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Membrane lipids are particularly susceptible to oxidative attack by free 

radicals due to their high content of polyunsaturated phospholipids. Alpha-

tocopherols (α-toc; vitamin E) and cholesterol (Chol) are two antioxidant molecules 

that effectively protect membranes lipids from free radical oxidative damage. 

Although the interactions of α-toc/Chol with lipid membranes have been shown, the 

roles by which it stabilizes membranes under oxidative stress are debated. In this 

research, the activity of α-toc and Chol in non-oxidized and oxidized lipid bilayers 

was investigated. Using molecular dynamics (MD) simulations of a PLPC lipid 

bilayer and a binary combination of PLPC and its oxidation products were done in 

this work. Two hydroperoxide lipids and two aldehyde lipids were considered as 

the primary and secondary oxidation products of PLPCs, respectively. α-toc at 

concentrations of 0-11.1% or Chol at concentrations of 0-50% were applied to the 

lipid bilayer. The effects of α -toc and Chol on lipid bilayer physical characteristics, 

as well as their positions and behaviors within the bilayers, were investigated. The 

result showed that pore development was seen in the aldehyde-containing oxidized 

lipid bilayers without α-toc and Chol. Pore in aldehyde bilayers is inhibited by the 

presence of α-toc or Chol at concentrations more than 11%. At either α-toc and 

Chol concentration, no pores were seen in the PLPC bilayer and the hydroperoxide-

containing oxidized lipid bilayer. Furthermore, increasing cholesterol concentration 

in the lipid bilayer studies led to a change of the phase state from the liquid-

disordered to the liquid-ordered phase for all systems. The free energy profiles were 

calculated using the umbrella sampling approach to obtain the free energy barrier 

and to calculate the rate for α-toc/Chol flip-flop within the bilayers. The results 

demonstrated that in the presence of oxidized lipids, the free energy barrier for both 

α-toc and Chol flip-flop decreases significantly. The flip-flop rate varies depending 

on the lipid bilayer type, with the highest rate reported in aldehyde bilayers. The 

oxidized lipid bilayer is stabilized by α-toc and Chol, which reduces water 

permeability across the bilayer by restricting the distribution of the oxidized 

functional groups. 
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SCOPE OF STUDYS 
 

To better understand the role of α-toc and cholesterol in lipid membranes 

under oxidative stress, a comprehensive series of molecular dynamics simulations of 

α-toc and cholesterol in a model of lipid membrane were carried out in this study. The 

study looked at how alpha-tocopherol and cholesterol behave in the non-oxidized 1-

palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayer and the 

50 percent oxidized-PLPC lipid bilayer, as well as their effects on physical properties 

in different lipid bilayers. Four main oxidation products of PLPC lipid were 

considered, namely, two hydroperoxides (1-palmitoyl-2-(9-hydroperoxytrans-10, cis-

12-octa- decadienoyl)-sn-glycero-3-phosphocholine, 9-tc and 1-palmitoyl-2-(13-

hydroperoxy-trans-11,cis-9-octadecadienoyl)-sn- glycero-3-phosphocholine, 13-tc), 

and two aldehydes (1- palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine, 9- 

al and 1-palmitoyl-2-(12-oxo-cis-9-dodecenoyl)-sn-glycero-3- phosphocholine, 12-

al). -toc and cholesterol concentrations ranged from 0-11.1 percent and 0-50 percent, 

respectively. Firstly, the position of α-toc and cholesterol in lipid bilayers was 

investigated to determine their antioxidant activity zone. Secondly, their impact on 

pore prevention was studied. Next, using the biased umbrella sampling method, the 

free energy profile of transporting a single molecule of α-toc and cholesterol through 

lipid bilayers was estimated. The free energy barrier for the α-toc /cholesterol flip-flop 

within the bilayer was calculated using the profiles. Finally, the kinetics and 

thermodynamics of the α-toc /cholesterol flip-flop rate were determined in various 

oxidized and non-oxidized bilayers. 
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INTRODUCTION 

 

The cell membrane is made up of a variety of components, including lipids, 

membrane proteins, and other small molecules. Proteins and other molecules are 

embedded in a bilayer formed by lipid molecules. Lipid bilayers play an important 

function in cellular transport and signaling. They are semi-permeable partitions, 

allowing or stimulating the flow of substances into, out of, or through cells, as well as 

between cells.[1] The oxidative stress in biological membrane caused by an imbalance 

between production and elimination of oxidizing species leads to lipid peroxidation in 

cell membrane.[2] The double bond in unsaturated acyl chains of lipid molecules are 

targets of free radicals (OH-, O2
-, etc.). [3] Products of the lipid peroxidation process, 

oxidized lipids,  have polar moieties at their terminals chain. Two major oxidized 

functional group are typically produced: hydroperoxide, and truncated chains with an 

aldehyde or carboxylic group.[4] Previous experimental and computer simulation 

studies [5-12] have demonstrated the influence of oxidized lipids in various model 

membrane. Oxidized lipids have a significant impact on the biophysical properties of 

lipid membrane particularly in terms of increasing water permeability, an increase in 

lipid membrane area, and a decrease in lipid chain ordering. Furthermore, an increase 

in oxidized lipid concentration containing an aldehyde or carboxylic group in the 

polar chain leads to the formation of water pores across the membrane.[6, 7, 10, 13-

16] Pore formation plays an important role in biological transportation, intracellular 

ion concentration control, and apoptosis. Interestingly, it can potentially be applied for 

deverloping of cancer killing by using cold plasma treatments. Plasma induced 

massive lipid peroxidation in the cell membrane, resulting in a pore across the cancer 

cell membrane and leading to cell death.[17, 18] 

α-tocopherol (Vitamin E, α-toc) is the most abundant and important lipophilic 

antioxidant found in cell membranes. It acts as an essential radical scavenging 

protecting the membrane from being oxidative attack.[19, 20] Under oxidative stress 

in biological membranes , α-toc is able to inhibit the initial stage of lipid peroxidation 

process by donating an electron in the chomanol head group to a lipid-peroxyl radical 

and become -tocopheroxyl radical. [21]  Although the chemical assessments of -
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toc's antioxidant abilities have been proved, its biological activities of how -toc 

stabilizes membrane are still under discussion, especially in the membrane containing 

oxidized phospholipid. In deep understanding of -toc’s antioxidant action in the 

oxidized lipid membranes, the previous experimental and computational studies have 

focused on the location and interaction of -toc in various model membranes. The 

biophysical studies have demonstrated that the chromanol ring of -toc is placed in 

the neighborhood of the lipid water interface.  This location suggested that the -toc’s 

antioxidant activity would be occurred at the membrane surface.[22-24] A molecular 

insight of the recycling of -tocopheroxyl radical was observed in a computational 

simulation of Fabre et al. [23] They showed that -toc can interact with vitamin C 

which also place close to the membrane surface and bring -tocopheroxyl radical into 

the energetic ground state. Moreover, the presence of -toc transmembrane within the 

lipid bilayers (-toc flip-flop) was observed in the MD simulation studies at high 

temperature. Qin et al. (2009, 2011) showed that the flip-flop of -toc in lipid bilayer 

depend on the temperatures, the degree of unsaturated lipid chain, and the fluidity of 

lipid membrane.[25, 26] Interestingly, Leng et al. performed both experiment and MD 

simulation of -toc in unsaturated lipid membranes and suggested that -toc is well 

designed to be efficient antioxidant molecule in cell membrane by which the location 

of -toc’s hydroxyl group at the lipid-water interface and the flip-flop behavior within 

the bilayer can trap the free radical near the lipid-water interface and can rid the lipid 

peroxyl radical within the bilayer. [27] However, no evidence to explain of how -toc 

behaves after lipid peroxidation is occurred in membrane, the functions and the 

molecular insight of -toc under oxidative in cell membrane are still unclear. 

