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ABSTRACT 

Biomembranes are under constant attack of free radicals that may lead to lipid 

oxidation in conditions of oxidative stress. The products generated during lipid 

oxidation are responsible for structural and dynamical changes which may jeopardize 

the membrane function. For instance, the local rearrangements of oxidized lipid 

molecules may induce membrane rupture. In this study, we investigated the effects of 

mechanical stress on oxidized phospholipid bilayers (PLBs). Model bilayers were 

stretched until pore formation (or poration) using non-equilibrium molecular dynamics 

simulations. We studied single-component homogeneous membranes composed of 

lipid oxidation products, as well as two-component heterogeneous membranes with 

coexisting native and oxidized domains. In homogeneous membranes, the oxidation 

products with —OH and —OOH groups reduced the areal strain required for pore 

formation, whereas the oxidation product with ═O group behaved similarly to the 

native membrane. In heterogeneous membranes composed of oxidized and non-

oxidized domains, we tested the hypothesis according to which poration may be 

facilitated at the domain interface region. However, results were inconclusive due to 

their large statistical variance and sensitivity to simulation setup parameters. We 

pointed out important technical issues that need to be considered in future 

simulations of mechanically-induced poration of heterogeneous membranes. This 

research is of interest for photodynamic therapy and plasma medicine, because 
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ruptured and intact plasma membranes are experimentally considered hallmarks of 

necrotic and apoptotic cell death.  
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INTRODUCTION 

 

The major structural lipids in eukaryotic membranes are the phospholipids. 

They have a nearly cylindrical molecular geometry composed of saturated and cis-

unsaturated fatty acyl chains, which render them fluid at room temperature [1]. These 

fatty acid chains of phospholipids can become oxidized through specific enzymatic 

pathways or reactions with free radicals, namely reactive oxygen and nitrogen 

species (RONS) in general. 

The oxidative attack on fatty acid chains by free radicals may lead to oxidative 

stress situations, generating relatively stable and persistent reaction intermediates, 

and products bearing functional groups such as hydroperoxide, hydroxyl and 

truncated acyl chains, such as aldehyde and carboxylic groups [2-3]. These oxidized 

products affect the microscopic and macroscopic properties of the membrane, 

inducing structural changes related to the area per lipid [4], lipid order [5], bilayer 

thickness and bilayer hydration profile [6].  

In addition, the structural and conformational changes in the membrane caused 

by lipid oxidation might induce pore formation [7]. There are several experimental 

studies, where cold atmospheric plasma (CAP), i.e., an ionized gas used for several 

medical applications, as it is a source of RONS, was applied to study lipid oxidation 

and its effects on the structural and chemical modifications and the transport of ROS 

across the membranes [8-13]. It was reported that CAP treatment of phospholipid 

vesicles results in an increased fluidity of the phospholipid bilayers (PLBs) [9] as well 

as chemical modifications on the phospholipids [10]. Moreover, it can cause an 

ingress of ROS into the vesicles, thereby having no damage in the membrane 

integrity [11]. The permeation of OH radicals across phospholipid vesicles and their 



subsequent interaction with intramembrane molecules was reported by Ki and co-

workers [12], whereas the formation of pores was observed in artificial planar lipid 

bilayers [13].  

Computer simulations applied to oxidized PLBs also revealed similar results 

[14-17]. It was demonstrated that oxidation of the phospholipids leads to an overall 

increase in the membrane permeability [14-15], pore creation [16-17] and bilayer 

disintegration [7], as well as a change in the lipid mobility in the PLB [4]. Furthermore, 

pore formation can also be induced by electric fields generated e.g., by CAP. Indeed, 

some CAP sources can create strong electric fields which are high enough to induce 

pore formation in membranes [18-20]. A synergistic effect of RONS and electric field 

was reported, i.e., lipid oxidation can facilitate pore formation induced by electric 

fields [17]. Similar conclusions were made in an earlier study [21], where it was 

shown by the combination of computer simulations and experiments that oxidation of 

phospholipids enhances the susceptibility of the membrane to 

electropermeabilization.  

