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Abstract

Background: Strong electric fields are known to affect cell membrane permeability, which can be applied for
therapeutic purposes, e.g., in cancer therapy. A synergistic enhancement of this effect may be accomplished by the
presence of reactive oxygen species (ROS), as generated in cold atmospheric plasmas. Little is known about the
synergy between lipid oxidation by ROS and the electric field, nor on how this affects the cell membrane
permeability.

Method: We here conduct molecular dynamics simulations to elucidate the dynamics of the permeation process
under the influence of combined lipid oxidation and electroporation. A phospholipid bilayer (PLB), consisting of di-
oleoyl-phosphatidylcholine molecules covered with water layers, is used as a model system for the plasma
membrane.

Results and conclusions: We show how oxidation of the lipids in the PLB leads to an increase of the permeability of
the bilayer to ROS, although the permeation free energy barriers still remain relatively high. More importantly,
oxidation of the lipids results in a drop of the electric field threshold needed for pore formation (i.e., electroporation)
in the PLB. The created pores in the membrane facilitate the penetration of reactive plasma species deep into the cell
interior, eventually causing oxidative damage.

General significance: This study is of particular interest for plasma medicine, as plasma generates both ROS and
electric fields, but it is also of more general interest for applications where strong electric fields and ROS both come
into play.

keywords: cell membrane, molecular dynamics simulation, reactive oxygen species, electric field, plasma
medicine, electroporation

1. Introduction

Over the past decade, cold atmospheric plasma (CAP), i.e., an ionized gas near room temperature, has
shown promising applications in cancer therapy [1-4]. There is a growing body of literature to support the
claim that CAP may selectively target the destruction of cancer cells [4-6], which might give an
advantage to CAP over traditional anti-cancer methods, such as chemotherapy and radiotherapy.

The possible selectivity of CAP towards cancer cells is most probably due to the noticeable rise of
intracellular reactive oxygen species (ROS) occurring in cancer cells compared to normal cells upon the
same CAP treatment [7-11]. However, the underlying mechanisms explaining the enhanced concentration
of ROS in cancer cells still remain elusive.

Several studies in literature have tried to understand these mechanisms of plasma-based cancer
treatment [6, 12, 13]. Yan et al. proposed a mechanism for the possible selectivity of ROS towards cancer
cells, based on aquaporins (AQPs), i.e., the only verified H,O, channels on the cytoplasmic membrane of
cancer cells [6]. H2O; is regarded as one of the main anti-cancer ROS from CAP based on in vitro studies
[6]. They found that after the CAP treatment, CAP-generated H>O, species diffuse into cancer cells
significantly faster than in homologous normal cells, causing a significantly higher rise of ROS in cancer
cells compared to normal cells [6]. Recently, Szili et al. investigated how plasma and plasma-generated
ROS might interact with real cells in contrast to synthetic phospholipid (PL) vesicles [12]. The authors
suggested some mechanisms for the transport of reactive plasma species into cells, i.e., by interplay of
concentration gradients of short and long lived ROS combined with other effects, including electric field
[12]. Van der Paal et al. found that cholesterol can protect oxidized membranes against pore formation
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[13]. This result is of great interest for plasma-based cancer therapy, as cancer cells typically contain less
cholesterol in their plasma membrane, so the above observation can also explain the possible selectivity
of plasma treatment towards cancer cells, as they allow the reactive plasma species to reach the cell
interior more easily through pore formation.

It is known that the plasma generated reactive species first interact with the cell membrane, chemically
modifying (e.g., oxidizing) its lipids, and it is important to elucidate the penetration abilities of the
reactive species through the oxidized lipid bilayer, which is exactly the first subject of the present paper.
This allows us to find out whether there is a need for specific protein channels like AQPs, or whether the
formation of pores is necessary in order to deliver reactive plasma species into the cell interior to cause
oxidative stress.