Recently previous MD simulation of Boonnoy et al. has shown the inhibition of pore 

formation in the oxidized lipid bilayer caused by the presence of high concentration of 

-toc in oxidized lipid bilayer, -tocs help to stabilize the bilayer structure by 

trapping the polar oxidized functional group in the water interface and reducing water 

permeability across the bilayer. In addition the flip-flop of -toc was observed in 

oxidized and non-oxidized bilayer even at room temperature (298 K).[28] The 

associations of -toc flip-flop need to be investigated by additional studies.  
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Cholesterol is a foundation component in the cell membrane. It help to 

stabilize the fluidity of the cell membrane. [29, 30] Both experimental and 

computational studies have been reported that the presence of cholesterol in the lipid 

bilayer could affect the permeation of small molecule across the lipid bilayer such as 

water molecule, a drug molecule, nanoparticle as well as a free radical.[30-34]  In the 

oxidized lipid membrane, cholesterol have showed the important role to inhibit pore 

formation in the oxidized lipid membrane.  

In 2015, Jonas Van der Paal et al. performed molecular dynamics (MD) 

simulations to investigate the effect of oxidized lipids on the structural and dynamic 

properties of the bilayer.[13] This study has shown the mechanism of how plasma can 

selectively treat the cancer cell while a normal cell undamaged that help the 

researcher to develop a promising application in plasma medicine for anticancer 

therapy. Based on the deferent levels of cholesterol in the healthy normal cell and 

cancer cell, they performed a series of MD simulations of oxidized lipid bilayers with 

and without cholesterol. First, they investigated the influence of the oxidized lipids 

type and the degree of oxidation, three type of oxidized lipid such as OX1 (a 

hydroperoxide functional group), OX2 (an aldehyde functional group) and OX3 (an 

aldehyde functional group and the aldehyde shot chain product) were carried out in 

this work. The concentrations of oxidized lipids were varied from 0 to 100%. The 

results showed that pore formation was observed in the oxidized bilayer with the 

aldehyde functional group (OX2 and OX3) at the concentration of oxidized lipid up to 

60% for the case of OX2 and up to 80% for the case of OX3. They suggested that the 

presence of the shot chain has shown the significant to prevent pore formation in the 

aldehyde membrane. In contrast, no pore formation was observed in the oxidized 

bilayer with the hydroperoxide functional group even fully oxidation at 100% of 

hydroperoxide lipid. To study the influence of cholesterol on the effect of oxidation, 

they simulated fully lipid oxidation condition. Oxidized lipid bilayers with cholesterol 

consist of oxidized lipid with aldehyde functional group, the shot chain product 

(OX3) and varying cholesterol concentrations between 0 to 50%. The results showed 

that at low concentrations of cholesterol (0-11%), pore formation in the oxidized 
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bilayer remain observed. At higher cholesterol concentrations (16-50%), the water 

pore was inhibited.  

In 2018, Schumann-Gillett and Mara used MD simulation to study the 

influence of cholesterol on POPC and 10 % of oxidized POPC lipid bilayer. [35] They 

investigated the location and orientation of cholesterol in the lipid bilayer. The data 

show that in all system of pure POPC and oxidized POPC bilayer, the cholesterol’s 

hydroxyl group prefer to stay at the aqueous phase with the ring structure till about 15 

degree as respect to the bilayer normal. They did not observe the flip flop of 

cholesterol during the simulation for over 500 ns. However, it can be occur on 

microsecond times scale in various model of normal membrane without oxidized lipid 

[36-40], the study of cholesterol flip-flop in the oxidized lipid bilayer require the 

longer simulation times scale.  The changes of physical properties in oxidized lipid 

bilayer cause by the presence of cholesterol were observed in this work. Interestingly, 

Cholesterol reduced the distribution of aldehyde functional group in the oxidized lipid 

tail. This effect is a key role that -toc help to protect the oxidized lipid bilayer to 

form a pore as reported in the previous study of how -toc inhibit pore formation in 

the oxidized lipid bilayer.[28] 

Cholesterol, interestingly, is also considered as an antioxidant molecule. 

Cholesterol has a significant effect on the penetration of reactive species through 

membranes, according to free energy calculations: it increases the free energy barrier 

for certain reactive nitrogen oxide species, preventing their translocation into the lipid 

bilayer [41]. Thus, Membranes are protected from oxidative attack by free radicals as 

a result of this. 

Structurally, -toc and cholesterol have a similar molecular structure (see 

Figure 1) by which the ring structure of the head group consisting a hydroxyl group. 

This suggest that they may show the similar behavior in the oxidized lipid membrane 

to stabilize the membrane under oxidative stress.  

The flip-flop behavior of α-toc and cholesterol has been hypothesized to help 

stabilize the membrane under oxidative stress. The previous study has suggested that 

α-toc flip-flops in a non-oxidized membrane prevent free radicals from damaging 
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unsaturated phospholipid molecules [42]. However, no information on how α-toc 

response to lipid peroxidation has been discovered. In the context of cholesterol, the 

activity of cholesterol flip-flop helps to stabilize oxidized membrane by balancing the 

area and relaxing differential-density stress in an asymmetrical oxidized lipid 

membrane [43]. The rate and mechanism of cholesterol flip-flop have been explored 

in various model membranes. [44-48] Its rate in oxidized lipid bilayers, however, is 

unknown. In this study, the role of α-toc and cholesterol in lipid membranes under 

oxidative stress, a comprehensive series of molecular dynamics simulations of α-toc 

and cholesterol in a model of lipid membrane were carried. The study looked at how 

alpha-tocopherol and cholesterol behave in the non-oxidized 1-palmitoyl-2-linoleoyl-

sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayer and the 50 percent oxidized-

PLPC lipid bilayer, as well as their influence on physical properties in various lipid 

bilayers. Four main oxidation products of PLPC lipid were considered. To begin, 

study looked at the position of α-toc and cholesterol in lipid bilayers to establish their 

antioxidant activity zone. Second, their effects on pore prevention were investigated. 

