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Abstract: Plasma medicine, or the biomedical application of cold atmospheric plasma (CAP), is an
expanding field within plasma research. CAP has demonstrated remarkable versatility in diverse
biological applications, including cancer treatment, wound healing, microorganism inactivation,
and skin disease therapy. However, the precise mechanisms underlying the effects of CAP remain
incompletely understood. The therapeutic effects of CAP are largely attributed to the generation of
reactive oxygen and nitrogen species (RONS), which play a crucial role in the biological responses
induced by CAP. Specifically, RONS produced during CAP treatment have the ability to chemically
modify cell membranes and membrane proteins, causing nitro-oxidative stress, thereby leading
to changes in membrane permeability and disruption of cellular processes. To gain atomic-level
insights into these interactions, non-reactive molecular dynamics (MD) simulations have emerged
as a valuable tool. These simulations facilitate the examination of larger-scale system dynamics,
including protein-protein and protein-membrane interactions. In this comprehensive review, we
focus on the applications of non-reactive MD simulations in studying the effects of CAP on cellular
components and interactions at the atomic level, providing a detailed overview of the potential of
CAP in medicine. We also review the results of other MD studies that are not related to plasma
medicine but explore the effects of nitro-oxidative stress on cellular components and are therefore
important for a broader understanding of the underlying processes.

Keywords: plasma medicine; reactive oxygen and nitrogen species; plasma nitro-oxidation; biomolecules;
computer simulation; molecular dynamics

1. Introduction

Cold atmospheric plasma (CAP) is an ionized gas consisting of free radicals, ions,
electrons, reactive neutral species, photons, and an electric field [1]. Recently, it has found
numerous biological applications, including cancer treatment [2–4], wound healing [5,6],
inactivation of microorganisms such as bacteria, fungi, and viruses [7–9], treatment of
skin diseases [10,11], and blood coagulation [12]. Reactive oxygen and nitrogen species
(ROS and RNS or RONS) derived from CAP play a crucial role in medical treatments [13].
Experimental studies have demonstrated that high levels of RONS as a result of CAP
treatment can alter biological conditions at the cellular or tissue level, leading to improved
and accelerated treatment outcomes [14,15].
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Over the past few decades, CAP has emerged as a promising method for cancer
treatment. Experimental studies have revealed that certain types of cancer cells are more
susceptible to CAP treatment and oxidative damage compared to normal cells [16–23],
although the reported selectivity depends on cell type and culture medium [24]. CAP
exhibits therapeutic potential against various types of cancer [25], including hepatocellular
carcinoma [26], lung carcinoma [27], breast cancer [28], melanoma [18], glioblastoma [29],
pancreatic cancer [30], and head and neck cancer [31]. Intracellular RONS levels induced by
CAP treatment in cancer therapies can cause irreversible damage to cellular components,
particularly proteins, lipids, and DNA, ultimately leading to tumor cell death [32–34]. The
extent of this damage varies depending on the CAP dose, and in some cases, it not only
fails to destroy cells but also enhances cell proliferation, which is beneficial for wound
healing [35]. Finding effective methods for healing chronic wounds, such as bedsores and
diabetic wounds, is a major research focus due to their high prevalence, prolonged healing
time, and associated costs [36]. Experimental studies have shown that wound reduction or
closure can be achieved after short-term exposure to CAP ranging from 45 s to 2 min [37],
without causing permanent damage to tissue or cells [38]. However, in cancer treatment,
higher CAP doses are necessary to ensure cancer cell elimination [39,40].

Another application of CAP is the inactivation of microorganisms. RONS generated
by CAP can damage the cell membrane, leading to leakage of intracellular biomolecules,
reduced binding of oxidized membrane proteins to the cell, and DNA fragmentation
through chain reactions [9,13].

Given the aforementioned explanations, various CAP devices have been designed
for biological applications. CAP generally produces short-lived RONS, such as hydroxyl
radical (•OH), atomic oxygen (O), ozone (O3), and nitric oxide (•NO), as well as long-
lived RONS, including hydrogen peroxide (H2O2), nitrite (NO2

−), nitrate (NO3
−), and

peroxynitrite (ONOO−) [41]. The concentration and types of RONS interacting with the
target can be controlled depending on the CAP setup and duration of exposure to tissue,
which is crucial for treating specific diseases [42].

