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H I G H L I G H T S

• Concentration affects the distribution
of ROS at the membrane-water inter-
face.

• Under plasma treatment, the energy
barrier of HO2 translocation across the
membrane decreases significantly.

• The unsaturated regions of the phos-
pholipid and cholesterol are suscep-
tible to oxidation by O2 and HO2, re-
spectively.

• The distribution of plasma ROS will
cause the change of membrane mor-
phology.

• The MD results give insight into the
plasma sterilization process.
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A B S T R A C T

Cold atmospheric plasma (CAP) has attracted substantial attention in the field of medical disinfection because its
main components, reactive oxygen species (ROS), have a strong destructive effect on various cell components.
The cell membrane plays an important role in maintaining proper cellular function by blocking harmful sub-
stances such as ROS. In this paper, we used molecular dynamics simulations to study the behaviour of different
ROS at the membrane-water interface. The results showed that the cell membrane presented a weak barrier to
hydrophobic ROS (O2) but effectively prevented hydrophilic ROS (OH, HO2, H2O2) from entering the cell. The
plasma treatment significantly enhanced the permeability of the cell membrane to HO2, while the energetic
barrier to other types of ROS changed only slightly. O2 very likely stopped in the centre of the lipid bilayer when
crossing the membrane and there attacked the unsaturated region of the phospholipid. Cholesterol was most
likely oxidized by HO2, causing a condensing effect that destroyed the integrity and fluidity of the cell mem-
brane. The study also found that large amounts of ROS decreased the thickness of the cell membrane, and the
phospholipid arrangement became disordered.

1. Introduction

In recent years, cold atmospheric plasma (CAP) has become an
important topic in the fields of chemistry and biology, with potential
applications such as pollution degradation, cancer treatment, and

sterilization [1–3]. In particular, with improving medical standards, the
drawbacks of traditional disinfection methods have attracted increasing
attention [4], and the new CAP sterilization method has many ad-
vantages over traditional sterilization methods [5–7]. CAP is a mixture
of electrons, ions, atoms and free radicals, and the whole is electrically
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neutral. Studies have shown that the main types of free radicals are
hydroxyl radicals (OH) [8], hydroperoxide radicals (HO2) [9], singlet
oxygen (1O2) [10], etc. These substances exhibit strong nanotoxicity
and have a strong destructive effect on the structure of bacterial sub-
stances [11].

The bactericidal process of plasma sterilization is very complex and
involves affecting gene expression, blocking signalling pathways, re-
ducing metabolic levels, causing oxidative stress and exerting other
effects [12]. To date, a large body of literature has attempted to explain
the mechanism of plasma sterilization. Cell membranes, a barrier pro-
tecting proteins and nucleic acids, can block reactive oxygen species
(ROS) from entering the interior of cells. However, due to the strong
fluidity of the cell membrane, high-permeability ROS can enter the cell
interior with relative ease [13,14]. Plasma treatment can result in in-
tracellular ROS concentrations that exceed the capacity of the cell de-
fence systems, causing the cells to suffer oxidative stress. The anti-
oxidant system in the cells might become unable to cope with the
damage sustained by the cells, resulting in damaged DNA going un-
repaired, eventually leading to cell death [15]. Therefore, the key factor
in bacterial inactivation is the permeability of free radicals into the
bacterial membrane [16]. Experiments have shown that in an acidic
environment, the combination of O2– and H ions causes an increase in
the concentration of HO2, which, due to its high permeability into the
cell membrane, significantly enhances the killing effect of plasma on
bacteria [16]. H Zhang found that long-lived H2O2 molecules cause a
modification of the secondary structure and polymerization of the
peptide chains, and increasing concentration of H2O2 leads to a reduced
alpha-helix content, thereby inactivating the bacteria [17]. JG Bir-
mingham identified small acid-soluble proteins (SASPs) in bacterial
spores by mass spectrometry and found that plasma acts rapidly and
causes spore inactivation [18]. Furthermore, due to the special struc-
ture of the individual phospholipid molecules (head hydrophilicity and
tail hydrophobicity), some of the ROS accumulate at a certain position
in the lipid bilayer during translocation across the membrane, resulting
in a ‘membrane lens effect’ [19]. At the same time, phospholipids and
cholesterol, the main components of the cell membrane, are also at-
tacked by ROS, which affects the fluidity and integrity of the membrane
[20]. In addition, the distribution of ROS is closely related to the
working efficiency of natural antioxidants such as β-carotene and α-
tocopherol contained in cell membranes [21].