The free energy profile of transporting a single molecule of α-toc and cholesterol into 

lipid bilayers was then calculated using the biased umbrella sampling method. Using 

the free energy profiles, the free energy cost for the α-toc /cholesterol flip-flop within 

the bilayer was determined.Finally, the kinetics and thermodynamics of the α-toc 

/cholesterol flip-flop rate were determined in various oxidized and non-oxidized 

bilayers. Temperature, the degree of unsaturated lipid chains, and the fluidity of the 

lipid membrane have all been demonstrated to influence the flip-flop rate of α-toc and 

cholesterol in earlier research. [44-51] As this study's key discovery revealed, 

oxidized lipid has an effect on the flip-flop rate of these two molecules with the rate 

depending on the degree of lipid oxidation and the oxidized lipid type.  
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BACKGROUND AND RATIONAL 

 

Membrane lipids are particularly susceptible to oxidative attack by free 

radicals due to their high content of polyunsaturated phospholipids. Oxidized lipids, 

products of the lipid peroxidation process extremely influence the change of 

biophysical properties of cellular membranes. The presence of high concentrations of 

oxidized lipid especially aldehyde lipids in the lipid membrane caused pore formation 

and lipid membrane deformation.  α-toc and cholesterol are two antioxidant molecules 

that effectively protect membranes lipids from free radical oxidative damage. In 

previous studies have shown that the presence of high concentrations of α-toc and 

cholesterol could inhibit pore formation in oxidized lipid bilayers. Although the 

interactions of α-toc/cholesterol with oxidized lipid membranes have been shown, the 

roles by which it stabilizes membranes under oxidative stress are debated. To better 

understand the role of α-toc and cholesterol in lipid membranes under oxidative stress, 

a comprehensive series of molecular dynamics (MD simulations of α-toc and 

cholesterol in a model of lipid membrane were carried out in this study. The aims of 

this work are to investigate the position of α-toc and cholesterol in lipid bilayers to 

establish their antioxidant activity zone. The effects of α-toc and cholesterol on pore 

prevention were investigated. The flip-flop behavior of α-toc and cholesterol are 

proposed to be the activity of these two molecules to help stabilize the oxidized 

membrane. Thus, the free energy profile of transporting a single molecule of α-toc 

and cholesterol into lipid bilayers was then calculated using the biased umbrella 

sampling method to determine the free energy barrier for the α-toc /cholesterol flip-

flop within the oxidized membrane, as well as the α-toc /cholesterol flip-flop rate in 

various oxidized and non-oxidized bilayers. 

Molecular dynamic (MD) simulations of -toc in lipid bilayers 

 First, MD simulations of 1-palmitoyl-2-linoleoyl-sn-glycero-3-

phosphatidylcholine (100% PLPC) bilayer and 50% oxidized bilayer with the mixture 

bilayer between PLPC and its oxidation products were performed. PLPC is 

unsaturated phospholipid containing 2 double bonds in the sn-2 of fatty acid chain. It 

can be oxidized by free radicals especially reactive oxygen spices (ROS) and provided 
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four main oxidation product namely 1-palmitoyl-2-(13-hydroperoxy-trans-11,cis-9-

octadecadienoyl)-sn-glycero-3-phosphocholine (13-tc), 1-palmitoyl-2-(9-

hydroperoxy-trans-10, cis-12-octadecadienoyl)-sn-glycero-3-phosphocholine (9-tc) , 

1-palmitoyl-2-(12-oxo-cis-9-dodecenoyl)-sn-glycero-3-phosphocholine (12-al) and 1-

palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine (9-al). A lipid bilayer 

consist of 128 phospholipid molecules (64 molecules per leaflet) and solvate by 

10628 simple point charge water molecules. [52] The chemical structure of all lipid 

molecules are shown in Figure 1. The lipid bilayer at 100 ns of MD simulations were 

used as the initial structure to prepare the bilayer containing -toc. The concentrations 

of -toc were varied at 0%, 1.5%, 3.0%, 5.9%, and 11.1% (equivalent to the number 

of 0, 2, 4, 8, and 16 -toc molecules in the lipid bilayer, respectively). All simulation 

system studies were listed in Table 1. The united force field parameters of both PLPC 

and the oxidized lipids were taken from the previous study.[5, 8, 10, 53] For the 

detailed descriptions of the topologies and force-field parameters of α-toc were 

optimized by Qin et al. [49, 50] After energy minimization with steepest descents 

algorithm, MD simulations were run for over 3 microseconds with an integration time 

step of 2 fs by using GROMACS 5.1.2 program package. [54] The NPT ensemble 

(constant of the number of atoms, pressure, and temperature) were applied. The 

temperature was set to 298 K controlling by the v-rescale algorithm [55] with a time 

constant of 0.1 ps. An equilibrium semi-isotropic pressure was applied using 

Parrinello-Rahman algorithm [56, 57] with a time constant of 4.0 and compressibility 

of 4.5 x 10-5 bar-1 to keep a constant of pressure at 1 bar. All bond lengths were 

constrained by the P-LINCG algorithm.[58]   Periodic boundary conditions were 

applied in all xyz directions and the neighbor list was updated every at every 

integration time step. A cutoff value of 1.0 was used to for the real space part of van 

der Waal and electrostatic interactions. The particle-mesh Ewald method was applied 

to compute the long-rang electrostatic interaction with a 0.12 nm grid in the 

reciprocal-space interaction and cubic interaction of order four. [59-61]  Visual 

Molecular Dynamics (VMD), a molecular visualization program was used to display 

the trajectory of molecular movement for all systems. [62] 
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 Molecular dynamic (MD) simulations of cholesterol in lipid bilayers 

 A series of molecular dynamic (MD) simulations of cholesterol in PLPC 

bilayer and the binary mixture bilayer with 1:1 ratio of PLPC:Oxidized lipids were 

performed to investigate the behavior of cholesterol in the PLPC and oxidized PLPC 

lipid bilayers. A lipid bilayer had 128 phospholipid molecules with 64 molecules in 

each upper and lower leaflets. The concentrations of 0%, 1.5%, 3%, 6%, 11%, 17%, 

20%, 23%, 29%, 33%, 40% and 50% of cholesterol (equivalent to the number of 0, 2, 

4, 8, 16, 26, 32, 38, 52, 64, 86 and 128 cholesterol molecules in the lipid bilayer, 

respectively) were prepared in this work. Each system was generated using MemGen 

program [63] with cholesterol molecules were randomly added in the lipid bilayer, 

which were divided equally in both upper and lower leaflets as shown in Figure 2. All 

systems were solvated in 10,560 simple point charged (SPC) water molecules. [52] 

Detailed descriptions of the system are shown in Table 2. The structure and force field 

parameter of cholesterol are taken from Höltje et al. [64] After energy minimization 

with steepest descents algorithm, MD simulations were run for over 3 microseconds 

by using GROMACS 5.1.2 program package. [54] All MD run control parameters 

were defined with the same parameter in the MD simulations study of -toc in lipid 

bilayers in the previous as described above. 

Biased umbrella sampling MD simulations 

 The biased umbrella sampling MD simulations [65] with the Weighed 

Histogram Analysis Method  [66] were performed to investigate the  potential of 

mean force or the free energy profile for -toc and cholesterol molecule partitioning 

across the 100% PLPC, 50% 13-tc, 50% 9-tc, 50% 12-al, and 50% 9-al lipid bilayers. 

Based on the free energy profile could provide the free energy cost for moving an -

toc or a cholesterol molecule into the lipid bilayer, and estimate the free energy 

barrier for -toc /cholesterol flip-flop in the lipid bilayers. Furthermore, at the 

minimum in free energy profile refer to the preferable location of -toc /cholesterol in 

the lipid bilayers. This can be directly compare in the unbiased MD simulations and 

experimental studies. A series of 41 simulation windows were performed to compute 

a free energy profile for moving an -toc or cholesterol from the bilayer center to the 
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water phase. During the umbrella sampling MD simulations, the hydroxyl group of -

toc and cholesterol molecule (see Figure 1) were restrained along in z direction by 

using a harmonic potential function with a force constant of 3000 kJ/(mol nm2). All 

simulations were run under NPT ensemble at the constant temperature of 298 K and a 

constant pressure at 1 bar. Each simulations were performed at least 50 ns and the last 

20 ns was used for analysis. 

 

Figure  1 Chemical structure of alpha-tocopherol, cholesterol, and lipid molecules. 