During CAP treatment, cell membranes, and membrane proteins are the primary
cellular components that can be chemically modified by RONS. The cell membrane plays
a crucial role in separating the interior of the cell from the external environment and
protecting the cell [43]. It also facilitates the transport of nutrients into the cell from the
outside and removes toxic substances from the intracellular environment [44,45]. Structural
changes induced by RONS in the membrane can disrupt its normal permeability to certain
substances [46,47], including RONS produced by CAP [48–50]. Increased entry of RONS
into the cell disrupts the balance between intracellular RONS levels and the antioxidant
system, resulting in oxidative stress [51]. This oxidative stress can damage proteins, lipids,
and DNA, affecting crucial interactions such as protein-protein, protein-lipid, and DNA-
protein interactions, and disturbing the normal function of cell organelles [32,52–57]. The
membrane also maintains membrane proteins, which have various functions in the cell,
including membrane receptors, transport proteins, membrane enzymes, and cell adhesion
molecules [58]. Any structural changes caused by RONS can disrupt the normal function
of these membrane proteins, subsequently affecting intracellular reactions. Modifications
to the membrane and membrane proteins, whether direct or indirect, can alter intracellular
signaling pathways that are essential in bio-plasma therapy.

To gain a deeper understanding of the interactions between RONS and cellular com-
ponents, which may not be fully explored using experimental techniques alone, computer
simulations can be valuable [51]. Indeed, computer simulations provide insights into the ef-
fects of RONS on cellular and tissue components (such as proteins, lipids, and DNA) at the
atomic scale, aiding in understanding the effectiveness of CAP in medical therapy [59,60]
and facilitating the improvement of CAP devices to enhance their efficiency [61,62]. Among
various computational simulations, reactive [63–65] and non-reactive [66–69] molecular
dynamics (MD) simulations are powerful methods used to investigate the evolution of
biological systems, considering their size and timescale. Reactive MD simulations are useful
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for studying the chemical reactions between RONS and biomolecules, involving the forma-
tion and breakage of chemical bonds. However, due to computational costs and resource
limitations, the system size and timescale in reactive MD simulations must be limited. On
the other hand, non-reactive MD simulations are suitable for studying the evolution of
large systems and examining interactions between macromolecules, such as protein-protein,
protein-membrane, and protein-DNA interactions. Although non-chemical interactions
can be accurately studied using non-reactive MD simulations, the formation and break-
age of chemical bonds cannot be explicitly modeled. Nevertheless, this method enables
the investigation of system dynamics on a larger scale in terms of size and time [51,60].
This review paper discusses the application of non-reactive MD simulations in studying
the changes occurring in two crucial components of cells, namely lipid membranes, and
proteins, aiming to provide a broad overview of CAP in medicine.

2. Non-Reactive MD Simulations of Lipid Membranes

Cell membranes serve as a barrier between the interior of the cell and the external
environment, and they play essential roles in regulating metabolism, intracellular signaling,
and cell-to-cell communication [43]. Three main types of lipids are found in membranes, i.e.,
phospholipids, glycolipids, and sterols [44]. Among them, bilayer phospholipids are the
primary components of eukaryotic membranes; they are structured with hydrophobic tails
and hydrophilic head groups, allowing them to form a double layer of lipid molecules [70].
The integrity of membranes can be disrupted by various factors, including intracellular
metabolic changes or extracellular stimuli like CAP interactions [48,50,71–76], specific
drugs [77,78], and radiation [79]. These disruptions can result in damage to cellular
functions and metabolism. CAP, as an extracellular stimulus, can modify the head groups
or fatty acid chains of phospholipids through nitro-oxidation by RONS [48,71,76,80]. These
modifications affect the properties of phospholipids and consequently impact their function
as protectors of the cell against external invasions. The dynamic changes in membrane
structure caused by lipid modifications induced by RONS can alter membrane properties
and, subsequently, their function. Non-reactive MD simulations can be employed to study
these modifications and their effects on membrane properties. In this section, we discuss
the impact of membrane modifications by (CAP-generated) RONS on their properties and
function using MD simulations. Specifically, we explore MD studies, both in the context of
CAP treatment and beyond, i.e., nitro-oxidative stress in general. Indeed, the latter is also
important as it provides insight into the broader processes of nitro-oxidative stress induced
by (CAP-generated) RONS.

2.1. Effect of Nitro-Oxidation on Lipid Membrane Properties

During CAP exposure, phospholipids and other membrane components can undergo
nitro-oxidation through reactions with free radicals [71,81]. The phospholipid tails consist
of two types of fatty acyl chains, i.e., saturated and cis-unsaturated, which can be located at
positions one (sn-1) and two (sn-2), respectively. The double bonds present in unsaturated
fatty acids (acyl chains) are more susceptible to the effects of (CAP-generated) RONS,
resulting in the formation of hydroperoxide, hydroxyl, nitro, or acyl chain truncation [71,76].
Figure 1 presents different types of nitro-oxidative modifications on phospholipids caused
by (CAP-generated) RONS, using palmitoyl-oleoyl-phosphatidylcholine (POPC) lipids as
an example. Acyl chain cleavage involves replacing the hydrophobic unsaturated fatty
acid at sn-2 with a shorter hydrophilic terminal functional group [82], such as aldehyde
and carboxylic groups [83,84]. These terminal groups, which are highly hydrophilic, can
destabilize membranes and subsequently alter their function, potentially leading to cell
lysis, necrotic cell death, or programmed cell death [83,85,86], such as apoptosis [56,57]
and ferroptosis [87]. The instability of nitro-oxidized membranes, which involves the nitro-
oxidation of both the head and tail groups (see Figure 1), can be attributed to alterations in
the membrane properties, in particular, fluidity, stiffness, and permeability to water, free
radicals, and small molecules.
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are shown as an example. 
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quent sections. 

