysis of the spectral region 2980-2820 cm−1 

In spectral region 29820-2820 cm−1 (D1) the bands originated from the (anti)symmetric 

stretching of hydrocarbon chains methylene moieties absorb ((a)sCH2); asCH2 at 30 °/50 °C 

displays maximum at 2919 cm−1/2923 cm−1, whereas sCH2 at 30 °/50 °C at 2850 cm−1/2853 

cm−1, respectively [1] (Figure S1). This spectral region was baseline-corrected by a simple 

offset at 2820 cm−1 and was subjected to MCR-ALS with EFA [2] (Figure S2).  

 

Figure S1. Baseline-corrected temperature-dependent FT-IR spectra of DMPS in the absence (left 

column) and the presence of MCE (right column) suspended in PBS at pH 6.0 (upper row), 7.4 (middle 

row), and 8.0 (bottom row). The lowest/highest (30 °C/50 °C) temperatures were highlighted with 

red/wine (DMPS, pH 6.0), orange/dark yellow (DMPS+MCE, pH 6.0), purple/violet (DMPS, pH 7.4), 

purple/pink (DMPS+MCE, pH 7.4), blue/navy (DMPS, pH 8.0) and cyan/dark cyan (DMPS+MCE, pH 

8.0). The temperature-dependent FTIR spectra are designated with solid curves, whereas spectral 
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profiles of low- and high-temperature components obtained from MCR-ALS with EFA using dotted 

curves.  

 

The concentrational profiles of low- and high-temperature components (LTC and HTC) 

generated by MCR-ALS in D1 spectral range were of sigmoid character and were fitted on a 

single Boltzmann profile (R2 ≥ 0999) (Figure S2). They resulted with the inflection points, i.e 

Tm values (Tm,1 for LTC and Tm,2 for HTC) [2] as follows (Figure S2, Table S1): Tm, 1/2 = 38.5 

± 0.1 °C/38.5 ± 0.1 °C (DMPS at pH 6.0),  Tm, 1/2 = 38.2 ± 0.2 °C/38.0 ± 0.2 °C (DMPS at pH 

7.4),  Tm, 1/2 = 37.7 ± 0.2 °C/37.6 ± 0.2 °C (DMPS at pH 8.0),  Tm, 1/2 = 38.3 ± 0.2 °C/38.2 ± 0.1 

°C (DMPS+MCE at pH 6.0),  Tm, 1/2 = 38.0 ± 0.2 °C/37.9 ± 0.1 °C (DMPS+MCE at pH 7.4),  

Tm, 1/2 = 36.9 ± 0.2 °C/37.1 ± 0.2 °C (DMPS+MCE at pH 8.0). The intersection points (Tm,i) 

were visually estimated to be at 38.5 °C (DMPS at pH 6.0), 38.0 °C (DMPS at pH 7.4), 37.0 

°C (DMPS at pH 8.0), 38.3 °C (DMPS+MCE at pH 6.0), 37.9 °C (DMPS+MCE at pH 7.4) and 

37.0 °C (DMPS+MCE at pH 8.0). 
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Figure S2. The concentrational profiles of low- and high-temperature component of DMPS in the 

absence (left column) and the presence of MCE (right column) suspended in PBS at pH 6.0 (upper row), 

7.4 (middle row), and 8.0 (bottom row). Experimentally obtained low- and high-temperature 

components were labeled with solid curves colored red/wine (DMPS, pH 6.0), orange/dark yellow 

(DMPS+MCE, pH 6.0), purple/violet (DMPS, pH 7.4), purple/pink (DMPS+MCE, pH 7.4), blue/navy 

(DMPS, pH 8.0) and cyan/dark cyan (DMPS+MCE, pH 8.0). Their fit on a single Boltzmann profile is 

designated with dotted curves of the corresponding color.  
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Table S1. Tm values (Tm,1 and Tm,2) obtained from fitting LTC (Tm,1) and HTC (Tm,2) on a single 

Boltzmann profile and from the intersection point (Tm,i) 

Tm
a 

Suspension (pH value of PBS) 

DMPS DMPS+MCE 

6.0 7.4 8.0 6.0 7.4 8.0 

Tm,1 

Tm,2 

38.5 ± 0.1 

38.5 ± 0.1 

38.2 ± 0.2  

38.0 ± 0.2 

37.7 ± 0.2 

37.6 ± 0.2 

38.3 ± 0.2 

38.2 ± 0.1 

38.0 ± 0.2 

37.9 ± 0.1 

36.9 ± 0.2 

37.1 ± 0.2 

Tm,i 38.5 38.0 37.0 38.3 37.9 37.0 

a In °C. 

Tm values obtained coincide with already reported [3,4] and display the change with pH value 

of the medium [5], especially at higher pH values. The hysteresis found between Tm values 

obtained from LTC (Tm, 1) and HTC (Tm, 2), as well as obtained from the intersection point, are 

in the range of uncertainty. Additionally, the sharpness of the transition is significantly reduced 

when MCE is incorporated in the bilayer [6].  
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S2. Additional molecular dynamics information 

 

Structural parameters 

Area per lipid (APL) was calculated by dividing the surface area of the xy plane of the 

simulation box by the number of lipids in one leaflet.  

Membrane thickness was calculated as the distance between the average positions of phosphate 

atoms of opposing leaflets obtained from the number density profiles. The error was estimated 

from the difference between symmetrized and unsymmetrized density profiles. 