From left to right: alpha-tocopherol (-toc), cholesterol (Chol), 1-palmitoyl-2-

linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC), 1-palmitoyl-2-(13-hydroperoxy-

trans-11,cis-9-octadecadienoyl)-sn-glycero-3-phosphocholine (13-tc), 1-palmitoyl-2-

(9-hydroperoxy-trans-10, cis-12-octadecadienoyl)-sn-glycero-3-phosphocholine (9-

tc) , 1-palmitoyl-2-(12-oxo-cis-9-dodecenoyl)-sn-glycero-3-phosphocholine (12-al) 

and 1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine (9-al). 

 

Table  1. List of simulation systems for the MD simulations of -tocopherol in the 

PLPC lipid bilayer and the oxidized PLPC lipid bilayers. 

No. description of the systems Number of molecule simulation 

time (ns) PLPC OXPLs a-toc water 

1 100% PLPC 128 0 0 10628 1000 

2 100% PLPC + 1.5 % -toc 128 0 2 10628 1000 

3 100% PLPC + 3.0 %-toc 128 0 4 10628 1000 
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4 100% PLPC + 5.9 % -toc 128 0 8 10628 1000 

5 50% 13-tc 64 64 0 10628 1000 

6 50% 13-tc + 1.5 % -toc 64 64 2 10628 1000 

7 50% 13-tc + 3.0 % -toc 64 64 4 10628 1000 

8 50% 13-tc + 5.9 % -toc 64 64 8 10628 1000 

9 50% 9-tc 64 64 0 10628 1000 

10 50% 9-tc + 1.5 % -toc 64 64 2 10628 1000 

11 50% 9-tc + 3.0 % -toc 64 64 4 10628 1000 

12 50% 9-tc + 5.9 % -toc 64 64 8 10628 1000 

13 50% 12-al 64 64 0 10628 1000 

14 50% 12-al + 1.5 % -toc 64 64 2 10628 5000 

15 50% 12-al + 3.0 % -toc 64 64 4 10628 5000 

16 50% 12-al + 5.9 % -toc 64 64 8 10628 5000 

17 50% 12-al + 11.1 % -toc 64 64 16 10628 5000 

18 50% 9-al 64 64 0 10628 1000 

19 50% 9-al + 1.5 % -toc 64 64 2 10628 5000 

20 50% 9-al + 3.0 % -toc 64 64 4 10628 5000 

21 50% 9-al + 5.9 % -toc 64 64 8 10628 5000 

22 50% 9-al + 11.1 % -toc 64 64 16 10628 5000 
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Table  2 List of simulation systems for the MD simulations of cholesterol (Chol) in the 

PLPC lipid bilayer and the oxidized PLPC lipid bilayers. 

No. description of the systems 

Number of molecules in the 

lipid bilayer 
Simulation time 

(ns) 
PLPC OXPLs Cholesterol 

1 100% PLPC without Chol 128 0 0 1000 

2 100% PLPC + 1.5 % Chol 128 0 2 3000 

3 100% PLPC + 3 % Chol 128 0 4 3000 

4 100% PLPC + 6 % Chol 128 0 8 3000 

5 100% PLPC + 11 % Chol 128 0 16 3000 

6 100% PLPC + 17 % Chol 128 0 26 3000 

7 100% PLPC + 20 % Chol 128 0 32 3000 

8 100% PLPC + 23 % Chol 128 0 38 3000 

9 100% PLPC + 29 % Chol 128 0 52 3000 

10 100% PLPC + 33 % Chol 128 0 64 3000 

11 100% PLPC + 40 % Chol 128 0 86 3000 

12 100% PLPC + 50 % Chol 128 0 128 3000 

13 50% 13-tc without Chol 64 64 0 1000 

14 50% 13-tc + 1.5 % Chol 64 64 2 3000 

15 50% 13-tc + 3 % Chol 64 64 4 3000 

16 50% 13-tc + 6 % Chol 64 64 8 3000 

17 50% 13-tc + 11 % Chol 64 64 16 3000 

18 50% 13-tc + 17 % Chol 64 64 26 3000 

19 50% 13-tc + 20 % Chol 64 64 32 3000 
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20 50% 13-tc + 23 % Chol 64 64 38 3000 

21 50% 13-tc + 29 % Chol 64 64 52 3000 

22 50% 13-tc + 33 % Chol 64 64 64 3000 

23 50% 13-tc + 40 % Chol 64 64 86 3000 

24 50% 13-tc + 50 % Chol 64 64 128 3000 

25 50% 9-tc without Chol 64 64 0 1000 

26 50% 9-tc + 1.5 % Chol 64 64 2 3000 

27 50% 9-tc + 3 % Chol 64 64 4 3000 

28 50% 9-tc + 6 % Chol 64 64 8 3000 

29 50% 9-tc + 11 % Chol 64 64 16 3000 

30 50% 9-tc + 17 % Chol 64 64 26 3000 

31 50% 9-tc + 20 % Chol 64 64 32 3000 

32 50% 9-tc + 23 % Chol 64 64 38 3000 

33 50% 9-tc + 29 % Chol 64 64 52 3000 

34 50% 9-tc + 33 % Chol 64 64 64 3000 

35 50% 9-tc + 40 % Chol 64 64 86 3000 

36 50% 9-tc + 50 % Chol 64 64 128 3000 

37 50% 12-al without Chol 64 64 0 1000  

38 50% 12-al + 1.5 % Chol 64 64 2 1000  

39 50% 12-al + 3 % Chol 64 64 4 3000  

40 50% 12-al + 6 % Chol 64 64 8 2000  

41 50% 12-al + 11 % Chol 64 64 16 3000 

42 50% 12-al + 17 % Chol 64 64 26 3000 
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43 50% 12-al + 20 % Chol 64 64 32 3000 

44 50% 12-al + 23 % Chol 64 64 38 3000 

45 50% 12-al + 29 % Chol 64 64 52 3000 

46 50% 12-al + 33 % Chol 64 64 64 3000 

47 50% 12-al + 40 % Chol 64 64 86 3000 

48 50% 12-al + 50 % Chol 64 64 128 3000 

49 50% 9-al without Chol 64 64 0 1000  

50 50% 9-al + 1.5 % Chol 64 64 2 1000  

51 50% 9-al + 3 % Chol 64 64 4 1000  

52 50% 9-al + 6 % Chol 64 64 8 1000  

53 50% 9-al + 11 % Chol 64 64 16 3000 

54 50% 9-al + 17 % Chol 64 64 26 3000 

55 50% 9-al + 20 % Chol 64 64 32 3000 

56 50% 9-al + 23 % Chol 64 64 38 3000 

57 50% 9-al + 29 % Chol 64 64 52 3000 

58 50% 9-al + 33 % Chol 64 64 64 3000 

59 50% 9-al + 40 % Chol 64 64 86 3000 

60 50% 9-al + 50 % Chol 64 64 128 3000 

 

  



 15 

 Flip-flop rate calculation  

To estimate the rate of α-toc/cholesterol flip-flops (𝑘𝑓𝑙𝑖𝑝) in the lipid bilayers, 

the additional 50 simulations system of -toc/cholesterol initially at the bilayer center. 