 
Figure 2. General alterations in membrane properties caused by nitro-oxidation. Non-oxidized and 
nitro-oxidized head and tail groups of phospholipids are shown in purple and cyan colors, respec-
tively. The membrane thickness in both nitro-oxidized and non-oxidized domains is indicated by 
bidirectional vertical gray arrows. The phospholipids involved in lateral diffusion and flip-flop mo-
tion are shown in light purple color. The black dashed curvature indicates a decrease in membrane 
stiffness. RONS, represented by ball-and-stick models, are involved in the process of translocation 

Figure 1. Schematic representation of the chemical modifications of the tail and head groups of
phospholipids caused by (CAP-generated) RONS. The phospholipid POPC and its modified forms
are shown as an example.

The nitro-oxidation of phospholipids typically results in alterations in membrane struc-
tures, which generally cause an increase in membrane fluidity and permeability, alongside
a reduction in membrane stiffness. These changes are summarized and visually represented
in Figure 2. Further elaboration on these properties is provided in the subsequent sections.
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Figure 2. General alterations in membrane properties caused by nitro-oxidation. Non-oxidized
and nitro-oxidized head and tail groups of phospholipids are shown in purple and cyan colors,
respectively. The membrane thickness in both nitro-oxidized and non-oxidized domains is indicated
by bidirectional vertical gray arrows. The phospholipids involved in lateral diffusion and flip-
flop motion are shown in light purple color. The black dashed curvature indicates a decrease in
membrane stiffness. RONS, represented by ball-and-stick models, are involved in the process of
translocation across the lipid membrane, where pore formation and thickness reduction occur in the
nitro-oxidized domain.

2.1.1. Lipid Membrane Fluidity

Fluidity, defined as the relative mobility of individual lipid molecules, allows the
membrane to adapt its shape and movement to different conditions and is related to their
phospholipid tails [70]. It also affects the dynamics and function of membrane proteins and
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enables membrane lipids and proteins to diffuse from their site of synthesis to other areas
of the cell where they are needed. Higher membrane fluidity allows for increased diffusion
of membrane proteins through the membrane, leading to an increase in protein-protein
interactions [87]. Membrane composition is a key factor in determining fluidity, which can
be altered in pathological processes such as cancer formation [88–91] or in preparation for
metastasis [92,93]. Modification of lipid composition by external methods, such as CAP ex-
posure or chemotherapy, can modulate their fluidity, which has been an effective approach
in cancer treatment [94]. Since cancer cells rapidly repair their membranes to maintain
proliferation and evade apoptosis [95], membrane changes must be acute and sudden,
which can be provided by CAP-induced oxidation. Oxidation of membrane lipids changes
the lipid composition, affecting membrane fluidity and functionality [96]. Non-reactive
MD simulation is a suitable method for studying the fluidity of oxidized membranes by
analyzing the order parameters, lateral diffusion, and tilt angles of lipids [82,84]. Lateral
diffusion refers to the movement of lipids within each leaflet of a membrane [97]. The
order parameter indicates the degree of straightness or kink in the lipid tails [86] and is
related to the tendency of lipid tails to align with each other, which correlates with the
tilt angle—the angle between the C-H bond of the lipid tail and the normal axis of the
bilayer. Tilting of unsaturated fatty acid tails results in altered lipid density, which can
affect lipid fluidity [97]. This section considers the effect of nitro-oxidation of lipids by
(CAP-generated) RONS on the fluidity of different types of lipid membranes.