To date, there has been a preliminary study on the distribution and
permeability of ROS at the membrane-water interface [22]. The depth
of entry of different ROS into the cell membrane can be detected using
fluorescent probes [23]. However, due to the fluidity of the cell mem-
brane itself, the experimental results have high uncertainty [21]. With
the development of computational chemistry, molecular dynamics si-
mulations provide a method to analyse the interaction between the cell
membrane and ROS at the atomic level. RM Cordeiro calculated the
various ROS parameters for the first time to accurately analyse the
behaviours of the ROS at the membrane-water interface [21]. Recently,
more complex models have been constructed to study the distribution
of cholesterol, ceramides and other substances in the cell membrane, as
well as the permeability of ROS in natural membranes [24,25]. In ad-
dition, the effects of cholesterol and lipid oxidation on cell membrane
morphology and changes in permeability were also demonstrated by
molecular dynamics simulations [26–29]. The article explains the se-
lective treatment of cancer cells by plasma because the increase in the
proportion of cholesterol increases the difficulty of ROS translocation
across the membrane [29]. Although many previous studies have
comprehensively analysed the behaviour of ROS, the system is often the
natural environment, and the amount of ROS in cells is very small [21].
Plasma treatment, as a new type of bactericidal method, can produce
high concentrations of ROS near the cell membrane in a short period of
time, which inevitably affects the distribution of ROS and its oxidation
of cholesterol and phospholipids. Although there have been many stu-
dies on the effects of oxidation on cell membranes, little is known about

the effect of concentration on the ROS distribution and permeability.
Based on the above considerations, this paper focuses on changes in

the permeability of cell membranes to different ROS (O2, HO2, OH,
H2O2) under natural conditions and under plasma treatment. These
conclusions can guide us to change the concentration and proportion of
various ROS in the plasma to improve its permeability. At the same
time, the distribution of the main components (cholesterol, phospho-
lipid) in the cell membrane was studied, and the probability of their
oxidation can be calculated by integrating the result with the dis-
tribution of ROS. The conclusions provided in this study can guide fu-
ture improvements in the sterilization efficiency by changing the con-
centration of key ROS in the plasma. In addition to sterilization, plasma
with higher permeability provides important information for cancer
treatment, wound healing, etc.

2. Computational methods and simulation details

2.1. Cell membrane structure

Phospholipdds are the main constituent of the cell membrane, and a
cholesterol inlay maintains both rigidity and fluidity. In bacterial cell
membranes, the most common phospholipid molecule is 2-oleoyl-1-
palmitoyl-sn-glycero-3-phosphocholine (POPC). Fig. 1 shows the che-
mical structure of POPC using the parameters of Poger and Mark [24]
(Fig. 1B) and the chemical structure of cholesterol (CHO) using the
parameters of Antenor (Fig. 1C) [27].

Fig. 1A shows a cell membrane model with a cholesterol/phos-
pholipid molar ratio of 50%, generated using PACKMOL [31]. The
model is composed of 128 phospholipid molecules and 64 cholesterol
molecules surrounded by 5000 water molecules. Due to the special
structure of POPC (hydrophilic head, hydrophobic tail), the molecule
forms a two-layer structure in water, and cholesterol is vertically ar-
ranged between the phospholipid molecules [27].