The initial configurations for these simulations were taken from the final structures of 

the umbrella sampling simulation in which the hydroxyl group of the -

toc/choleaterol was set at z=0 nm. The 50 independent simulations of each bilayers 

were independently run for 50 to 100 ns and the time for the hydroxyl group of the -

toc/cholesterol to return to the equilibrium position (𝑡𝑑 ) was recorded. The rate of -

toc/cholesterol flip-flop across a lipid bilayer (𝑘𝑓𝑙𝑖𝑝) was calculated the following way 

[36, 67]: 

𝑘𝑓𝑙𝑖𝑝 =
1

[(1 𝑘𝑓)⁄ + (1 𝑘𝑑)⁄  ]
× 1 2⁄  

, where 𝑘𝑑 is the rate of -toc/cholesterol move from the bilayer center to the 

equilibrium position and it was calculated by 𝑘𝑑 = 𝑡𝑑 
−1. On the others hands, the rate 

of -toc/cholesterol move from the equilibrium position to the bilayer center (𝑘𝑓) was 

calculated using the equation  

𝑘𝑓 =  𝑘𝑑  × exp(−𝚫𝐺𝑐𝑒𝑛𝑡𝑒𝑟/𝑅𝑇) 

, where ∆𝐺𝑐𝑒𝑛𝑡𝑒𝑟 is the free energy difference between the equilibrium position and 

the bilayer center, in this work, ∆𝐺𝑐𝑒𝑛𝑡𝑒𝑟  was approximated equivalent of the free 

energy barrier (∆G barrier). The haft time for flip-flop (𝑡1 2⁄ ) was calculated by 

𝑡1 2⁄  = ln 2/𝑘𝑓𝑙𝑖𝑝 
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OBJECTIVES 

 

1. To investigate the behavior of alpha-tocopherol and cholesterol in the non- 

oxidized/oxidized PLPC lipid bilayers  

 2. To study the effects of alpha-tocopherol and cholesterol on the biophysical 

properties of non-oxidized/oxidized PLPC lipid bilayers  

 3. To investigate the effect of alpha-tocopherol and cholesterol on pore 

formation in the oxidized PLPC lipid bilayers  
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CONTRIBUTIONS AND OUTCOME OF RESEARCH 

 

Oxidized lipids, products of the lipid peroxidation process extremely influence 

the change of biophysical properties of cellular membranes. The presence of high 

concentrations of oxidized lipid especially aldehyde lipids in the lipid membrane 

caused pore formation and lipid membrane deformation.  α-toc is a well-known 

antioxidant molecule that is essential for defending cellular membranes from free 

radical attacks and cholesterol show several characteristics that are typically linked 

with an antioxidant molecule. α-toc and cholesterol have been found in previous 

research to help prevent pore formation in the oxidized lipid membrane. [13, 68] The 

action of α-toc and cholesterol within oxidized and non-oxidized lipid bilayers was 

examined in this study to better understand how these two molecules help to stabilize 

the oxidized lipid bilayer. To describe the changes in physical properties caused by α-

toc and cholesterol, thorough investigations of lipid bilayer properties were carried 

out. This understanding of how α-toc and cholesterol affect oxidized membranes will 

likely be useful in the development of novel chemicals for anti-aging cosmetics [69] 

and cancer-killing applications using cold atmospheric pressure plasma treatment. 

[17, 70-72] 
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S3 
 

 

Figure S1. Distribution of α-toc’s tilt angle in non-oxidized/oxidized lipid bilayers containing 

5.9% and 11.1% of α-toc molecules. The hydroxyl group in chromanol ring and methyl group at 

the terminal chain (see Figure 1 for the molecular structures) are represented head and tail of α-

toc, respectively. The tilted angle is defined by angle between the bilayer normal (z-axis) and a 

vector connecting the last methyl group in the tail to the hydroxyl group in the head group. The 

tilt angle of 0 degrees represents α-toc oriented in parallel to the bilayer normal (z-axis) and 90 

degrees describes the α-toc being perpendicular to the bilayer normal. 
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S4 
 

 

Figure S2. Distribution of α-toc’s tilt angle with respect to the bilayer normal (z-axis) in non-

oxidized and oxidized lipid bilayers. Two different definitions were used to check the generality 

of the approach. (A): the vector connecting the last methyl group in the tail and the hydroxyl 

group in the head of the α-toc. (B): the vector connecting the weight center of the tail and the 

hydroxyl group in the head of the α-toc molecule. (C-G): Distributions of the tilt angle using the 

definition in (A). (H-L): Distributions using the definition in (B). The dotted lines represent the 

average positions of the carbonyl groups in lipid chains. 
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S5 
 

 

Figure S3. Normalized 2D histogram of α-toc’s molecular length as a function of its tilt angle in 

non-oxidized and oxidized bilayers containing 5.9% α-toc molecules. 
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Table S1. List of simulated systems. All systems were solvated in 10,560 simple point charge (SPC) 

water molecules (1). The time in brackets shows the moment of time when a pore was observed a 

pore. The symbol * denotes the systems in which cholesterol flip-flops were observed.  

 

No. Systems 

Number of molecules in the lipid 

bilayer 

Simulation 

time (ns) 
Final structure 

#PLPC #OXPLs #Cholesterol   
1 100% PLPC without Chol 128 0 0 1000 Bilayer in liquid-disorder phase 