Among the various types of phospholipids, those containing phosphocholine are
the most abundant in the cell membrane [98,99]. Oxidation of these phospholipids by
(CAP-generated) RONS can have a significant impact on membrane properties and cell
function. Lipid oxidation primarily yields two main products: aldehyde and hydroperoxide
groups [100]. These products are of particular interest in studying lipid oxidation using MD
simulation. The aldehyde form of phospholipids is more stable and abundant compared
to the hydroperoxide form [101,102]. Additionally, aldehydes diffuse faster across the
membrane compared to hydroperoxides [100,103]. Wong-ekkabut et al. demonstrated that
the oxidation of palmitoyl-linoleoyl-phosphatidylcholine (PLPC) bilayers with these two
types of oxidation products increased the fluidity of the membrane [104]. Lipid oxidation
caused the polar oxidized tails to bend towards the water surface and form hydrogen
bonds with water molecules and the polar head groups. As the oxidation level increased,
the lateral diffusion of the lipid tails increased, resulting in reduced membrane order
and increased membrane fluidity [104]. Furthermore, the oxidation of POPC has been
investigated for its effect on membrane fluidity. Beranova et al. conducted a study on POPC
oxidation and found that the truncation of lipid tails, resulting in the formation of aldehyde
and carboxylic groups, increased membrane fluidity [105]. Even at low levels of lipid
oxidation, they observed an increase in lipid mobility and lateral diffusion of phospholipid
head groups [105]. Van der Paal et al. [59] also studied the effect of shortening POPC lipid
tails by (CAP-generated) RONS and the formation of aldehyde groups. They found that if
a part of the separated tails remained in the membrane, it increased fluidity due to their
high mobility within the membrane. These hydrophilic molecules, not attached elsewhere,
tended to reach the water surface [59].

In addition to tail group oxidation, the oxidation of phospholipid head groups can oc-
cur, albeit rarely, by (CAP-generated) RONS. Yusupov et al. [76] investigated the oxidation
of both head and tail groups of dioleoyl-phosphatidylcholine (DOPC) and its impact on
membrane properties through both experiments and MD simulations. They utilized the
density functional-tight binding (DFTB) method to identify the products of ROS interacting
with the head group of phospholipids. Based on both simulation and experimental results,
they found that the main products observed are the oxidized head group (where one of the
tails detaches) and the aldehyde form of the acyl chain, which is the dominant form of the
oxidized tail group. The MD simulation results revealed that when only the DOPC head
groups were oxidized, and their levels increased up to 100%, there was a slight increase in
membrane order, leading to a minor decrease in membrane permeability (see Figure 3A).
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Interestingly, when both the head groups and lipid tails were oxidized simultaneously,
the combined action generally resulted in a decrease in membrane order, leading to an
increase in fluidity (see Figure 3B) [76]. Comparing Figure 3C (membrane containing 50%
oxidized head group) to Figure 3D (membrane composed of 25% oxidized head and 25%
tail groups), the disorder of phospholipids after oxidation of both head and tail groups
becomes clearly evident.
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from Ref. [76]. 2017, The Authors.

In another study, Aceves-Luna et al. examined the effect of hydroperoxidation of
phosphocholine-containing phospholipids, such as DOPC, on membrane fluidity [86].
Their findings indicated that higher levels of oxidation led to a reduction in membrane
order and phospholipid packaging, thereby increasing membrane fluidity, consistent with
previous studies [97,106,107]. They also observed membrane disruption even at low levels
of oxidation due to significant tilting of hydroperoxide lipids [45,85,86].

In addition to the phospholipid composition, cholesterol plays a crucial role in reg-
ulating membrane fluidity [108]. Decreasing the level of cholesterol in the membrane,
particularly in cancer cells during metastasis, increases membrane fluidity and enables
cancer cells to penetrate blood vessels [92,93]. This highlights the importance of cholesterol
in membrane fluidity and its utilization in the design of lipid drug carriers as regulators
of membrane fluidity. Liposomes with different fluidity can selectively target different
aggressive cancer cells [109]. Moreover, cholesterol-rich liposomes prevent drug leak-
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age [110–112] under oxidative stress conditions due to their modulated fluidity [113]. MD
simulations conducted by Schumann-Gillett et al. [106] demonstrated that a cholesterol-rich
membrane composed of non-oxidized and oxidized POPC (containing truncated acyl tails
to form carboxylic and aldehyde forms) generated by RONS cannot disrupt membrane
bilayers because cholesterol protects the membrane. It increases membrane tail order,
reduces lateral diffusion and tilt angle, and subsequently decreases fluidity [106]. These
findings are consistent with the MD simulations performed by Khandelia et al. [114], which
showed that the conical form of oxidized POPC complements cholesterol, resulting in the
co-localization of oxidized POPC and cholesterol in the bilayers. This co-localization makes
the membrane more compact, leading to reduced fluidity [114]. Building upon this study,
Van der Paal et al. found that even if 100% of POPC is oxidized to the aldehyde form,
a higher concentration of embedded cholesterol in the membrane can decrease fluidity
due to the increased order of lipids, thus increasing membrane stability [59]. In addition
to the oxidation of phospholipids, cholesterol can also undergo oxidation, which affects
membrane fluidity [115]. The unsaturated double bond region of cholesterol is most easily
oxidized by HOO• [116]. Oxysterols, as oxidized forms of cholesterol, have pathogenic
effects in cardiovascular diseases [117], diabetes [118], and degenerative disorders such
as Alzheimer’s disease [119,120]. Therefore, studying their properties through MD sim-
ulations in bio-plasma therapy is important. Although oxysterols differ chemically only
slightly from non-oxidized cholesterol, they cause significant changes in membrane proper-
ties [115,121]. Cholesterol can be oxidized from both its ring and tail groups, resulting in
different alterations in membrane properties. Structural analysis of both types of oxidation
revealed that oxysterols with oxidized tails have a similar effect on membrane fluidity as
normal cholesterol. They increase the order of phospholipids, reduce lateral diffusion, and
decrease membrane fluidity [115,122]. Tail-oxidized cholesterol mostly orients parallel to
the bilayer normal in each leaflet, with its hydroxyl group positioned toward the head
groups of phospholipids near the water interface. In contrast, oxysterol with an oxidized
ring behaves somewhat differently than normal cholesterol [122]. It induces a greater tilt
angle in membrane phospholipids and significantly disrupts membrane structure com-
pared to tail-oxidized and normal cholesterols [115,122]. (CAP-generated) RONS primarily
produce ring-oxidized cholesterol [115], which can reduce membrane fluidity. The lower
presence of cholesterol in the membrane of cancer cells leads to increased membrane fluid-
ity during membrane oxidation and subsequently increases the probability of membrane
disruption [92,93].