The improvement of the cell membrane permeability was also observed by 

Kaneko et al. using a cell-solution electrode CAP [22]. The authors concluded that 

the increase of the membrane permeability is due to the electric field and the density 

of the short-lived ROS reaching the cells in the solution. Using phospholipid vesicles, 

Tai et al. also observed that OH radicals result in a significantly higher lateral fluidity 

of the membranes, whereas hydrogen peroxide has little effect [23]. In general, we 

can conclude that lipid oxidation might affect the bilayer fluidity and lipid disorder, 

thereby altering the membrane permeability. 

Experiments [24] and theoretical works [25] have shown that lipid aldehydes 

may disrupt chemical gradients when incorporated to membrane mimetic systems, 

but the mechanism by which they induce membrane permeabilization needs to be 

better understood. On the other hand, membranes composed entirely of lipid 

hydroperoxides are able to maintain the membrane integrity [6,26].  

Injuries to the membrane can affect the form, function, and survival of the cell. 

Oxidized membrane phospholipids are involved in various pathological conditions 

including cancer [27], atherosclerosis [28], Alzheimer’s disease [29], infection and 



inflammation [30]. Moreover, lipid oxidation may induce liquid-ordered/liquid-

disordered phase separation in membranes, forming cholesterol and sphingolipid-

enriched raft domains, which might play fundamental active roles on cellular 

homeostasis and signaling [31-32]. Therefore, oxidatively-induced phase separation 

might have serious consequences for cell membranes that are subject to oxidative 

stress.  

Recently, theoretical works have demonstrated that the interfaces between 

phase-separated domains are regions where pore formation is facilitated [33]. 

Tsubone and co-workers proposed that the lipid hydroperoxide, a cylindrical oxidized 

lipid, is a promoter of liquid-ordered/liquid-disordered phase separation, whereas lipid 

carboxylic acid, a conical oxidized lipid, does not cause phase separation, but 

influences directly the bilayer deformation and membrane leakage [34]. 

It is challenging to understand the lipid phase behavior of biomembranes due to 

the large size of the lipidome and the presence of large amounts of membrane 

proteins [35]. Moreover, while coexisting phases can be easily observed by 

fluorescence microscopy of model membranes, domains are harder to find in 

biomembranes of living cells. The domains might exist but could be too small to be 

observed, being smaller than the wavelength of light (< 300 nm) [36-37]. Thus, the 

molecular structure and the membrane properties at domain interfaces still need to 

be elucidated. 

To understand membrane poration, biomechanical experiments based on 

biomembrane force probes have been conducted. Micropipette aspiration 

experiments are performed under static or at least quasi-static stress on giant bilayer 

vesicles [38]. The membrane rupture occurs when the stress or strain of the 

membranes exceeds critical values, depending on the lipid composition and 

concentration of cholesterol molecules [39].  

Pore formation on lipid bilayers is an extremely rapid event, triggered by a 

molecular-scale rearrangement of membrane structure. Hence, it is also difficult to 

capture details of pore formation through experimental methods. Besides that, the 

pore is unstable: depending on the intensity of the applied stresses on the bilayer 

and the pore radius, the pore can spontaneously close or continue to grow 



indefinitely, leading to membrane rupture [40-41]. Moreover, the presence of ions 

may influence the critical stress. In particular, adsorption of sodium ions to the 

membrane results in a higher critical stress due to a stiffened membrane. 

Consequently, the mechanical stress needs to be increased in order to yield stable 

pores [42]. 

The mechanisms by which lipid oxidation affects membrane properties need to 

be better understood. Molecular dynamics (MD) simulations have been proven as a 

powerful tool to get information concerning structural and dynamic properties of 

membranes. Based on that, in this research we performed non-equilibrium MD 

simulations at atomistic level using two types of model membranes, i.e., the single-

component homogeneous PLBs and a two-component heterogeneous PLB. We 

studied four different model membranes in the case of the single-component 

homogeneous PLBs, which either contained native (one system) or oxidized lipids 

(three systems). In the case of the heterogeneous system, we investigated a 

membrane with coexisting native and oxidized phospholipid domains. Our aim was to 

determine how lipid oxidation affects the permeability of biomembranes. 