2 100% PLPC + 1.5 % Chol 128 0 2 3000 Bilayer in liquid-disorder phase 

3 100% PLPC + 3 % Chol 128 0 4 3000 Bilayer in liquid-disorder phase 

4 100% PLPC + 6 % Chol 128 0 8 3000 Bilayer in liquid-disorder phase 

5 100% PLPC + 11 % Chol 128 0 16 3000 Bilayer in liquid-disorder phase 

6 100% PLPC + 17 % Chol 128 0 26 3000 Bilayer in liquid-disorder phase 

7 100% PLPC + 20 % Chol 128 0 32 3000 Bilayer in liquid-disorder phase 

8 100% PLPC + 23 % Chol 128 0 38 3000 Bilayer in liquid-order phase 

9 100% PLPC + 29 % Chol 128 0 52 3000 Bilayer in liquid-order phase 

10 100% PLPC + 33 % Chol 128 0 64 3000 Bilayer in liquid-order phase 

11 100% PLPC + 40 % Chol 128 0 86 3000 Bilayer in liquid-order phase 

12 100% PLPC + 50 % Chol 128 0 128 3000 Bilayer in liquid-order phase 

13 50% 13-tc without Chol 64 64 0 1000 Bilayer in liquid-disorder phase 

14 50% 13-tc + 1.5 % Chol 64 64 2 3000 Bilayer in liquid-disorder phase 

15 50% 13-tc + 3 % Chol 64 64 4 3000 Bilayer in liquid-disorder phase 

16 50% 13-tc + 6 % Chol 64 64 8 3000 Bilayer in liquid-disorder phase 

17 50% 13-tc + 11 % Chol 64 64 16 3000 Bilayer in liquid-disorder phase 

18 50% 13-tc + 17 % Chol 64 64 26 3000 Bilayer in liquid-disorder phase 

19 50% 13-tc + 20 % Chol 64 64 32 3000 Bilayer in liquid-disorder phase 

20 50% 13-tc + 23 % Chol 64 64 38 3000 Bilayer in liquid-disorder phase 

21 50% 13-tc + 29 % Chol 64 64 52 3000 Bilayer in liquid-disorder phase 

22 50% 13-tc + 33 % Chol 64 64 64 3000 Bilayer in liquid-order phase 

23 50% 13-tc + 40 % Chol 64 64 86 3000 Bilayer in liquid-order phase 

24 50% 13-tc + 50 % Chol 64 64 128 3000 Bilayer in liquid-order phase 

25 50% 9-tc without Chol 64 64 0 1000 Bilayer in liquid-disorder phase 

26 50% 9-tc + 1.5 % Chol 64 64 2 3000 Bilayer in liquid-disorder phase 

27 50% 9-tc + 3 % Chol 64 64 4 3000 Bilayer in liquid-disorder phase 

28 50% 9-tc + 6 % Chol 64 64 8 3000 Bilayer in liquid-disorder phase 

29 50% 9-tc + 11 % Chol 64 64 16 3000 Bilayer in liquid-disorder phase 

30 50% 9-tc + 17 % Chol 64 64 26 3000 Bilayer in liquid-disorder phase 

31 50% 9-tc + 20 % Chol 64 64 32 3000 Bilayer in liquid-disorder phase 

32 50% 9-tc + 23 % Chol 64 64 38 3000 Bilayer in liquid-disorder phase 

33 50% 9-tc + 29 % Chol 64 64 52 3000 Bilayer in liquid-order phase 

34 50% 9-tc + 33 % Chol 64 64 64 3000 Bilayer in liquid-order phase 

35 50% 9-tc + 40 % Chol 64 64 86 3000 Bilayer in liquid-order phase 

36 50% 9-tc + 50 % Chol 64 64 128 3000 Bilayer in liquid-order phase 

37 50% 12-al without Chol 64 64 0 1000  Bilayer with a pore at 905 ns 

38 50% 12-al + 1.5 % Chol 64 64 2 1000  Bilayer with a pore at 787 ns 

39 50% 12-al + 3 % Chol 64 64 4 3000  Bilayer with a pore at 2020 ns 

40 50% 12-al + 6 % Chol 64 64 8 2000  Bilayer with a pore at 1831 ns 

*41 50% 12-al + 11 % Chol 64 64 16 3000 Bilayer in liquid-disorder phase 

*42 50% 12-al + 17 % Chol 64 64 26 3000 Bilayer in liquid-disorder phase 

43 50% 12-al + 20 % Chol 64 64 32 3000 Bilayer in liquid-disorder phase 

44 50% 12-al + 23 % Chol 64 64 38 3000 Bilayer in liquid-disorder phase 

45 50% 12-al + 29 % Chol 64 64 52 3000 Bilayer in liquid-order phase 

46 50% 12-al + 33 % Chol 64 64 64 3000 Bilayer in liquid-order phase 

47 50% 12-al + 40 % Chol 64 64 86 3000 Bilayer in liquid-order phase 

48 50% 12-al + 50 % Chol 64 64 128 3000 Bilayer in liquid-order phase 

49 50% 9-al without Chol 64 64 0 1000  Bilayer with a pore at 134 ns 

50 50% 9-al + 1.5 % Chol 64 64 2 1000  Bilayer with a pore at 441 ns 

51 50% 9-al + 3 % Chol 64 64 4 1000  Bilayer with a pore at 100 ns 

52 50% 9-al + 6 % Chol 64 64 8 1000  Bilayer with a pore at 351 ns 

*53 50% 9-al + 11 % Chol 64 64 16 3000 Bilayer in liquid-disorder phase 

*54 50% 9-al + 17 % Chol 64 64 26 3000 Bilayer in liquid-disorder phase 

*55 50% 9-al + 20 % Chol 64 64 32 3000 Bilayer in liquid-disorder phase 

*56 50% 9-al + 23 % Chol 64 64 38 3000 Bilayer in liquid-disorder phase 

57 50% 9-al + 29 % Chol 64 64 52 3000 Bilayer in liquid-disorder phase 

58 50% 9-al + 33 % Chol 64 64 64 3000 Bilayer in liquid-order phase 

59 50% 9-al + 40 % Chol 64 64 86 3000 Bilayer in liquid-order phase 

60 50% 9-al + 50 % Chol 64 64 128 3000 Bilayer in liquid-order phase 
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Figure S1. Snapshots of the 100% PLPC bilayer at different cholesterol concentrations. The light 

blue surface represent water. Phosphorus atoms in lipid head groups are shown as green spheres. 

The gray line represents the hydrocarbon tails of the PLPC molecules. The red and white spheres 

are oxygen and hydrogen atoms in cholesterols’ hydroxyl groups, respectively.  
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Figure S2. Snapshots of the 50% 13-tc bilayer at different cholesterol concentrations. The light 
blue surface represent water. Phosphorus atoms in lipid head groups are shown as green spheres. 

The gray and orange lines are PLPC and 13-tc molecules, respectively. The red and white spheres 
are oxygen and hydrogen atoms in cholesterols’ hydroxyl groups. The orange sphere represents 

the oxidized functional group of hydroperoxide in 13-tc lipid. 
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Figure S3. Snapshots of the 50% 9-tc bilayer at different cholesterol concentrations. The light blue 

surface represent water. Phosphorus atoms in lipid head groups are shown as green spheres. The 

gray and pink line are PLPC and 9-tc molecules, respectively. The red and white spheres are 
oxygen and hydrogen atoms in cholesterols’ hydroxyl groups, respectively. The orange sphere 

represents the oxidized functional group of hydroperoxide in 9-tc lipid. 
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Figure S4. Snapshots of the 50% 12-al bilayer at different cholesterol concentrations. Water pore 

was observed in the systems with low concentration of 0% - 6% of cholesterol. The light blue 

surface represent water. Phosphorus atoms in lipid head groups are shown as green spheres. The 

gray and white line are PLPC and 12-al molecules, respectively. The red and white spheres are 

oxygen and hydrogen atoms in cholesterols’ hydroxyl groups, respectively. The orange sphere 

represents the oxidized functional group of aldehydes in 12-al lipid.  
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Figure S5. Snapshots of the 50% 9-al bilayer at different cholesterol concentrations. Water pore 

was observed in the systems with low concentration of 0% - 6% of cholesterol. The light blue 

surface represent water. Phosphorus atoms in lipid head groups are shown as spheres. The gray 
and yellow line are PLPC and 9-al molecules, respectively. The red and white spheres are oxygen 

and hydrogen atom in cholesterol’s hydroxyl group, respectively. The orange sphere represents 
the oxidized functional group of aldehydes in 9-al lipid.  
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Figure S6. Free energy profiles of cholesterol molecule flip-flop across the 100% PLPC and 

50% oxidized PLPC bilayers calculated using WHAM tool in the GROMACS package. Error 

bars were estimated using the bootstrap method (2) and appear underestimated as compared to 

those computed using standard error (Fig. 4 in the main text). 

 

 

Figure S7. td and the re-orientation time in the unbiased simulations of 50% 9-al bilayer containing 

11% (A) and 17% (B) cholesterol. The re-orientation timescale is much shorter than td. 
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Figure S8. Mass density profiles for i) lipid’s phosphorus atoms, ii) lipid’s carbonyl groups, iii) 

cholesterol’s hydroxyl group, and iv) cholesterol’s terminal methyl group in 100 % PLPC lipid 

bilayer with different cholesterol concentrations.   
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Figure S9. Mass density profiles of the 13-tc systems. The legend at the top right hand corner 

shows the components and the figure titles indicate the systems. 
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Figure S10. Mass density profiles of the 9-tc systems. The legend at the top right hand corner 

shows the components and the figure titles indicate the systems.  
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Figure S11. Mass density profiles of the 12-al systems. The legend at the top right hand corner 

shows the components and the figure titles indicate the systems. 
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Figure S12. Mass density profiles of the 9-al systems. The legend at the top right hand corner 

shows the components and the figure titles indicate the systems.  
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Table S3. Average distances of different atoms and groups from the bilayer center.  