2.2. Derivation of interaction parameters

The simulation was based on the GROMOS 53A6 force field in
GROMACS, which is suitable for describing the distribution of mole-
cules within a large system [21,30]. The parameters of this simplified
lipid structure were developed by Poger and Mark [24]. The properties
of the cell membrane constructed with this simplified model are in very
good agreement with the experimental results, including area per lipid,
volume per lipid and the deuterium order parameters. On the other
hand, the hydration of the headgroups and tailgroups was consistent
with the experimental results, and these values are very important for
the distribution of ROS analogues at the membrane-water interface.

The parameters for O2, HO2, OH, and H2O2 were adapted from the
literature, and the parameters for bonds, angles and torsions were
modified for use in gromos53A6 force field [32,33]. As the distribution
of these ROS analogues at the membrane-water interface is the focus of
research, their van der Waals interactions and partial charges are ad-
justed to match their hydration free energies to the experimental data
[21]. Furthermore, experiments prove that the radical anionic form of
O2 and ground-state O2 have similar partition coefficients between
water and hydrophobic media, indicating that omitting the unpaired
electrons from consideration does not affect the distribution of O2 at the
membrane-water interface [34,35]. However, if the system solvent is
changed, the parameters of these ROS analogues will no longer be ap-
plicable to the new system.

2.3. Simulation details

2.3.1. Simulation of the ROS distribution
We studied the ROS distributions between an aqueous phase and a

POPC bilayer by increasing the density and obtaining different partial
densities to elucidate the relationship between the ROS density and its
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distribution. An initial model of various ROS analogues was established
to study the distribution at the membrane-water interface. Referring to
previous research on the behaviour of ROS at the membrane-water
interface [21], to improve the calculation accuracy and the credibility
[36], the model addressed a higher ROS concentration than can be
generated in general plasma. This setting can improve the accuracy and
efficiency of the calculation with minimal impact on the correctness of
the results [36]. To create multiple models at 1%, 2% and 3% molar
concentrations, 50, 100 and 150 various ROS analogues, respectively,
were placed together with a pre-equilibrated phospholipid bilayer.
After the initial configuration was generated using PACKMOL [31],
system energy minimization was performed using the steepest descent
method, and a 30 ns simulation with constant number, pressure, and
temperature (NPT) was performed. The temperature was controlled to
310 K by applying a Nose-Hoover thermostat, and the pressure was
controlled to 1 bar by using the Parrinello-Rahman method [37,38]. A
100 ns molecular dynamics simulation was performed to ensure that the
system reached a good equilibrium state, and then the density dis-
tribution of the ROS analogues in the z-axis direction was counted. To
improve the accuracy of the simulation, a separate coupling group was
used for the ROS analogues, lipids, cholesterol and water. The time step
was 2 fs, and a spanning Verlet scheme was used [39,40]. To maintain
the cell membrane integrity, periodic boundary conditions were used.
The partial densities of various ROS analogues were averaged after four
repetitions of the simulation.

2.3.2. Analysis of cell membrane properties
Due to the strong fluidity of the cell membrane, the external en-

vironment can easily change in thickness and area, affecting the per-
meability to ROS. Studies have shown that the distribution of some ROS
in the lipid bilayer affects the distribution of phospholipids and cho-
lesterol [27]. The effect of ROS on the cell membrane thickness and
area was analysed using the last 10 ns simulated by the distribution of
the ROS analogues. The bilayer thickness was obtained by calculating
the average position of the upper and lower phosphorus atoms on the z-
axis.