However, a study on the combination of ring-oxidized cholesterol and hydroper-
oxidation of POPC revealed that membrane fluidity does not change significantly [123].
This lack of change is attributed to the –OOH groups of hydroperoxidized POPC and
oxidized cholesterol remaining closely together and not moving toward the phospholipid
head groups [123]. These findings are important in the treatment of cancer cells using
(CAP-generated) RONS.

2.1.2. Lipid Membrane Stiffness

Stiffness, or the resistance to elastic deformation, is an important physical charac-
teristic of the cell membrane and is measured by the elastic modulus. In the context of
cancer studies, the decrease in membrane stiffness is associated with the transformation,
malignancy, and metastasis of cancer cells. This decrease in stiffness is attributed to both the
cytoskeletal network and the cell membrane [124]. Metastatic cancer cells typically exhibit
lower levels of cholesterol in their membranes, resulting in a softer membrane that can
change shape and deform more easily, thereby increasing their invasive capacity [125,126].
On the other hand, multidrug-resistant cancer cell membranes often contain higher levels
of cholesterol, which makes the membrane more rigid and less permeable to drugs [127].
Consequently, new strategies are being explored to design lipid drug carriers specifically
for multidrug-resistant cancer cells by manipulating different lipid types and cholesterol
levels [128].
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Therefore, novel approaches, such as CAP exposure, are needed to facilitate drug
delivery to multidrug-resistant cancer cells by targeting changes in lipid and cholesterol
compositions. Generally, there is an inverse relationship between membrane stiffness
and fluidity. Lipid oxidation increases fluidity and subsequently decreases membrane
stiffness due to the lower elastic and bending modulus of the oxidized membrane region.
In the previous section, we discussed how lipid oxidation increases membrane fluidity.
In this context, we highlight an anomalous experimental study by Dobretsov et al. that
demonstrated an increase in membrane stiffness despite increased lipid oxidation [129].
In their study, lipid oxidation was induced in liposomes composed of a mixture of phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE) components, and it was observed
that the liposome membrane became stiffer with lower fluidity [129]. Following this study,
Chng et al. employed MD simulations to investigate which type of oxidation contributes to
increased membrane stiffness [130]. Their system comprised phospholipids, specifically
stearoyl-arachidonoyl-PE (SAPE) and stearoyl-arachidonoyl-PC (SAPC), which contain
polyunsaturated fatty acids with four double bonds. They examined lipid peroxidation
at four specific sites, two near the head group and two close to the bilayer interior. By
calculating the elastic modulus, they observed that while membrane fluidity increased over-
all, oxidation near the phospholipid head group (C5-OOH and C8-OOH) led to increased
membrane stiffness and order, whereas oxidation near the bilayer interior (C12-OOH and
C18-OOH) resulted in membrane softening and disruption (see Figure 4) [130].
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Figure 4. Schematic representation of a membrane composed of non-oxidized SAPE and 100%
oxidized SAPE at various oxidation sites. The SAPE head groups are illustrated in green, while
the oxidized domains are highlighted in red. Reprinted/adapted with permission from Ref. [130].
2021, Elsevier.

Hence, the site of oxidation in the acyl chains of phospholipids with multiple oxidation
sites plays a crucial role in membrane stiffness, which should be considered during CAP
exposure, as sites near the head group are more prone to oxidation compared to other sites.