The confirmation of MCE impact on membrane organization was seen from acyl chain order 

parameters (-SCD), which are a measure of the degree of order of lipid acyl chains. Higher 

values are indicative of the gel phase, where chains are ordered, whereas in fluid phase the 

chains are organized more randomly and -SCD is low. Figure S3 shows that the addition of MCE 

significantly decreases the degree of order of lipid chains at both temperatures (Figure S4). The 

values calculated for pure DMPS bilayers are consistent with experimental determination of 

deuterium order parameters at 55 °C (-SCD ~ 0.15-0.25) [7]. Other MD simulations produced -

SCD ~ 0.05-0.30 at 60 °C and -SCD ~ 0.10-0.40 at 30 °C [8], or -SCD ~ 0.13-0.25 at 37 °C [9], 

but those were conducted in the presence of 15% cholesterol or 3% amlodipine, respectively.  

 

Figure S3 Order parameters of acyl chains for DMPS and DMPS+MCE systems at 30 °C and 50 °C, 

obtained from molecular dynamics simulations.  
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Figure S4. Representative snapshots of lipid bilayers in the production runs of molecular dynamics 

simulations: a) DMPS at 30 °C, b) DMPS at 50 °C, c) DMPS+MCE at 30 °C and d) DMPS+MCE at 

50 °C. Lipids are shown in Line mode with the acyl chains painted in gray. Phosphorus atoms are shown 

as gold spheres. MCE is shown in Licorice mode in violet, and water molecules as cyan dots. Black 

outlines represent the edges of the simulation boxes. 

 

Chain tilt angle is another parameter showing acyl chain ordering (Figure S5). Here, it was 

calculated as an angle between the vector formed by carbonyl C and terminal methyl C of each 
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chain with the z axis (membrane normal). Bilayers with a high degree of order, such as DMPS 

at 30 °C, have a narrow angle distribution. 

 

Figure S5. The histograms showing the distribution of chain tilt angles of DMPS and DMPS+MCE 

systems for sn-1 chain (a) and sn-2 chain (b). 

 

Density profiles 

Number density profiles show the average density of particular molecules along the z-axis of 

the simulation box. In addition to displaying water overlap with the bilayer surface, Figure 4. 

In the main text also shows the location of MCE inside the membrane. Though MCE is 

considered to be non-polar, it does contain hydroxyl groups in its structure and is thus able to 

form HBs with lipid headgroups and water. 

 

Hydrogen bonds 

H-bonding in MD simulations is recognized between molecules or groups when the distance 

between donor and acceptor is lower than 0.35 nm, and the angle H-donor-acceptor is less than 

30 °. HB quantification was conducted using the gromacs hbond module on the 150 ns of 

trajectory, while the extensive network analysis was done in VMD software from 50 randomly 

selected frames from the last 150 ns of each simulation. Each frame, all water molecules that 

established a bond with DMPS were counted and selected for further analysis.  

Lipid-water HB network was examined by determining the amount of “bridge” waters, i.e. 

water molecules that establish a HB with more than one lipid.  
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Table S2. The percentage of H-bonded water molecules that form a particular bonding pattern with 

DMPS lipids, for studied systems. Pattern 1-1 indicates one water molecule bound to one lipid. Pattern 

1-2 indicates one water molecule bound to two different lipids. Pattern 1-3 indicates one water molecule 

bound to three lipids. Pattern 1=1 indicates one water molecule forming two bonds with the same lipid 

molecule. Pattern 1-12 indicates one water molecule bound to one lipid through one bond, and to one 

another lipid through two bonds.  

Pattern 
DMPS DMPS+MCE 

30 °C 50 °C 30 °C 50 °C 

1-1 75.8 ± 1.9 % 80.1 ± 1.9 % 80.6 ± 2.0 % 81.7 ± 2.4 % 

1-2 20.1 ± 1.2 % 16.0 ± 1.0 % 15.4 ± 0.9 % 14.2 ± 0.9 % 

1-3 0.7 ± 0.2 % 0.4 ± 0.2 % 0.3 ± 0.2 % 0.4 ± 0.2 % 

1=1 2.8 ± 0.4 % 3.0 ± 0.5 % 3.2 ± 0.1 % 3.3 ± 0.5 % 

1-12 0.5 ± 0.2 % 0.4 ± 0.2 % 0.5 ± 0.2 % 0.4 ± 0.1 % 

 

Water-water HB network was examined by determining additional water-water HBs that each 

lipid-bound water may establish with surrounding water molecules.  

Table S3. The percentage of water molecules bonded to DMPS lipids, that also establish additional HBs 

with other waters.  

Extra HBs 
DMPS DMPS+MCE 

30 °C 50 °C 30 °C 50 °C 

0 28.1 ± 1.5 % 25.9 ± 1.4 % 23.9 ± 1.1 % 24.7 ± 1.1 % 

1 39.5 ± 1.7 % 40.2 ± 1.7 % 39.3 ± 1.5 % 40.2 ± 1.6 % 

2 25.0 ± 1.2 % 26.1 ± 1.2 % 27.7 ± 1.5 % 26.9 ± 1.3 % 

3 7.4 ± 0.7 % 7.8 ± 0.8 % 9.1 ± 0.8 % 8.2 ± 0.9 % 

 

Water molecules that established at least one HB with lipids, were examined further for 

bonding with other waters. Each water molecule could establish between 0 and 3 additional 

HBs with interfacial water.  
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