2.3.3. Calculation of the free energy profile
We calculated the free energy profiles for the translocation of ROS

analogues across the membrane at different ROS densities to study how
concentration changes affect the permeability of various ROS. The free
energy change during the whole process of ROS passing through the cell
membrane can be calculated by the umbrella sampling method [41].
The initial structures were picked randomly from the last 10 ns of the
ROS analogue distribution simulation. Then, suitable ROS were selected
to move from the bulk water to the centre of the lipid bilayer through a
3 Å distance, a process divided into 60 umbrella windows. A force of
1000 kJ/mol was used to move the ROS along the z-axis while allowing
them to move freely in the xy plane. After a 500 ps equilibration using
the steepest descent method, a 3 ns NPT ensemble and a 2 ns molecular
dynamics simulation were performed. The free energy profiles of var-
ious ROS analogues were obtained by weighted histogram analysis
using the gmx wham tool [42]. Each ROS was simulated using ten
different initial configurations, and the final free energy profile was
obtained after averaging. The total computing time was more than
20,000 ns, consuming a large amount of computing resources.

3. Results and discussion

3.1. Distribution of ROS and cholesterol

During the sterilization process, the plasma first contacts the cell
membrane and destroys its main components. Fig. 2 illustrates the
changes in various ROS analogue distributions at the membrane-water
interface caused by an increase in the concentration. When calculating
the equilibrium distribution, the rate of ROS flowing into the bilayer is
the same as the rate flowing out of the bilayer, which indicates that the
systems are close to ‘steady state’. In the aqueous phase and lipid bi-
layers, the behaviour of various ROS analogues is mainly affected by
hydrogen bonding, van der Waals interaction and other intermolecular
interactions [44]. Because hydrogen bonding is stronger than van der
Waals interaction, it plays a major role in the distribution of ROS. Be-
cause O2 is hydrophobic and is not bound by hydrogen bonding in
water, it easily diffuses from a high-density region to a low-density

Fig. 1. (A) A lipid bilayer model after 100 ns of equilibration, including 128 POPC molecules, 54 cholesterol molecules and 5000 water molecules. The model is
divided into three main regions: the water layer (I), phospholipid headgroup region (II), and phospholipid tailgroup region (III). The oxygen atoms and lipid tails are
shown in red and grey. To make the interface between the membrane and water clearer, the phosphorus (blue) atoms are depicted by larger beads. Cholesterol
molecules are indicated by black circles. (B) Schematic illustration of POPC. The hydrogen and nitrogen atoms are shown in white and green, respectively. The same
colour code is used in other figures in this paper. (C) Schematic illustration of cholesterol. The double bond regions of cholesterol and POPC are indicated by red
circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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region. Because the interior of the lipid bilayer is low in atomic density
due to the inaccessibility of water molecules, most O2 will penetrate
into it and remain stable at the centre. Integration shows that the in-
ternal concentration of O2 is approximately 3.5 times that of water on
average, which is the same as that measured using the spin-label
method [45].

Hydrogen bonds formed with the water layer play a decisive role in
their distribution of all hydrophilic ROS analogues, including OH, HO2
and H2O2. As shown in Table 1, due to the similar number of hydrogen
bonds formed, the maximum values of the OH and HO2 partial densities
occur at the same x-coordinate, which means they tend to stay in the
same position in the cell membrane. However, the excess oxygen atoms
of HO2 form stronger van der Waals interactions with lipids, as shown
in Table 2, making the density of HO2 in the phospholipid headgroup
region one order of magnitude higher than that of OH. Compared to OH

and HO2, H2O2 forms more than twice the number of hydrogen bonds
[46], which positions it farther from the centre of the lipid bilayer.

The distribution of ROS affects the oxidation efficiency of choles-
terol. To demonstrate this point, we simulated the distribution of cho-
lesterol in the lipid bilayer, as shown in Fig. 2D. Compared to O2,
cholesterol is mainly distributed in the tailgroup region due to its long
chain length. Moreover, because the hydroxyl group (-OH) of choles-
terol forms a hydrogen bond with the phospholipid group, the choles-
terol and the phospholipid tail lie essentially parallel. Although O2 has
the most overlap with cholesterol in terms of distribution, it mainly
contacts a relatively stable carbon chain, which does not readily initiate
an oxidation reaction. From the perspective of cholesterol peroxide
formation, although HO2 is hydrophilic, its oxidation efficiency is closer
to that of O2.