In the context of plasma medicine, several experimental investigations have been performed on PL
vesicles as simple models for cell membranes, to study the oxidation of lipids, their structural and
chemical modifications, as well as the transport of ROS across the PL. membranes [12, 14-18]. For
example, Hammer et al. showed that a three minute CAP treatment of liposomes leads to an increase in
the fluidity of the PL bilayer (PLB) [14]. Maheux et al. reported a more negative zeta potential after CAP
treatment of small unilamellar vesicles [15]. The authors indicated that a larger number of chemical
modifications takes place on the PLs, leading to a more negatively charged surface of the treated
liposomes [15]. Further, Hong et al. showed that CAP treatment of PL vesicles can lead to an ingress of
ROS into the vesicles without damaging the cell membrane integrity [16]. They also observed a
significant reduction of the transfer efficiency of ROS into the vesicles in the presence of serum [16]. The
permeation of OH radicals and their reaction with intramembrane molecules were observed in [17] using
giant unilamellar vesicles. Furthermore, Tero et al. observed the formation of pores (with sizes of 10 nm -
1 pm) induced by CAP on artificial planar lipid bilayers formed at solid-liquid interfaces [18]. Thus, to
summarize, CAP treatment of the cell membrane leads to oxidation of the lipids, which subsequently
affects the bilayer fluidity and lipid disorder, thereby altering the permeability of the membrane to
reactive plasma species.

Similar conclusions were made in numerical studies applying molecular dynamics (MD) simulations on
oxidized PLBs [13, 19-21]. In general, the simulations reveal an overall increase in the membrane
permeability [19], a change in the lipid mobility in the PLB [20], pore creation and bilayer disintegration
[21] upon introduction of oxidized lipids.

It is important to realize that in addition to the creation of reactive species, some CAP sources also
generate strong electric fields, ranging from a few up to 100 kV/cm (see e.g., [22-30]). These electric
fields may play an important and synergistic role in plasma-cell interactions [30], as they are high enough
to induce pore formation in membranes [31]. Thus, in order to gain insight in the plasma-cell interactions,
the effect of electric fields should be taken into account together with the effect of reactive plasma
species. Therefore, the second subject of the current paper will be the study of the effect of electric field.

The application of high electric fields can indeed disturb the integrity of the membrane, through the
creation of pores either temporarily or permanently, which leads to cell membrane permeabilization. This
method is known as electroporation and nowadays is employed in different fields, including medicine
[32-34]. Electroporation is widely used for the delivery of chemical species, such as ions and small
molecules, dyes, drugs or genetic materials into cells [33, 35, 36] and it is successfully applied for cancer
treatment [37, 38]. Thorough discussions on electroporation and its applications are given in excellent
reviews [31, 35, 37-42]. There are also MD studies devoted to electroporation, where various
investigations are conducted using PLB model systems, e.g., the study of the mechanisms of membrane
electroporation [43-45], the effect of cholesterol on the electroporation threshold [46], transport of siIRNA
through lipid membranes [47], the phosphatidylserine translocation [48] as well as calcium-induced
adsorption of DNA on a lipid membrane [49]. More information about MD studies on electroporation can
be found in [50-52]. Although much research has been performed in the field of electroporation, still little
is known about the synergy between ROS and the electric field, and more specifically on how this affects
the cell membrane permeability.

Thus, based on the above mentioned considerations, in this paper we investigate the combined effect of
the electric field together with lipid oxidation, as both effects are important in plasma-cell interactions,
and thus the combination of both is highly relevant for studying the effect of plasma on living cells. To
our knowledge, this combined effect has not yet been investigated before in the context of plasma
medicine. Besides the direct interest for plasma medicine, this study is also of broader interest for other
applications where both strong electric fields and ROS come into play. Note that the results presented in
this study are not limited to cancer therapies. They are also highly relevant to a wider range of
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applications of plasma in medicine, such as treatment of skin diseases, wound healing, etc. (see e.g., [53,
54] in which the effect of the electric field as well as the delivery of reactive plasma species into a tissue
model are discussed).