 

METHODS 

 

Description of the Model Membranes 

We performed MD simulations to study the mechanical instability on PLB 

models due to lipid oxidation, in order to access atomistic information about how easy 

it is to form a pore. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) is a 

well-studied phospholipid model that is a major component of eukaryotic 

biomembranes [43-44]. The structure comprises a sn-glycerol-3-phosphate esterified 

at the C1 and C2 positions to chains, and a phosphate and choline group, described 

by stereospecific numbering (sn) which refers to the C1 and C2 of the glycerol as sn-

1 and sn-2 position, respectively. POPC can be oxidized at the double bond of its 

unsaturated (sn-2) fatty acid chain.  

Figure 1 shows POPC and three of its stable oxidation products at neutral pH 

used in this study: alcohol (POPCOH), hydroperoxide (POPCOOH) and ketone 



(POPCO). The oxidation was considered at the C9 with R-stereocenter. We studied 

single-component homogeneous membranes as well as two-component 

heterogeneous membranes with lipid domains. In the case of homogeneous 

membranes, each model membrane was entirely composed of POPC or one of its 

oxidation products in its pure state, with 128 lipid molecules (64 lipid molecules per 

leaflet) with 46 water molecules per lipid. The initial structure of the heterogeneous 

membrane was assembled with pre-formed coexisting domains. There was one 

domain composed of pure POPC (128 lipid molecules) and the other domain was 

composed of pure POPCOOH (128 lipid molecules). Water was modeled with the 

simple point charge (SPC) model [45]. A Cartesian coordinate system was used with 

the membrane surface placed parallel to the xy-plane and the membrane normal 

aligned with the z-axis. The box used for simulations was a cubic box with periodic 

boundary conditions in three dimensions (x, y, and z). 

 

 

Figure 1. (a) Structure of the POPC molecule and its oxidation products simulated. The atoms in blue, 

red and green represent choline, phosphate and glycerol groups, respectively. The palmitoyl (sn-1) 

and oleoyl (sn-2) chains are represented by black and purple colors, respectively. (b) Two-component 

heterogeneous membrane composed of POPC molecules (represented in blue) and POPCOOH 

molecules (represented in green). 



Simulation Details 

All simulations were carried out using the software Groningen machine for 

chemical simulations (GROMACS) version 5.0.4 [46] and the united-atom GROMOS 

53A6 force field [47] for phospholipid molecules [48]. The parametrization for alcohol 

and ketone functional groups was taken from the standard GROMOS 53A6 force field 

library and for hydroperoxide group from well-validated models [6].  

We applied the leap-frog algorithm for integrating Newton's equations of motion, 

using a timestep of 2 fs. For Lennard-Jones interactions, a cut-off radius of 1.4 nm 

was used. Coulomb interactions were treated using the particle mesh Ewald (PME) 

[49] based on the Ewald summation method. The covalent bond lengths were 

constrained using the LINCS algorithm [50]. A steepest descent energy minimization 

was performed prior to equilibration.  

Equilibration was performed according to the isothermal-isobaric ensemble 

(NPT). The temperature was maintained close to the physiological temperature (310 

K) by weakly coupling the system to an external temperature bath using a Nose-

Hoover thermostat [51-52]. The temperature coupling relaxation time constant was 

0.5 ps. The pressure was maintained close to 1 bar by weakly coupling the system to 

an external pressure bath using a Parrinello-Rahman barostat [53]. The pressure 

coupling was applied semi-isotropically, i.e., independently for the extension of the 

simulation box in the direction of the bilayer normal and for the cross-sectional area 

of the box in the plane parallel to the membrane surface. The pressure coupling 

relaxation time constant was 2 ps, and the isothermal compressibility of each system 

was 4.5 × 10−5 bar−1. We found that an equilibration period of 300 ns was sufficient 

for convergence of the structural properties such as the membrane area per lipid (see 

supplementary material). Graphical renderings of the model membranes simulated 

were produced using the visual molecular dynamics (VMD) software [54]. 

 

 

 

 

 



Stretching Simulations 

After equilibration of the model membranes, we performed non-equilibrium MD 

simulations of membrane stretching. These simulations involved proportional and 

temporal scaling of both the atom positions and system box lengths, which is 

implemented in the GROMACS code as the “deform” option. The model membranes 

were stretched either in directions x and y (two dimensions, i.e., 2D), or only in the x-

direction (one dimension, i.e., 1D). The temperature for lipid and water molecules 

was individually kept constant at 310 K using the velocity rescaling method [55], with 

a 0.2 ps coupling time constant. In the model membrane composed of two domains, 

the system was stretched only in one dimension, namely the direction perpendicular 

to the domain interface. In the other Cartesian directions, the pressure was kept at 1 

bar using an anisotropic Berendsen barostat with a coupling time constant of 0.5 ps 

and an isothermal compressibility of 4.5 × 10−5 bar−1. 