Fig. 2. Distributions of various ROS analogues at 1% (A), 2% (B), and 3% (C) molar concentrations. The water layer and cholesterol molecules are omitted in the
background. Distribution of cholesterol molecules (D). Phospholipid molecules are omitted in the background.

Table 1
H-bonds between ROS analogues and water.

Species Number of H-bonds

OH 0.961
HO2 1.241
H2O2 3.763
O2 0

Table 2
The van der Waals interactions between ROS analogues and
bilayer.

Species van der Waals interactions

OH −0.7 kJ/mol
HO2 −4.9 kJ/mol
H2O2 −1.4 kJ/mol
O2 −6.7 kJ/mol
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3.2. Effect of ROS concentration on its distribution

The ROS concentration generated by plasma is affected by many
factors, such as gas type, voltage, and frequency [47]. Fig. 2 shows the
distribution of ROS analogues at different concentrations. The dis-
tribution of O2 did not change significantly when the molar con-
centration of ROS analogues increased from 1% to 2%. Because the
atomic concentration inside the lipid bilayer is still much lower than
that in the aqueous phase, a large amount of O2 is still distributed in the
membrane interior. As the concentration increases further, and the
amount of O2 in the centre of the lipid bilayer becomes saturated. At
this time, the atomic density inside the lipid bilayer and the atomic
density in the aqueous phase gradually become similar, and the per-
meability of O2 is weakened.

In hydrophilic ROS analogues, the distribution of HO2 did not
change notably when the molar concentration increased from 1% to
2%. However, the density of OH at the headgroup region decreased
significantly, resulting in a downward trend in the entire profile from
the aqueous phase to the centre of the lipid bilayer. This trend occurs
because the space in the phospholipid headgroup region is limited, HO2
is more easily distributed than OH in this region due to the stronger van
der Waals interaction, resulting in a large amount of OH being extruded
into the aqueous phase. As the concentration increased further, the
peak of the HO2 distribution curve began to decrease, while the profile
in the aqueous phase increased significantly. Because the space in the
headgroup region already contains more HO2, the van der Waals in-
teraction between the other HO2 molecules was weakened. Most of
these unbound HO2 remained randomly distributed in the aqueous
phase, while a small amount entered the lipid bilayer.

The accumulation of large amounts of ROS leads to changes in the
cell membrane structure, as described in previous studies [25]. As
shown in Fig. 3, a large amount of OH and HO2 increased the distance
between adjacent phospholipid molecules in the horizontal plane.
Compared with normal cell membranes, the bilayer area (per lipid)
increased slightly under plasma treatment [24]. When the molar con-
centration of ROS analogues was increased from 1% to 3%, the bilayer
area (per lipid) increased from 0.652 ± 0.1 nm2 to 0.683 ± 0.08 nm2,
which indicates that the presence of ROS increases the bilayer area. At
the same time, OH and HO2 began to appear inside the lipid bilayer,

which can also be explained by the increase in lipid area. As the dis-
tance between adjacent phospholipid molecules increases, more voids
appear in the cell membrane to accommodate the ROS.

In addition, an increase in the ROS analogue concentration results in
a decrease in the thickness of the lipid bilayers from 3.65 ± 0.07 nm to
3.57 ± 0.03 nm, which is associated with an increase in the con-
centration of ROS in the headgroup region. Recent studies have shown
that if the cell membrane structure changes, resulting in an increase in
water density at the headgroup region, the lipid atoms will be squeezed
towards the centre, thereby reducing the thickness of the lipid bilayer
[48]. The simulations show that the increase in ROS concentration has a
similar effect to the increase in water density. Because H2O2 can double
the number of hydrogen bonds in OH and HO2 in water, the distribution
in the aqueous phase is the most stable, and the partial densities of
H2O2 change very little with concentration [46]. Even if the lipid area is
increased to increase the internal voids, H2O2 cannot translocate into
the lipid bilayer due to strong hydrogen bonding interactions with
water.