2.1.3. Lipid Membrane Permeability

The permeability of the lipid membrane is a crucial property that determines the
passage of solutes through the membrane, allowing access to the inside of the cell and
regulating cell homeostasis and the cell cycle [131]. Small metabolite molecules essential
for cell survival can be transported across the membrane through transmembrane pro-
teins (actively) or directly through the lipid bilayer (passively). During CAP exposure,
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changes in the lipid composition of the membrane can occur, affecting its permeability,
in particular, the passive uptake of metabolite molecules [132]. One important factor re-
lated to permeability is the membrane thickness, which can be easily analyzed. A thinner
membrane is more permeable to water, and different states of the membrane, such as the
liquid-disordered state, liquid-ordered state, and gel state, are characterized based on their
thickness [133]. Oxidation of phospholipid tails by (CAP-generated) RONS, which occurs
due to increased exposure of the lipid tails, leads to a decrease in membrane thickness
and an increase in water permeability [72,86,134]. Another parameter associated with
membrane permeability is the average surface area per lipid. A higher value indicates
increased permeability and greater access to the intracellular environment from the out-
side [72,86,134,135]. In oxidized membranes, the bending of the oxidized polar groups
toward the water interface often leads to an increase in the average surface area per lipid,
resulting in enhanced permeability [45,59,75,81,87,104,136]. MD simulations performed
on oxidized lipids, such as oxidized DOPC [45,86,137], oxidized POPC [45], and oxidized
PLPC [104], have demonstrated that water density near the head groups increases, shifting
the lipid density towards the center of the bilayer. Additionally, the average surface area
per lipid increases, leading to a decrease in membrane thickness and ultimately an increase
in permeability [75,138].

Pore Formation in the Membrane due to Lipid Oxidation

Higher permeability of membranes can lead to the formation of pores, allowing water
and other solutes to pass more easily through the membrane [139]. Pore formation occurs
when the head groups of both leaflets reorient towards the center of the bilayer, interacting
with each other and creating a stable pore for solute transport [72]. Pore formation can
occur spontaneously through cellular mechanisms or as a result of external stimuli such
as electric fields [140–142], mechanical forces [141], ionic gradients [143], surfactants [144],
certain peptides [145,146], and oxidation of phospholipids by (CAP-generated) RONS [59].

In oxidized membranes, pore formation is a result of increased distances between
the lipid head groups due to the increase in the surface area of each lipid, leading to
the formation of relatively large water-filled pores [46,75,139,147]. MD simulations have
been used to study pore formation in oxidized membranes, providing valuable insights
into the properties of oxidized membranes relevant to CAP therapy in various cell types
with different membrane compositions [59,75]. The effect of oxidation of PC lipids on
pore formation in membranes has been investigated. For instance, Wong-Ekkabut et al.
conducted an MD simulation study on oxidized PLPC and reported that membrane pores
were formed after 5% oxidation of PLPC (in the aldehyde and hydroperoxide forms), and
these pores became more stable at higher oxidation levels [104]. However, another study
on PLPC hydroperoxidation found contradictory results, showing that membrane pores
were not formed after 5% lipid oxidation [139]. In particular, Boonnoy et al. performed
MD simulations on oxidized PLPC and palmitoyl-decanoyl-PC (PDPC) in the aldehyde
and hydroperoxidized forms. They found that water defects and stable pore formation
only occurred in the aldehyde forms after 50% lipid oxidation. They also observed that
more than 50% lipid oxidation led to the formation of unstable pores, membrane rupture,
and eventual micellization [139]. These findings were supported by Oliveira et al., who
studied the oxidation of POPC to the aldehyde form and found that pore formation was
not observed up to 25% lipid oxidation, but 100% oxidation of POPC resulted in pore
formation [74]. Beranova et al. investigated the cleavage and oxidation of POPC to the
aldehyde and carboxylic forms, and they found that water molecules penetrated more
deeply into POPC oxidized to the aldehyde form compared to the carboxylic form [105].
Volinsky et al. also indicated that the lipid flip-flop rate increased in a POPC bilayer
membrane containing these two types of oxidation up to 20%, leading to the formation
of more pores [148]. The aldehyde form of oxidized phospholipids has been extensively
studied and considered the most stable form in many investigations [101,102]. However,
the influence of the separated short chains remaining in the membrane on its permeability
has not been studied there. With this in mind, Cwiklik et al. studied the permeability of a
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homogenous membrane containing 100% oxidized DOPC lipids in the aldehyde form along
with separated short chains resulting from cleavage [147]. They considered two possible
forms for the separated short chains. One of the forms involved a hydrophilic aldehyde,
while the other had a hydrophobic methyl group at the cleavage site. Both of these forms
were considered to be formed at the sn-1 position, as well as at both sn-1 and sn-2 positions.
Figure 5A–D shows these forms of separated short chains (left) and equilibrated membranes
composed of 100% aldehyde-oxidized DOPC lipids (right) that incorporate these short
chains. As is clear, pore formation can occur in these membranes, as illustrated by the three
steps depicted in Figure 5E. In general, the authors found that, in contrast to a separated
short hydrophilic chain, if the remaining fragment was hydrophobic, the thickness of the
oxidized membrane increased, resulting in a decrease in permeability. The hydrophobic
fragments tended to remain inside the membrane, preventing membrane shrinkage and
entanglement of the remaining acyl chains. However, the overall membrane integrity was
maintained for both hydrophobic and hydrophilic short-chain forms when one of the two
acyl chains of DOPC was oxidized. In contrast, when all acyl chains were oxidized, the
oxidized DOPC membrane bilayer disintegrated, resulting in micellization [147].
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Along with the study, Lis et al. investigated pore formation in membranes with differ-
ent levels of oxidized DOPC, considering the aldehyde form of separated short-chains [46].
They found that moderate membrane oxidation allowed for poor water permeation, with
only single molecules diffusing across the membrane. As the oxidation level increased,
water clusters were able to transfer across the membrane, and transient chains of water
molecules formed. Finally, at the highest oxidation level, membrane water pores were
formed [46]. Therefore, membrane damage resulting from oxidation depends on the level
of oxidation and the chemical properties of the oxidized membrane compounds.