 

System 
Distance from the bilayer center (nm) 

Phosphorus atom Carbonyl group Chol's OH group 

100% PLPC without Chol 1.90 ± 0.03 1.48 ± 0.03 - 

100% PLPC + 1.5 % Chol 1.91 ± 0.03 1.49 ± 0.03 1.34 ± 0.20 

100% PLPC + 3 % Chol 1.93 ± 0.03 1.50 ± 0.03 1.41 ± 0.21 

100% PLPC + 6 % Chol 1.95 ± 0.03 1.53 ± 0.03 1.46 ± 0.19 

100% PLPC + 11 % Chol 2.00 ± 0.03 1.58 ± 0.02 1.49 ± 0.19 

100% PLPC + 17 % Chol 2.07 ± 0.03 1.64 ± 0.03 1.58 ± 0.18 

100% PLPC + 20 % Chol 2.11 ± 0.02 1.68 ± 0.02 1.64 ± 0.18 

100% PLPC + 23 % Chol 2.14 ± 0.02 1.71 ± 0.02 1.65 ± 0.17 

100% PLPC + 29 % Chol 2.20 ± 0.02 1.77 ± 0.02 1.74 ± 0.16 

100% PLPC + 33 % Chol 2.22 ± 0.02 1.80 ± 0.02 1.77 ± 0.16 

100% PLPC + 40 % Chol 2.26 ± 0.01  1.84 ± 0.01  1.83 ± 0.15  

100% PLPC + 50 % Chol  2.24 ± 0.01  1.83 ± 0.01  1.85 ± 0.14  

50% 13-tc without Chol 1.70 ± 0.03 1.31 ± 0.03 - 

50% 13-tc + 1.5 % Chol 1.71 ± 0.03 1.32 ± 0.03 1.05 ± 0.44 

50% 13-tc + 3 % Chol 1.71 ± 0.03 1.32 ± 0.03 1.13 ± 0.26 

50% 13-tc + 6 % Chol 1.72 ± 0.03 1.33 ± 0.02 1.07 ± 0.42 

50% 13-tc + 11 % Chol 1.76 ± 0.02 1.37 ± 0.02 1.11 ± 0.32 

50% 13-tc + 17 % Chol 1.82 ± 0.03 1.43 ± 0.03 1.24 ± 0.37 

50% 13-tc + 20 % Chol 1.84 ± 0.03 1.46 ± 0.03 1.27 ± 0.32 

50% 13-tc + 23 % Chol 1.90 ± 0.02 1.50 ± 0.02 1.41 ± 0.31 

50% 13-tc + 29 % Chol 1.95 ± 0.02 1.56 ± 0.02 1.42 ± 0.30 

50% 13-tc + 33 % Chol 2.04 ± 0.02 1.65 ± 0.02 1.56 ± 0.26 

50% 13-tc + 40 % Chol 2.19 ± 0.02  1.78 ± 0.01  1.74 ± 0.22  

50% 13-tc + 50 % Chol  2.24 ± 0.01   1.83 ± 0.01  1.84 ± 0.16  

50% 9-tc without Chol 1.74 ± 0.03 1.34 ± 0.02 - 

50% 9-tc + 1.5 % Chol 1.75 ± 0.02 1.36 ± 0.02 1.29 ± 0.23 

50% 9-tc + 3 % Chol 1.75 ± 0.03 1.36 ± 0.03 1.11 ± 0.24 

50% 9-tc + 6 % Chol 1.77 ± 0.03 1.38 ± 0.02 1.14 ± 0.26 

50% 9-tc + 11 % Chol 1.83 ± 0.03 1.44 ± 0.03 1.23 ± 0.27 

50% 9-tc + 17 % Chol 1.87 ± 0.03 1.49 ± 0.02 1.35 ± 0.27 

50% 9-tc + 20 % Chol 1.91 ± 0.03 1.52 ± 0.02 1.36 ± 0.27 

50% 9-tc + 23 % Chol 1.95 ± 0.02 1.56 ± 0.02 1.45 ± 0.24 

50% 9-tc + 29 % Chol 2.01 ± 0.02 1.62 ± 0.02 1.47 ± 0.29 

50% 9-tc + 33 % Chol 2.08 ± 0.02 1.68 ± 0.02 1.56 ± 0.26 

50% 9-tc + 40 % Chol 2.17 ± 0.02  1.78 ± 0.02  1.73 ± 0.19  

50% 9-tc + 50 % Chol  2.21 ± 0.01  1.83 ± 0.01   1.77 ± 0.24  

50% 12-al without Chol 1.64 ± 0.03 1.23 ± 0.03 - 

50% 12-al + 1.5 % Chol 1.66 ± 0.03 1.24 ± 0.03 1.05 ± 0.21 

50% 12-al + 3 % Chol 1.66 ± 0.03 1.24 ± 0.03 1.12 ± 0.29 

50% 12-al + 6 % Chol 1.67 ± 0.03 1.25 ± 0.03 1.08 ± 0.29 

50% 12-al + 11 % Chol 1.73 ± 0.03 1.32 ± 0.03 1.17 ± 0.25 

50% 12-al + 17 % Chol 1.82 ± 0.03 1.40 ± 0.03 1.30 ± 0.25 

50% 12-al + 20 % Chol 1.86 ± 0.03 1.44 ± 0.03 1.33 ± 0.26 

50% 12-al + 23 % Chol 1.93 ± 0.03 1.50 ± 0.03 1.41 ± 0.25 

50% 12-al + 29 % Chol 2.13 ± 0.02 1.70 ± 0.02 1.65 ± 0.18 

50% 12-al + 33 % Chol 2.19 ± 0.02 1.75 ± 0.02 1.72 ± 0.17 

50% 12-al + 40 % Chol  2.21 ± 0.02  1.78 ± 0.01  1.77 ± 0.16  

50% 12-al + 50 % Chol 2.21 ± 0.01   1.79 ± 0.01 1.80 ± 0.16  

50% 9-al without Chol 1.53 ± 0.16 1.18 ± 0.16 - 

50% 9-al + 1.5 % Chol 1.60 ± 0.03 1.19 ± 0.03 0.99 ± 0.30 

50% 9-al + 3 % Chol 1.62 ± 0.03 1.20 ± 0.02 0.95 ± 0.29 

50% 9-al + 6 % Chol 1.63 ± 0.03 1.22 ± 0.03 1.01 ± 0.27 

50% 9-al + 11 % Chol 1.67 ± 0.03 1.26 ± 0.03 1.06 ± 0.28 

50% 9-al + 17 % Chol 1.74 ± 0.03 1.33 ± 0.03 1.17 ± 0.28 

50% 9-al + 20 % Chol 1.80 ± 0.04 1.38 ± 0.04 1.29 ± 0.30 

50% 9-al + 23 % Chol 1.81 ± 0.03 1.39 ± 0.03 1.27 ± 0.31 

50% 9-al + 29 % Chol 1.94 ± 0.03 1.52 ± 0.02 1.46 ± 0.29 

50% 9-al + 33 % Chol 2.14 ± 0.02 1.71 ± 0.02 1.66 ± 0.18 

50% 9-al + 40 % Chol  2.21 ± 0.02  1.79 ± 0.01  1.75 ± 0.16  

50% 9-al + 50 % Chol  2.21 ± 0.01  1.81 ± 0.01  1.78 ± 0.15 



 63 

 