3.3. Effect of ROS concentration on cholesterol and phospholipid oxidation

To analyse the role of various ROS in the oxidation of phospholipids
and cholesterol, it is important to calculate their probability of contact
with the double bond region. Due to the fluidity and disorder of the
membrane, there is a significant overlap between the distribution of
various ROS and the double bond regions. Therefore, by calculating the
integral of the overlap of the ROS and double bond region distribution,
the oxidation probability of various ROS can be calculated. This prob-
ability is given by [21]:

=T z z dz1 ( )· ( )
ROS

ROS (1)

where ROS is the concentration of various ROS in a large volume of
water, and ρROS(z) and ρ(z) represent the distribution of specific ROS
and double bond regions, respectively. The probabilities of various ROS
analogues in contact with unsaturated regions of phospholipid mole-
cules are shown in Table 3 and Fig. 4. Because the probabilities of
various ROS differ by several orders of magnitude, the results are re-
presented by logarithmic coordinate axes. The simulation results are

Fig. 3. Effect of ROS on the cell membrane area and thickness at molar concentrations of 1% (A) and 3% (B). Note that the lipid tails and cholesterol molecules in the
figure are not shown.
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consistent with the results of using molecular probes to detect the depth
of various ROS entering the phospholipid bilayer [23,49]. In the case of
phospholipids, the unsaturated region is located in the middle of the tail
chain and has the highest probability of contact with O2 distributed in
the centre of the lipid bilayer. A small amount of HO2 molecules en-
tering the phospholipid tailgroup region are derived from radicals by
extracting hydrogen atoms, thereby destroying the double bond region
[50]. OH and H2O2 are basically negligible for the oxidation of phos-
pholipids due to the barrier function of the cell membrane. As the
concentration increases, the oxidization probability of all ROS is im-
proved. However, it is worth noting that the The increase in O2 is more
obvious, indicating that it plays a more important role in the oxidation
of phospholipids.

The double bond regions of cholesterol lie close to the water layer
and parallel to the phospholipid. Fig. 4(B) shows that HO2 has the
highest probability of contact with the unsaturated positions, one order
of magnitude higher than OH and H2O2, which can be explained by the
distribution of ROS analogues and cholesterol. Due to the strong van
der Waals interactions of the phospholipid headgroups, the distribu-
tions of HO2 and the cholesterol head exhibit greater overlap. Notably,
increasing the concentration, the oxidation probability of hydrophobic
ROS (O2) increases, while the growth rates of hydrophilic ROS (H2O2,
HO, HO2) gradually slow down.

The relative reactivity of ROS analogues is also an important factor
affecting membrane oxidation. HO2 and the radical anionic form of O2
can initiate lipid peroxidation [51]. Although H2O2 is a two-electron
oxidant, it reacts poorly or not at all with most biological molecules
[52]. Therefore, the role of H2O2 in the oxidation of lipids and cho-
lesterol can be ignored because of its low contact probability and low
reactivity. The amount of OH in the lipid bilayer is two orders of
magnitude lower than that of the other ROS and has greater random-
ness, but the reaction rate constants of OH for biological components
are extremely high (107–109 m−1 s−1) [53]. Therefore, the role of OH

in interactions between lipids and cholesterol cannot be fully assessed.

3.4. Effect of ROS on lipid bilayer permeability

Short-term plasma treatment does not break the cell membrane, and
a large amount of ROS remains stable at the membrane-water interface,
which in turn affects the cell membrane permeability. Fig. 5 shows the
translocation of ROS analogues across the membrane under natural
conditions (A) and plasma treatment conditions (B). The higher the free
energy is, the more difficult it is for ROS analogues to translocate across
the membrane and react with proteins, nucleic acids and other sub-
stances. The free energy values of all ROS analogues are given in
Table 4.