Shigematsu and co-workers [56] investigated the effects of stretching speed on 

mechanical rupture of phosphatidylcholine bilayers using non-equilibrium MD 

simulations.  They investigated stretching speeds varying from 0.025 to 0.3 nm/ns 

and found that the results at the lowest speeds were reasonably close to the results 

obtained in experiments at quasi-static stretching. Therefore, we performed our 

simulations at a speed of 0.025 nm/ns (lower speed). For comparison, data at 0.05 

and 0.3 nm/ns (higher speeds) are also presented. 

 

Analysis of Membrane Properties 

The bilayer thickness was obtained by calculating the average position of the 

upper and lower phosphorus atoms on the z-axis, during all simulation time. The area 

per lipid (AL) was calculated as: 
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where Lx and Ly are the box size in x and y-axis, respectively, and nL  the number of 

lipids in each leaflet. 



The first step in the pore formation process is the creation of a narrow water-

filled pore across the bilayer [25,41]. We defined the critical areal strain as the value 

of εA recorded at the very beginning of pore formation, calculated as: 
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where ΔA is the area variation at a given instant, and A0 is the initial membrane 

surface area. Because of the statistical nature of pore formation, selected simulations 

were performed in duplicate or triplicate. The critical εA value was calculated as an 

average between the simulations. 

The instant of pore formation can be identified either by visual inspection of the 

trajectories or by looking at the time evolution of the membrane thickness. As the 

membrane is stretched, it becomes ever thinner until a critical εA is reached and a 

pore is formed. At this moment, the pore grows very rapidly and the membrane 

thickness increases abruptly due to the release of elastic energy.  

 

RESULTS AND DISCUSSION 

 

Molecular Mechanism of Pore Formation in Homogeneous Membranes 

Overall, the process of pore formation is largely driven by structural changes 

that occurred in each leaflet. Pore formation is accompanied by a reorientation of 

headgroups towards the bilayer center. As a result, in the pore region a direct 

interaction between the headgroups located in the opposite leaflets occurs, which 

leads to the formation of a stable transmembrane pore. After membrane rupture 

micellization occurs (Figure 2). 

 

 

 



 

Figure 2. Snapshots from membrane stretching of POPC in 2D at 0.025 nm/ns, starting from the 

equilibrated membrane. Water molecules and headgroups are represented as van der Waals spheres 

with red/white and yellow colors, respectively. The sn-1 and sn-2 chains are represented by gray lines. 

 

Under lower-speed stretching in 2D, the pore took a longer time to appear due 

to the lower area expansion rate (Table 1, entries 1-4) and was formed at a larger 

strain when compared to higher-speed stretching (Table 1, entries 5-8). A possible 

explanation for that is related to lipid rearrangements. At lower speed, lipids have 

more time to reorganize themselves, meaning that the membrane is able to resist 

stretching to a larger degree before the pore finally appears. Under higher speed 

stretching, the rupture of the membrane occurs quickly after pore formation, because 

the lipids do not have enough time to rearrange. Besides that, the oxidation reduced 

the time required for pore formation when compared with native membrane (Figure 

3).  

 

 

 

 

 

 

 



Table 1. Summary of simulation conditions and results. 

 

Entry
a
 membrane 

simulation conditions
b
 

replicates 
results

c
 

nr. lipids area (nm
2
) COM groups v (nm/ns) direction t (ns) A 

          

1 POPC 128 40 b/w 0.025 xy 2 120 / 120 1.17(2) 

2 POPCO 128 39 b/w 0.025 xy 2 96 / 123 1.1(1) 

3 POPCOH 128 46 b/w 0.025 xy 2 93 / 112 0.9(1) 

4 POPCOOH 128 46 b/w 0.025 xy 2 100 / 107 0.9(1) 

          