2. Simulation setup

In this study we carry out MD simulations to study the electroporation process together with the effect
of oxidation of the PLs. Specifically, we investigate two cases. Firstly, we study the translocation of ROS
(more specifically OH, HO,, H,O, and O,) through native and oxidized PLBs, calculating their
permeation free energy profiles, to elucidate the penetration capabilities in the absence of an electric field.
Secondly, we investigate the effect of the electric field on pore formation again in native and oxidized
bilayers. Note that other ROS and reactive nitrogen species (e.g., Oz, NO,, ONOQ") are also important
and they are generally believed to also play a key role in plasma treatment [4, 55]. However, no accurate
force field parameter sets for these species are currently available, and therefore the behavior of these
species cannot yet be investigated.

As a model system we use the PLB shown in Fig. 1, representing the cell membrane. It is composed of
128 lipids surrounded by two water leaflets, each of which contains 4000 water molecules (i.e., in total
8000 water molecules), corresponding to a hydration level of ~63 waters/lipid. The PL investigated is 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), which is illustrated in Fig. 2. To study the effect of
oxidized PLs, two oxidation products of DOPC are included in the simulated systems, i.e., a peroxide and
an aldehyde (see also Fig. 2). The peroxide and aldehyde were chosen because it is shown that these are
two of the major oxidation products [56]. The peroxide is the end product of the main lipid peroxidation
reaction, whereas the aldehyde product is formed due to a ring closing and opening reaction of the
intermediate lipid peroxide radical, which yields two aldehydes. To create multiple oxidized membranes,
10, 20, 30, 40 or 50 mol% of the DOPC molecules in the native PLB structure are replaced by one of both
oxidized PLs. The Packmol package is used to create the different structures [57].

Fig. 1: Native DOPC PLB to be treated with MD simulations. The PLB consists of 128 DOPC molecules
with 8000 water molecules organized in two lamellae (i.e., 64 DOPCs, with corresponding water layer, at
the top and 64 at the bottom). The water layers, oxygen atoms and lipid tails are shown in cyan, red and
gray colors, respectively. The P (orange) and N (blue) atoms are depicted with bigger beads, for the sake
of clarity. The color legend also applies to the other similar figures below.



Fig. 2: Schematic illustrations of the native (DOPC) and oxidized (DOPC-perox. and DOPC-aldeh.) PLs.

Once the initial configurations of the membranes are generated, an energy minimization is performed
using the steepest descent algorithm. Afterwards, the systems are equilibrated during 110 ns, of which the
last 10 ns are used for further analysis. During all runs, the GROMOS43A1-S3 force field is applied [58].
Note that this force field is an all-atom force field except for the methyl and methylene groups that are
treated as united atoms. The parameters for peroxide and aldehyde groups in the oxidized PLs (see Fig. 2)
are obtained from [19]. The ROS investigated in this study are, however, not present in this force field, so
the relevant parameters are taken from literature [59]. The simulations are performed in the NPT-
ensemble by applying the Nose-Hoover thermostat [60] and the semi-isotropic Parinello-Rahman barostat
[61] (i.e. pressure coupling is isotropic in x and y direction, but different in z direction, which ensures that
Li=Ly). The applied reference temperature is 310 K combined with a coupling constant of 0.2 ps, whereas
the applied reference pressure is 1 atmosphere combined with a compressibility of 4.5x10 bar! and a
coupling constant of 1 ps. Periodic boundary conditions are applied in all Cartesian directions.
Considering the non-bonded interactions, a 1.0 nm cut-off is applied for the van der Waals interactions.
The electrostatic interactions, on the other hand, are calculated using the PME-method [62, 63], using a
1.0 nm cut-off for the real-space interactions in combination with a 0.15 nm spaced-grid for the
reciprocal-space interactions and a fourth-order B-spline interpolation. All simulations and analyses
mentioned in this study are performed using the GROMACS 5.1 package [63].