Under natural conditions, the bacterial cells exist in the natural
environment without plasma treatment, and intracellular ROS are
produced by cells for redox reactions to ensure normal functioning. In
this case, the concentration of ROS in the cells is extremely low, so only
one ROS analogue was placed in the model of natural conditions for
translocation across the membrane. For hydrophobic O2, the free en-
ergy profile tended to decrease from the water layer to the centre of the
lipid bilayer, which indicates that O2 can easily translocate across a
phospholipid monolayer. The membrane acts as an effective barrier to
protect internal substances from all hydrophilic ROS. For H2O2, the
transfer free energy is approximately 35.1 ± 3.3 kJ/mol, which is es-
sentially the same as the 36.8 kJ/mol measured in a previous study
[54]. As shown in Table 4, the transfer free energy of HO2 and OH is
approximately half that of H2O2. Combining this information with
analysis of the distribution of these ROS in the cell membrane, it can be
concluded that hydrogen bonding is the main mechanism of preventing
translocation across the membrane. Notably, as shown in Table 5, hy-
drogen bonds can also form between the hydrophilic ROS and phos-
phate groups, and OH and HO2 have a free energy minimum at the
headgroup region. However, due to the stronger van der Waals

Table 3
Oxidation probability of various ROS analogues in unsaturated regions of phospholipid molecules.

Molar concentrations Unsaturated regions of phospholipid molecules Unsaturated regions of cholesterol molecules

OH HO2 H2O2 O2 OH HO2 H2O2 O2

0.5% 0.15 ± 0.09 5.68 ± 0.34 0.008 ± 0.006 5.29 ± 0.32 1.74 ± 0.29 21.14 ± 1.45 0.71 ± 0.11 2.9 ± 0.31
1% 0.51 ± 0.18 4.99 ± 0.51 0.426 ± 0.213 9.74 ± 0.56 2.05 ± 0.39 36.69 ± 2.09 0.99 ± 0.09 5.72 ± 0.61
1.5% 0.31 ± 0.11 8.87 ± 0.67 0.016 ± 0.014 15.08 ± 0.43 2.53 ± 0.12 56.17 ± 1.87 1.06 ± 0.13 8.13 ± 0.41
2% 0.75 ± 0.13 12.98 ± 0.89 0.164 ± 0.121 18.36 ± 0.72 2.73 ± 0.15 56.01 ± 3.59 1.58 ± 0.31 11.41 ± 0.86
2.5% 0.53 ± 0.23 14.78 ± 0.79 0.027 ± 0.021 25.13 ± 0.81 4.22 ± 0.21 93.62 ± 5.42 1.76 ± 0.19 13.55 ± 0.72
3% 1.63 ± 0.21 15.51 ± 0.56 0.618 ± 0.278 28.09 ± 0.65 3.49 ± 0.44 75.99 ± 7.33 1.55 ± 0.15 17.92 ± 1.12

Fig. 4. Oxidation probability of various ROS analogues in unsaturated regions of phospholipid molecules (A) and cholesterol molecules (B).
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interaction with the phosphate groups, HO2 can maintain a deeper
position in the lipid bilayer than OH.