In addition to phospholipid types and their various oxidations, other components,
such as cholesterol, also play a significant role in membrane permeability and pore for-
mation. Cholesterol molecules, which reduce the fluidity of the oxidized membrane, can
act as an adhesive in the membrane. By organizing and compacting the membrane, they
decrease the area per lipid and increase membrane thickness, ultimately reducing mem-
brane permeability and pore formation [115,121]. MD simulations have been used to study
membrane permeability and pore formation in cholesterol-rich membranes composed of
non-oxidized and oxidized phospholipids. Different studies on various types of oxidized
membranes have shown that increasing the cholesterol level generally decreases pore
formation [114,149–151], and a higher level of lipid oxidation is required to observe mem-
brane pores [152]. However, a study on a homogenous membrane containing 100% POPC
oxidized to the aldehyde form showed that adding only 11% cholesterol protected the
membrane from pore formation [59]. Cholesterol’s protective role is attributed to its ability
to create hydrogen bonds with oxidized phospholipids, facilitate rapid flip-flop, and reduce
differential density stress caused by the asymmetric shape of the oxidized membrane
leaflet [59]. Boonnoy et al. investigated the flip-flop rate of cholesterol in oxidized PLPC
membranes with aldehyde and hydroperoxide forms [151]. Their MD simulation results,
combined with umbrella sampling (US) simulations, showed that the energy barriers for
cholesterol translocation from one leaflet to the other were about 20 kJ/mol and 6 kJ/mol
for the hydroperoxide and aldehyde forms of PLPC, respectively. They observed that only
cholesterol flip-flop was observed in membranes containing the aldehyde form, and the rate
of flip-flop decreased with increased membrane cholesterol levels. Therefore, membranes
containing the aldehyde form were more protected against stress due to high cholesterol
flip-flop rates compared to hydroperoxidized membranes [151]. However, this study did
not consider the flip-flop rate of the aldehyde form of PLPC, which could still induce
differential density stress.

Besides, experimental studies and MD simulations on oxidized membranes have
demonstrated that adding cholesterol to the membrane can reversibly repair fragile ox-
idized membrane pores [114,149]. Although cholesterol-rich membranes are generally
more resistant to pore formation, it is important to note that during exposure to CAP,
cholesterol can also undergo oxidation. The effect of oxidized cholesterol (or oxysterol)
on membrane permeability depends on the type of cholesterol oxidation. According to
research by Kulig et al. [115], both tail-oxidized cholesterol and ring-oxidized cholesterol
result in a decrease in membrane thickness. However, the reduction in thickness is signifi-
cantly higher in membranes containing tail-oxidized cholesterol. The effect of ring-oxidized
cholesterol on membrane thickness is similar to that of cholesterol itself. Generally, the
arrangement of lipid tails, the average area per lipid, membrane thickness, and the tilt of
cholesterol and phospholipid tails are interconnected parameters. It is expected that an
increase in the area per lipid and higher tilt of tails would lead to a reduction in membrane
thickness and lipid tail order. However, in the case of oxysterols, where the cholesterol tail
is oxidized, the mentioned dependencies between the parameters are not observed, and
membrane thickness is reduced. This could be explained by the tendency of oxysterols with
the oxidized form of their tail to move from one leaflet to another, facilitated by the lowered
energy barrier for flip-flop, resulting in local thinning of the membrane [115]. This thinning
of the membrane may facilitate pore formation. The flip-flop rate of ring- and tail-oxidized
cholesterol was investigated in oxidized neuronal membranes by Wilson et al. [122]. They
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observed that tail-oxidized cholesterol flip-flopped faster than ring-oxidized cholesterol,
which could explain the reason for the thinning of oxidized membranes containing tail-
oxidized cholesterol [123]. Furthermore, the simultaneous oxidation of phospholipids and
ring-oxidized cholesterol was considered in MD simulations. The results showed that the
membrane composed of oxidized phospholipids and cholesterol had the same thickness
and membrane permeability as the pure and intact membrane [123].