2.1 Free energy profiling

To understand the effect of lipid oxidation on the permeation of ROS, umbrella sampling (US)
simulations are performed for H>O, and O, molecules as well as for HO, and OH radicals, in native and
50% oxidized structures (both aldehyde and peroxide). Initial structures for these simulations are selected
as random frames from the last ns of the corresponding equilibration simulation (see above). For each
energy profile, 150 US windows are defined along the bilayer normal (z-axis), which are separated by 0.5
A. In this manner, the sampling windows span the entire membrane system. Five US windows, separated
by 15 A, are sampled during each simulation to save computational resources. A harmonic bias with a
force constant of 1000 kJ.mol'.nm? is applied along the z-direction on the reactive species, to restrict
their motion. After an extra equilibration of 3 ns, a 2 ns simulation is performed during which the US
histograms are collected. The conditions used in these simulations are identical to those used during the
equilibration runs (see above). Free energy profiles are constructed by using a periodic version of the
weighted histogram analysis method (WHAM) [64], as is implemented in the g wham tool of
GROMACS. The final energy profiles are obtained by averaging over four US simulations, which differ
from one another based on their starting structure, to allow for some statistical variations. The energy
barriers and their associated standard deviations (see Table 1 below) are obtained by calculating the
difference between energy minimum and maximum in each energy profile and averaging them over four
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US simulations. Note that the US simulations need a lot of computational resources and are therefore
computationally expensive. In total 1440 US simulations are performed for the calculation of the free
energy profiles.

2.2 Electric field simulations

To investigate the effect of the electric field on the different membrane structures, additional
simulations are performed using the last frame of each equilibrated structure as input, and applying an
electric field of varying strength. In case of the oxidized structures, electric field strengths of 300, 400 and
500 mV/nm are investigated, whereas in the case of the native membrane, electric field strengths of 400,
450, 500, 550 and 600 mV/nm are used. Note that these are typical electric field values used in
electroporation simulations (see e.g., [44-46, 48, 65, 66]). However, the values are much higher than the
electric fields applied in electroporation experiments [31] or in plasma medicine applications [22-30].
Experimentally, applied field strengths might vary between 0.1 and 100 kV/cm (i.e., between 0.01 and 10
mV/nm), which are at least an order of magnitude lower than the fields used in MD simulations. In fact,
the macroscopic field applied to the system in experiments is not equivalent, by any means, to the field
which is felt by the membrane (and which is applied in MD simulations), and therefore these values
should not be directly compared. Specifically, the macroscopic electric field used in experiments is only
the spatially averaged electric field obtained from the applied voltage between electrodes, whereas the
microscopic electric field across the membrane should be determined from the transmembrane potential.
The latter is not straightforward to determine from the global value. Therefore, a constant electric field is
used in MD simulations to study the electroporation process. The transmembrane potential difference, in
this case, is simply determined from a multiplication of this electric field to the size of the simulation box
in the field direction (mostly z axis). The time dependent microscopic transmembrane potential was
determined from the global value (i.e., the macroscopic electric field) in [67, 68] using a so-called
distributed circuit model. The determined maximum value of the transmembrane potential (i.e., > 2 V,
when the external applied electric field is 10 mV/nm [67, 68]) corresponds fairly well to the values of the
transmembrane voltage needed for pore formation in MD simulations (see e.g., [45, 48, 69] as well as
below). Thus, despite the fact that the temporal behaviour is excluded, the applied constant electric fields
in MD studies can give valuable information about the electroporation process on the atomic scale.
Moreover, these microscopic electric fields can be correlated with the macroscopic electric fields through
the transmembrane potential and the direct proportionality can be obtained between them.

The simulations are run for 20 ns, using the same simulation parameters as in the equilibration runs. By
selecting 10 frames from the last 10 ns of the equilibration run (i.e., one frame every ns), 10 independent
electric field simulations are performed. For each simulation, the time until the occurrence of pore
formation is calculated, which is then averaged over all independent simulations.