 

Figure S13. The area compressibility modulus (KA) as a function of cholesterol concentration in 

the 100% PLPC and 50% oxidized lipid bilayers.  
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CONCLUSIONS 

 

  Lipid peroxidation produces oxidized lipid, which is the consequence of free 

radical oxidative attack on unsaturated fatty acids in lipid chains. The presence of 

oxidized lipids in the lipid membrane has an impact on their dynamic and physical 

properties, particularly oxidized lipids with a shortened tail and a polar group such as 

aldehyde or carboxylic group, which can promote induced pore formation in the 

oxidized lipid membrane. Previous experimental and computational researchs have 

confirmed this. [5-12] Cholesterol and α-toc are well-known as an efficient 

antioxidant molecules that protect cellular membranes from free radical damage. In 

this work, to investigate the impact of cholesterol and α-toc in model membranes 

under oxidative stress, a series of microseconds-long MD simulations of α-toc and 

cholesterol in  non-oxidized PLPC and 50% oxidized-PLPC lipid bilayers were 

performed. Pure PLPC lipid bilayer was used a model membrane under normal 

condition. The 50% oxidized-PLPC mixed bilayers, the combination between PLPC 

and its lipid peroxidation product  with the oxidized functional groups of 

hydroperoxide and aldehyde were employed as a model membrane under oxidative 

stress. Without cholesterol and α-toc, no pore formation was observed in pure PLPC 

lipid bilayer and the hydroperoxide-containing oxidized bilayers. In contrast, a stable 

pore was found in the aldehyde-containing oxidized bilayers. These is agreement with 

the previous studies. [10, 13, 68] In this study, it was discovered that the presence of 

cholesterol or α-toc helped restrict pore formation in the aldehyde-containing oxidized 

bilayer. Although  either 1.5 to 6% cholesterol or α-toc were added to the bilayer, 

pore creation was observed. However, adding either cholesterol or α-toc in 

concentrations greater than 11% could inhibit pores in the bilayers. Using MD 

simulations help to understand insight on the atomic scale of how cholesterol and α-

toc stabilize oxidized membrane. By following the mechanism of pore formation in 

the aldehyde-containing oxidized bilayer . [10] The aldehyde oxidized functional 

group can widely distribute between the lipid-water interface and the interior of the 

lipid bilayer. It pulled water molecules into the bilayer resulting in an increase in 

water permeability and causing a pore formation in the lipid bilayer. This work 

showed that the presence of cholesterol and α-toc restricts the distribution and 
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changes the orientation of the oxidized lipid functional group in the bilayer. This 

behavior directly affected the mechanism of how the aldehyde functional group 

induces pore formation in the oxidized lipid bilayer. Next, the behavior of α-toc 

/cholesterol flip-flop within the bilayer have been investigated. α-toc flip-flops in a 

non-oxidized membrane, preventing free radicals from damaging unsaturated 

phospholipid molecules, as suggested in previous studies.[42]  In the context of 

cholesterol, the activity of cholesterol flip-flop helps to stabilize oxidized membrane 

by balancing the area and relaxing differential-density stress in an asymmetrical 

oxidized lipid membrane. [43] Here, for all concentrations of α-toc, α-toc flip-flop 

was seen both in non-oxidized PLPC and 50% oxidized PLPC bilayers. Interestingly, 

the number of α-toc flip-flop events in the oxidized membrane was found to be higher 

than in the non-oxidized PLPC membrane. In this case study of cholesterol , however, 

the flip-flops of cholesterol were only found in the 50% aldehyde-containing oxidized 

bilayers at 11-23% of cholesterol concentrations.  There is no cholesterol flip-flop 

event in the non-oxidized PLPC bilayer and in the 50% hydroperoxide-containing 

oxidized bilayers at any cholesterol concentrations, even a lengthy simulation time 

over 3 microseconds. The findings of the free energy calculations indicated that the 

presence of oxidized lipids lowers the free-energy barriers for α-toc and cholesterol 

flip-flop within the lipid bilayer, with the rate of flip-flop varying depending on the 

kind of oxidized lipid present. The rate for α-toc and cholesterol flip-flop increases in 

the following order: aldehyde-containing oxidized bilayers > hydroperoxide-

containing oxidized bilayers > non-oxidized PLPC bilayer. The rapid flip-flop rate of 

α-toc in oxidized lipid bilayers, particularly in aldehyde-containing oxidized bilayers, 

suggests that α-toc provides a physical mechanism that allows itself to scavenge free 

radicals and protects membranes from oxidative attack while also assisting in 

membrane stabilization under oxidative stress. In non-oxidized PLPC bilayer and in 

oxidized-PLPC lipid bilayers, cholesterol has a slower flip-flop rate than α-toc. 

However, the findings demonstrate that cholesterol prefers to stay near the lipid 

molecule's carbonyl groups at the lipid-water interface and stabilizes the oxidized 

lipid bilayer by limiting the distribution of oxidized functional groups resulting in a 

decreased probability of pore creation. Additionally, increasing cholesterol 

concentration resulted in a phase transition from liquid-disordered to liquid-ordered. 
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This condensing effect of cholesterol was found in non-oxidized PLPC bilayer and in 

oxidized-PLPC lipid bilayers. This finding suggests that cholesterol influences 

oxidized lipid chain ordering, which has a direct effect on pore formation in aldehyde 

lipid bilayers. 
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RECOMMENDATION AND FUTURE WORK 

 

 The main finding of this study was that chol/α-toc has a higher potential to flip 

in oxidized lipid bilayers than in non-oxidized lipid bilayers. It's interesting to 

investigate the dynamic force that pushes chol/α-toc flip-flops within the oxidized 

lipid bilayer in order to better understand their behavior in the membrane under 

oxidative stress. Additional study will focus on the interaction between lipid 

components and cholesterol α-toc during their flip-flop trajectory within the bilayer. 

The influence of membrane curvature, membrane lipid surface tension, as well as 

membrane thickness fluctuation, and membrane area fluctuation induced by the 

presence of oxidized lipid will also be investigated.   

 As more information on the interactions of oxidized lipids, α-toc, and 

cholesterol becomes available, there are several interesting issues related to the 

interactions of these molecules. Interestingly, it can potentially be applied for 

deverloping of cancer killing by using cold plasma treatments. Cold plasma is an 

ionized gas produced by the disintegration of noble gas or ambient air by the 

application of an electric or electromagnetic field. Reactive nitrogen- oxygen species 

(RNOS) produced in the plasma that can interact with unsaturated phospholipids in 

the cell membrane, causing massive lipid peroxidation, pore creation, membrane 

collapse, and cell death. In recent years, cold plasmas have been demonstrated to 

induce cell death in cancer cells. [17, 70-72] However, it is important to understand 

the detailed information about the key role factors of how plasma selectively kills a 

cancer cell while allowing healthy cells unharmed. There are interesting topics related 

to this. For example, 1) An investigation into the differences in lipid membrane 

compositions between cancer cells and healthy cells, as well as their impact on the 

therapy of plasma-killing cells. 2) The influence of a variety of RONS species on cell 

membrane oxidation. How does RONS penetrate and interact with the lipids 

membrane of cancer cells and healthy cells? 3) The effect of RONS on cell membrane 

with varying lipid types, lipid's unsaturation degree, cholesterol content,  and 

antioxidant level in the cell membrane. These investigations will support the growth 

of knowledge and the design of more effective methods for destroying cancer cells in 

medicine using plasma. 
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