5 POPC 128 40 b/w 0.3 xy 2 10 / 12 1.3(1) 

6 POPCO 128 39 b/w 0.3 xy 2 11 / 13 1.4(2) 

7 POPCOH 128 46 b/w 0.3 xy 2 8 / 11 1.0(3) 

8 POPCOOH 128 46 b/w 0.3 xy 2 10 / 11 1.1(3) 

          

9 POPC 128 40 b/w 0.025 x 3 271 / 280 / 283 1.10(1) 

10 POPCOOH 128 46 b/w 0.025 x 3 205 / 205 / 217 0.80(1) 

11 POPCOOH 240 83 b/w 0.025 x 1 313 0.61 

12 POPC+POPCOOH 256 83 b/w 0.025 x 1 427 0.84 

          

13 POPC 276 85 b/w 0.05 x 1 260 1.00 

14 POPCOOH 240 83 b/w 0.05 x 1 185 0.72 

15 POPC+POPCOOH 256 83 b/w 0.05 x 2 194 / 245 0.9(1) 

          

16 POPC+POPCOOH 256 85 d/d/w 0.025 x 3 320 / 367 / 373 0.7(1) 

                    

 

a
 For clarity, each system is identified by an entry number.  

b
 Total number of lipids, initial area, groups for center-of-mass (COM) removal (“b/w” stands for 

“bilayer and water”; “d/d/w” stands for “native domain, oxidized domain and water”), stretching speed 

(v) and stretching direction (xy for 2D stretching and x for 1D stretching). 

c
 Time for pore formation (t) for each individual replicate and averaged critical areal strain (A). 

Uncertainties in the last digit are indicated within parentheses.  

  

 



 

Figure 3. Snapshots from membrane stretching of POPC and its oxidation products in 2D at 0.025 

nm/ns. 

 

The εA value indicates the relative area variation required for pore formation. 

When this value exceeds a critical value, water molecules penetrate into the 

membrane interior and form a pore. The critical εA can be taken as a qualitative 

indicator of how easy it is, from the energetic point of view, to generate a pore in the 

membrane. It should be noted, however, that the areal strain depends on the 

stretching speed. Higher speeds are related to higher values of critical εA. As the 

speed decreases, εA approaches the quasi-static limit. Shigematsu et al. [56] showed 

that, in the case of phosphatidylcholine membranes, the quasi-static limit can be 

reasonably approached by a stretching speed as low as 0.025 nm/ns. 

The oxidation reduced the critical εA required for pore formation. As the 

membrane was stretched, the bilayer thickness decreased, and the pore formation 

was accompanied by reorientation of headgroups inward to the membrane interior. 

When εA was reached, a pore was formed which soon expanded and caused an 

abrupt increase in bilayer thickness due to the release of elastic energy. Both under 

lower and higher speed (Figure 4), less strain was required to drive pore formation in 

POPCOH and POPCOOH, as compared to the native POPC membrane.  

 



 

Figure 4. Bilayer thickness versus areal strain (εA) for 2D stretching of native and oxidized 

homogeneous membranes at 0.025 nm/ns (on the left) and at 0.3 nm/ns (on the right). The areal strain 

was calculated as an average between simulations. Inside the legend, each model membrane is 

represented by the entries given in Table 1. 

 

Earlier works have suggested that the area compressibility modulus of oxidized 

membranes is lower than that of native membranes, meaning that oxidized 

membranes tend to be softer [57]. Therefore, the comparably lower values of critical 

εA recorded for POPCOH and POPCOOH are also indicative that less energy is 

required for pore formation in comparison to POPC. Besides that, POPCO presented 

a critical εA close to POPC, suggesting that this oxidation product alone is not likely to 

significantly increase membrane permeability. 

Recently, we have studied the diffusion of water molecules across oxidative 

membranes and showed that membrane oxidation reduced the free energy barrier for 

diffusive water permeation across the membrane [58]. Based on the results reported 

here, a similar trend is to be expected in the case of pore-mediated permeation. 

Under mechanical stress, oxidation reduced the critical εA. Moreover, POPCOH 

presented multiple-pores even at lower stretching speed (Figure 3), demonstrating its 

susceptibility to water permeation. For POPCOOH and POPCO, multiple pores were 

observed only under higher speed stretching. 