2.3 Analysis

To analyze the various properties of the simulated membranes, the last 10 ns of each equilibration run is
used. The bilayer thickness is defined as the average distance along the z-axis between the center of mass
of the phosphorus atoms of both leaflets, using the gmx_distance command of GROMACS. The area per
lipid is calculated from the average box size in the xy-plane, divided by the number of lipids in one
leaflet, i.e., LyxL,/64. This value gives thus an average area over both native and oxidized PLs. The
average box size in the xy-plane, as well as the average box size in the z-direction are calculated using the
gmx_energy command. The error bars shown in the results below are all calculated using the block
method of Hess [70].

3. Results and discussion

As mentioned above, this study is composed of two parts. We first study the translocation of ROS
(namely, OH, HO», H,O; and O,) through native and oxidized PLBs. This gives us information about the
penetration abilities of ROS through these bilayers, when there is no pore formed in the PLBs. Indeed, the
effect of the electric field is excluded here, and the oxidation degree is up to 50%, which is high enough
to observe the effect of oxidation, but low enough so that pore formation does not yet occur [13]. This
allows us to elucidate whether or not the formation of pores is necessary in order to deliver ROS (and
other molecules) into the cell interior. Subsequently, we investigate the effect of the electric field on pore
formation, again in native and oxidized bilayers. This allows us to determine how the electric field
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facilitates pore formation, when oxidation takes place in the PLBs. Thus, in this study two research
questions will be investigated, i.e., (i) can ROS penetrate through a native or oxidized PLB in the absence
of an electric field, and if not, (ii) which electric field strengths are needed to create pores in both native
and oxidized PLB?

3.1 Translocation of ROS through native and oxidized PLBs

Fig. 3 illustrates the free energy profiles of ROS across native and 50% oxidized PLBs, for both the
peroxide and aldehyde oxidation products. We chose the 50% oxidized systems, but we expect that other
oxidation degrees will give similar results, albeit less pronounced. Moreover, these calculations of the
energy profiles are computationally expensive (see section 2.1).

Fig. 3: Free energy profiles for the translocation of ROS across native (a), 50 mol% peroxidized (b) and
50 mol% aldehyde oxidized (c¢) PLBs. The red dashed lines indicate the average positions of the
phosphate groups (i.e., average bilayer thickness, cf. Table 2). The gray dashed line corresponds to the
bilayer center. The water layers are highlighted by the light blue shaded color.

As is clear from Fig. 3, in all three cases hydrophobic O, molecules can easily travel towards the lipid
tails without significant energy barriers for permeation. As soon as they reach the apolar center of the
bilayer, they remain stable there, as their activation free energies from the center to the water layer are
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still relatively high (see Table 1). The H>O, molecules have a free energy minimum near the head group
region, i.e., they prefer to stay close to the phosphate groups (see red dashed line in Fig. 3). This is due to
the favorable H-bond interactions with phosphate groups [59]. The HO, and OH radicals can stay deeper
in the PLB. This is more pronounced for HO, with significantly deeper free energy minima, i.e., -16.5, -
15.0 and -15.6 kJ/mol, in the case of the native, 50% peroxidized and 50% aldehyde oxidized PLBs,
respectively (see Fig. 3). The behavior of these species can again be explained from the H-bonds they
form [59]. HO, radicals are better proton donors but weaker proton acceptors than water [59, 71] and they
more likely interact with ester groups found between the head groups and the lipid tails [59]. OH radicals,
on the other hand, can act equally as H-bond donor or acceptor [59] and therefore they can locate close to
both ester as well as head groups. Moreover, the presence of one additional oxygen atom in HO»
compared to the OH radicals results in stronger van der Waals interactions with lipid head groups [59],
which might explain the deep free energy minimum shown for HO, (see Fig. 3). It should be mentioned
here that H>O, molecules are more stable in water solution, as they bind with water molecules at least
with four hydrogen bonds, which was revealed in an ab initio MD study [72]. Moreover, H,O, molecules
establish about twice as many H-bonds in water as OH or HO; [59], which can explain why they cannot
penetrate deeper in the membrane and they stay close to the aqueous phase and phosphate region (see Fig.
3). Nevertheless, all these hydrophilic ROS (i.e., H>O,, HO, and OH) experience permeation barriers by
the membrane. This is consistent with experimental evidence, where HO» and H,O, are found to be much
less permeant than O, [73]. The calculated free energy barriers for all ROS are given in Table 1. It should
be mentioned that the free energy barriers calculated using different force fields tend to be different (see
e.g., parametric study of simple molecule partitioning applying various force fields in [74]). Therefore,
we here pay specifically attention to the relative values, i.e., how lipid oxidation influences the overall
free energy barriers of ROS (see Fig. 3 and Table 1), instead of to the absolute values.