In contrast to the natural environment, the bacterial cell membrane
after plasma treatment is filled with a large amount of ROS analogues.
These ROS affect hydrophobic and van der Waals interactions, in turn
affecting the permeability of the cell membrane. To illustrate this effect,
we calculated the free energy profiles of various ROS analogues at 3%
molar concentration, as shown in Fig. 5(B). Combining the distribution
of various ROS analogues, we expect similar but less obvious results at
low concentrations. Because O2 cannot form hydrogen bonds, the ROS
at the membrane-water interface have little effect on the membrane
permeation process. However, the rate of decline in free energy during
membrane permeation is closer, which is attributed to more uniform
atomic density in the lipid bilayer. The free energy for H2O2 permeation
is estimated to be 34.2 ± 2.1 kJ/mol, which is essentially the same as
the value of 35.1 ± 3.3 kJ/mol obtained under natural conditions.
Notably, the increase in the free energy of H2O2 at the position of the
phospholipid head is slowed down, indicating that it can penetrate
more deeply into the lipid bilayer, as shown in Fig. 2C. An increase in
the concentration of HO2 promotes an overall decrease in its free energy
and facilitates translocation from the phospholipid headgroup region to
the tailgroup region, which explains the conclusions drawn from pre-
vious experiments. In contrast to that of HO2, the free energy profile of
OH shows an upward trend, reaching the maximum free energy at the
centre of the lipid bilayer. Plasma treatment does not impair the barrier

effect of the cell membrane against OH but facilitates a more even
distribution in the aqueous phase.

4. Conclusion

In this paper, we used united-atom force fields to simulate the be-
haviour of various ROS at the membrane-water interface and to study
membrane morphology and permeability changes at the microscopic
level. The results showed that for different types of ROS and phos-
pholipids, the oxidation probability of cholesterol is very different. The
arrangement of phospholipids in the cell membrane is also affected by
the ROS generated by the plasma.

(1) Concentration affects the distribution of ROS at the membrane-
water interface, thereby affecting the probability of contact with
phospholipids and cholesterol, and the efficiency of plasma de-
struction of the cell membranes.

(2) Hydrophobic O2 can easily penetrate into and remain within the
lipid bilayer, resulting in the highest probability of contact with the
unsaturated region of the phospholipid and thus playing the most
important role in oxidation. The double bond region of cholesterol
is the most susceptible to oxidation by HO2.

(3) The ROS at the headgroup region of the phospholipid decrease the
thickness of the cell membrane, and the ROS inside the lipid bilayer
cause an alignment between the phospholipids, thereby increasing
the membrane area.

(4) Under natural conditions, hydrophobic O2 is most likely to enter the
interior of the cell, while the lipid bilayer forms a strong barrier to
hydrophilic ROS (OH, HO2, H2O2). Among them, H2O2 has the
highest barrier energy due to hydrogen bonding, while OH and HO2
are basically similar. Under plasma treatment, the energy barrier of
HO2 decreases significantly, while the other types of ROS do not
change greatly.

This paper describes the permeation and distribution of various ROS
in the cell membrane at the microscopic level and calculates the oxi-
dation probability of phospholipids and cholesterol. These results are
jointly proven and complement existing experiments. Our simulations
improve the understanding of plasma destruction of the cell membrane
and the accumulation of intracellular ROS, which can guide the varia-
tion in ROS concentration in experiments to increase the degree of
oxidative stress and the rate of cell membrane destruction, thereby
improving the efficiency of plasma sterilization. Finally, we can also
report that united-atom force fields are an effective means of under-
standing the interaction between plasma and cells.

Fig. 5. Free energy profiles of various ROS analogues passing through the cell membrane under natural conditions (A) and plasma treatment conditions (B).

Table 4
The free energy values for the translocation of all ROS analogues across the
membrane under natural conditions and plasma treatment conditions.

ROS Under natural conditions Under plasma treatment conditions

OH 15.6 ± 1.6 kJ/mol 15.3 ± 1.3 kJ/mol
HO2 13.5 ± 1.7 kJ/mol 10.2 ± 1.9 kJ/mol
H2O2 35.1 ± 3.3 kJ/mol 34.2 ± 2.1 kJ/mol
O2 −5.1 ± 0.7 kJ/mol −5.2 ± 0.8 kJ/mol

Table 5
H-bonds between ROS analogues and phosphate
groups.

Species Number of H-bonds

OH 0.165
HO2 0.264
H2O2 0.588
O2 0
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