There is large statistical variance in the results. However, we repeated 

simulations for two selected membranes, namely POPC and POPCOOH, and were 



able to obtain consistent results under a variety of simulation setup conditions. These 

include the initial membrane size, stretching speed and direction (Table 1, entries 9-

11,13-14). In all cases, oxidized membranes tend to form pores at a smaller areal 

strain compared to native membranes. Note that larger membranes require longer 

time for pore formation. To undergo the same relative area variation, larger 

membranes need to be stretched along a larger distance (i.e. during a longer time 

period) in comparison to smaller membranes. However, the critical areal strain 

remains invariant, i.e. it does not depend on the membrane size within statistical 

uncertainty. 

 

Molecular Mechanism of Pore Formation in Heterogeneous Membranes 

Membrane domains have been shown to form as a consequence of lipid 

oxidation [34,59], and have been implicated in cellular trafficking and signaling events 

[60]. In that sense, domain interactions could in principle interfere with transport and 

signaling events at the cellular level, with possible implications on the pathogenesis 

of neurodegenerative diseases [61].  

Many membrane properties might be largely influenced by the local properties 

at the interface regions. Recent studies have demonstrated that domain boundaries 

may be “hot spots” for pore formation and leakage [33]. However, the specific details 

of how the membrane domains affect membrane permeability have been a matter of 

discussion. 

To investigate this issue, we have assembled a model PLB containing two pre-

formed domains: one domain was composed of 100% POPC and the other of 100% 

POPCOOH. We then performed non-equilibrium MD simulations in which this 

heterogeneous membrane was stretched in 1D, more specifically in the direction 

perpendicular to the domain boundaries. Heterogeneous membranes were compared 

to single-component POPC and POPCOOH membranes with similar size and under 

similar simulation conditions (Table 1, entries 9-16). We found a large statistical 

variance of the critical areal strain obtained for the heterogeneous membranes, to the 

extent that no definitive conclusion could be drawn about the hypothetical influence 

of the domain interface on the tendency for pore formation. Heterogeneous 



membranes appeared more prone to pore formation than pure POPC membranes, 

but they behaved similarly to pure POPCOOH membranes within statistical 

uncertainty (Figure 5). Moreover, in heterogeneous membranes, pores formed either 

at the interface or at the bulk of oxidized domain (Figure 6). However, results 

appeared to depend slightly on the algorithm employed for removal of the center-of-

mass (COM) motion (Table 1, entries 12, 15-16). We observed that pores tended to 

form closer to the interface and at a smaller areal strain when the COM motion of 

individual domains was considered separately. That is probably an artifact that arises 

from the tension created at the interface region due to the motion of neighboring 

domains being affected differently by the COM removal algorithm. Further studies, 

including different and more complex membrane compositions, need to be done to 

clarify this issue. 

 

 

Figure 5. Bilayer thickness versus areal strain (εA) for entries 9 and 13 (a), 10, 11 and 14 (b) as well 

as 12, 15 and 16 (c). Model membranes corresponding to the entries are given in Table 1. 



 

 

Figure 6. Snapshots of the instant pore formation for entries 16 and 12 (see Table 1). Similar to Figure 

1, POPC and POPCOOH molecules are represented in blue and green colors, respectively. 

 

The major limitation of our methodology is with respect to size and time 

scales. We have simulated a system with a pre-formed domain, because phase-

separation in lipid membrane occurs on a timescale of tens of microseconds [62]. 

Thus, it is very difficult to induce membrane domains due to the computational cost. 

Although we were not inducing domain phase-separation, our results may help to 

unravel how lipid oxidation affects membrane domains. In the future we would like to 

investigate whether membrane permeabilization occurs as a consequence of 

membrane domains and evaluate the possible synergistic effects.  

 

CONCLUSIONS 

Taken together, our results showed that membrane oxidation reduced the 

critical εA and facilitated pore formation under mechanical stress, contributing to 

membrane leakage. In homogeneous model membranes, the critical areal strain 

depended on the oxidation product. The oxidation products POPCOH and 

POPCOOH turned the membrane more susceptible to pore formation, while POPCO 

had no significant effect. In the case of heterogeneous membranes with coexisting 



POPC and POPCOOH domains, we could not diagnose whether the interface region 

was more favorable to pore formation than a bulk POPCOOH phase. Results had a 

large statistical variance and were dependent on simulation conditions.  
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