Table 1: Calculated free energy barriers of ROS across native and 50% (peroxide and aldehyde) oxidized
PLBs. The values given for H,O2, HO, and OH are the activation free energies for permeation, i.e., to
reach the bilayer center, whereas it is an activation free energy relative to the aqueous phase in the case
of Oy (cf. Fig. 3).

Activation free energy (kJ/mol)
System H.0; OH HO. 0
Native 345+2.1 202 +2.1 21.3+£2.2 83+1.1
50% peroxide 36.4+34 18.6+2.5 17.6 £2.6 65+14
50% aldehyde 23.8+ 1.7 11.1+1.2 15.8+1.7 7.5+2.1

The activation free energy for H»O, permeation in the native PLB is 34.5 £ 2.1 kJ/mol, which is in
reasonable agreement with the experimental value, i.e., 36.8 kJ/mol [75].

As is clear from Table 1, an overall decrease of the activation free energies of H>O,, HO, and OH for
permeation is observed in the case of oxidized PLBs, especially for aldehyde oxidized PLBs. Moreover, it
is clear from Fig. 3 that the free energy profiles of these species become narrower in the lipid center in the
case of the oxidized PLBs. This indicates that in oxidized membranes the ROS are able to accumulate
only around the head groups, except for the O, molecules (see Fig. 3bc). The decrease of the free energy
barriers and the sharpening of the profiles can be explained below after careful analysis of the effect of
oxidation on the PLBs.

Thorough analysis of the effect of oxidation on the structural and dynamic properties of the PLB
showed that oxidation of the lipids leads to a higher disordering of the lipid tails, thereby increasing the
lipid area and decreasing the bilayer thickness (see Table 2).

Table 2: Summary of the area per lipid, the bilayer thickness and the box size in the z-direction, in case of
the native membrane as well as the 50% (peroxide and aldehyde) oxidized membranes.

System Area per lipid (nm?) | Bilayer thickness (nm) L, (nm)

Native 0.673 £0.001 3.89+0.04 9.61£0.02
50% peroxide 0.784 + 0.002 3.24 +0.04 8.26 +0.03
50% aldehyde 0.809 +0.003 3.33+£0.06 8.08 £0.05




The larger area per lipid and the drop in bilayer thickness are due to the bending of the polar oxidized
groups from the hydrophobic core towards the water interface, which is also described in literature [13,
19]. Moreover, a recent simulation study showed that an addition of oxidized lipids to the system
increases the water density in the head group region and shifts the density maximum of lipid atoms
towards the bilayer center, thereby decreasing the membrane thickness [76]. Table 2 also illustrates that in
case of the aldehyde oxidation product, the increase of the area per lipid is more pronounced than for the
peroxide oxidation product, whereas the decrease of the bilayer thickness is smaller. This means that the
total bilayer volume is larger in case of aldehyde oxidation, compared to peroxidation of the membrane.
This can only be explained by the permeation of water molecules into the membrane (or in the head group
region), which would make the bilayer swell. This phenomenon is illustrated in Fig. 4. The same
conclusion can also be drawn by looking at the total size of the box along the z-axis (L,). From Table 2, it
is clear that L, is smaller in the aldehyde oxidized system compared to its peroxidized counterpart, while
the bilayer thickness is larger. This again can be explained by the permeation of water molecules into the
lipid system, by which L, decreases and the bilayer thickness increases.

Fig. 4: Schematic illustration of the effect of oxidation on the bilayer thickness and on the box size along
the z- and x-axis in case of the 50 mol% aldehyde oxidized system (left) and 50 mol% peroxidized system
(right). Note that the box sizes along the x- and y-axis are identical (Lx=Ly). The lipid tails are not shown
for the sake of clarity.

Thus, in the case of aldehyde oxidation the increase in permeability of the PLB is more pronounced
compared to the peroxidation case. This explains the overall decrease of the energy barriers of the ROS in
the oxidized PLBs, especially in the aldehyde oxidation case (see Fig. 3 and Table 1). Note that in general
the oxidation of lipids in the membrane changes the inside-the-bilayer conditions, and this in turn affects
the free energy barriers, their heights as well as the positions of the minima (see Fig. 3), which strongly
depend on the water dynamics around the model system [76]. It should also be mentioned that in both
oxidation cases the ROS cannot remain stable at the center of the bilayer (as is the case in the native PLB;
cf. the flat profiles and even small minima in the profiles in Fig. 3a), except for the O, molecules. This
can again be explained by an increase in lipid disordering, which leads to an increase in fluidity of the
PLB.

Generally we can conclude that oxidation of the lipid tails leads to a decrease of the lipid order, thereby
increasing the bilayer fluidity as well as the permeability of the bilayer to ROS. However, the energy
barriers still remain relatively high (order of tens of kJ/mol), so the ROS will not easily penetrate through
the lipid bilayer. This indicates that specific protein channels, like AQPs, or pores are required in order to
deliver the ROS into the cell interior.

3.2 Effect of the electric field on pore formation
As mentioned above, strong electric fields, i.e., in the range of 0.1 — 100 kV/cm, can lead to pore
formation in the membrane. Some CAP sources produce quite strong electric fields, in addition to reactive
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plasma species, such as ROS, which cause lipid oxidation. Thus, it is important to know how oxidation of
the lipids can affect the threshold electric field for poration, as well as the pore formation time. Fig. 5
demonstrates snapshots from MD simulations showing the typical pore formation process in a native
PLB, under the effect of a constant electric field of 0.5 V/nm applied in the direction perpendicular to the
bilayer surface. As mentioned above, the values of the electric field used in the MD simulations are not
equivalent to the experimentally applied electric fields, and a detailed clarification of this comparison was
given in section 2.2 above. Therefore, the MD simulations are still very interesting to obtain information
on the effect of electric fields on the electroporation process.

Fig. 5: Snapshots from MD simulations, showing the pore formation in a native PLB after ~2 ns, upon
effect of a constant electric field of 0.5 V/nm, (a) side view and (b) top view. The water layers are
removed from the top view picture, for the sake of clarity.

In short, the pore formation begins with the creation of a single-file water defect (i.e., a narrow aqueous
channel with the width of a single water molecule), which grows quickly (within a few ns) eventually
leading to the pore formation. This process is well described in literature (see e.g., [43, 45]). This pore
might allow ROS to penetrate into the cytoplasm, eventually to cause oxidative damage.

The average time needed to initiate pore formation in a native PLB is plotted as a function of the
electric field value in Fig. 6. It is clear that a stronger electric field leads to a drop in the pore formation
time. This behavior is more or less exponential, which is in agreement with [66].

Fig. 6: Average time needed to initiate pore formation in a native PLB, versus the applied electric field.
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It should be mentioned that the pore formation is a stochastic process, and therefore, the poration time
can fluctuate considerably, as is obvious from the error bars in Fig. 6. Due to the stochastic nature of the
process, there is an inherent uncertainty in the obtained values, which cannot be reduced by increasing the
number of simulations.

Fig. 7 illustrates the average poration time for three different electric field values, as a function of the
oxidation degree of the PLB, for both aldehyde (a) and peroxide (b) oxidation. It is clear from Fig. 7a that
for aldehyde oxidation, a higher oxidation degree leads to a drop in the pore formation time. Moreover,
electroporation can already occur upon applying lower electric fields compared to the native PLB (cf. Fig.
6 and the missing data points in Fig. 7a), which means that the lipid oxidation into aldehydes leads to a
decrease of the threshold electric field needed for pore formation to occur. In the case of the peroxidation
(see Fig. 7b), we did not observe the same strong effect of the oxidation on the pore formation time,
although again a small drop is noticed compared to the native PLB.

Fig. 7: Average time needed to initiate pore formation, for different applied electric fields, versus
oxidation degree, for aldehyde oxidation (a) and peroxidation (b).

The reason for this might be related to the permeability of water through the oxidized PLBs. Indeed,
based on our results presented in Fig. 3, we may expect that the permeation free energy barrier of water
through peroxidized PLBs will be higher than for aldehyde oxidation. Since the pore formation process
initiates with the creation of water defects (see above), and since the penetration of water molecules to the
hydrophobic part of the bilayer will be more difficult in the case of the peroxidized PLB, more time will
be needed for pore formation, independent from the oxidation degree (cf. Fig. 7).

We want to stress again that in electroporation simulations the applied electric fields are much higher
than the fields used in experiments, which are typically in the order of few mV/nm [30, 31]. As we
mentioned above, these values should not be directly compared. For a more detailed clarification of this
comparison, see section 2.2 above. Moreover, the average pore formation times obtained in MD
simulations (see Figs. 6 and 7) cannot be directly related to the experimentally observed pore formation
kinetics, which is expressed by a characteristic time (t), as they are conceptually different. Briefly, t is an
ensemble averaged value which is independent of the size of the PL patch, whereas in MD simulations
with small PL structures, the probability of an occurrence of a first pore depends on the patch size (i.e., it
increases with patch size). These issues were clarified in more detail in [77]. Thus, the attention should be
paid on the trends and not on the exact values of the poration times and electric fields given in Figs. 6 and
7.

In general, we can conclude that oxidation of the lipid tails in the PLB facilitates the pore formation, by
lowering the threshold electric field needed for pore formation.

4. Conclusions
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In this study, computer simulations were performed to obtain a better insight in the synergistic effect of
an electric field in combination with lipid oxidation on the formation of pores in a PLB. First, the
translocation of ROS through native and oxidized PLBs was investigated in the absence of an electric
field. It was found that oxidation of the PLs leads to an overall decrease of the permeation free energy
barriers of the ROS, especially in the case of aldehyde oxidation. This is due to the increasing fluidity of
the PLB, thereby increasing the permeability of the bilayer to ROS. However, the energy barriers are still
relatively high, and thus the ROS will still not be able to easily travel through the oxidized PLB. This
indicates that there is a need for specific protein channels, like AQPs, or that pores should be created in
order to deliver reactive species into the cell interior.

The latter can be realized by applying an electric field, i.e., so-called electroporation. As some CAP
sources produce significant electric fields, besides ROS which may lead to lipid oxidation, we
investigated the synergistic effect of the electric field and oxidation of the PLB. Our calculations reveal
that a stronger electric field yields a shorter pore formation time. Moreover, oxidation of lipid tails leads
to a drop in the average time needed to initiate electroporation, as well as a lower threshold electric field
needed for pore formation. This effect was most apparent for aldehyde oxidation, while it was rather
minor for peroxidation of the PLB. The latter may be explained by the higher permeation free energy
barrier of water through a peroxidized PLB, as the pore formation process is initiated by the creation of
water defects.

The present results provide an atomic-level insight into the mechanisms of the combined effect of an
electric field and lipid oxidation, as produced e.g., by cold atmospheric plasma, on living cells.
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