Membrane Pore Formation Due to Lipid Oxidation in Combination with External Stress
or Electric Field

Rupture of the cell membrane is experimentally considered an indicator of necrotic cell
death [153,154]. It occurs when the tension or strain on the cell membrane surpasses critical
values, which depend on the membrane composition and the intracellular and extracellular
environment [155]. The speed at which stretching occurs is a crucial factor that determines
whether the membrane has sufficient time to repair and protect itself from rupture [156].

Oliveira et al. conducted a study using MD simulations to investigate the effect of
mechanical stress on four types of homogeneous membranes: 100% POPC and three types
of oxidized POPC (hydroperoxidation, alcohol, and ketone forms) [72]. They observed that
stretching the membranes caused them to become thinner until the areal strain reached
a critical value, at which point pore formation began. Areal strain refers to the ratio of
surface change to the initial membrane surface area, and its critical value is lower for
oxidized POPC membranes compared to non-oxidized ones. The speed of stretching is
an important factor that influences the onset of pore formation. Generally, under slower
stretching speeds, larger strain and more time are required for pores to appear compared
to higher-speed stretching. The results also indicated that pore formation in the oxidized
membrane, particularly in the hydroperoxidized and alcohol forms of POPC, could occur
with lower strain compared to non-oxidized POPC and POPC oxidized to the ketone form.
Additionally, the researchers combined POPC and hydroperoxidized POPC bilayers (i.e., a
membrane with two domains) to study the effect of mechanical stress on this heterogeneous
membrane. They found that although the two domains were not mixed, this membrane was
more susceptible to pore formation than the non-oxidized POPC membrane and behaved
similarly to the homogeneous hydroperoxidized POPC membrane. Furthermore, there
was no preference for pore formation between the interface or bulk of the two-domain
membrane [72]. Therefore, mechanical stress can facilitate pore formation and membrane
leakage, especially in oxidized membranes. Moreover, if the stretching speed is higher, the
membrane lacks sufficient time for repair, increasing the likelihood of pore formation and
membrane rupture.

In addition to mechanical stress, an electric field can increase membrane permeability
and facilitate pore formation, particularly in oxidized membranes [75,140,142,157,158].
Certain CAP sources generate strong electric fields, in addition to RONS [62]. Thus,
studying the impact of electric fields on pore formation in oxidized membranes is crucial in
CAP therapy. Vernier et al. investigated this effect on membranes containing non-oxidized
and oxidized PLPC (aldehyde and hydroperoxidized forms) [158]. They found that the
external electric field reduced the time required for pore formation in oxidized membranes,
with a shorter time observed for PLPC oxidized to the aldehyde form compared to other
oxidized forms. Furthermore, an increase in the magnitude of the electric field in the
50% oxidized PLPC membrane resulted in decreased time for electro-pore formation,
particularly for the aldehyde form [158]. Along similar lines, Yusupov et al. demonstrated
that the electrical effect can facilitate pore formation in membranes composed of non-
oxidized DOPC and DOPC oxidized to the aldehyde and hydroperoxidized forms, and
their results aligned with the previous study [75]. Besides, Wang et al. found that both
nanosecond pulsed electric field and picosecond pulsed electric field may lead to membrane
electroporation, and the electroporation time decreases exponentially with the increase of
electric field intensity [159]. Therefore, higher oxidation levels and electric fields induced by
CAP can elevate the probability of membrane pore formation, and subsequent membrane
rupture (particularly in cell membranes), and ultimately lead to necrotic cell death.
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2.2. Effect of Membrane Nitro-Oxidation on Plasma Therapy

Based on the previous sections, lipid oxidation in membranes can play a significant
role in CAP therapy due to the increased vulnerability of the membrane to penetration and
structural changes. Lipid oxidation generally renders the membrane softer, with higher
fluidity and increased permeability to drugs and essential metabolite molecules in the
treatment of certain diseases [85,132,160–165]. Additionally, the membrane acts as the
initial barrier to the penetration of RONS into the cell during exposure to CAP. Oxidation
of the membrane and the resulting increase in permeability facilitates the penetration
of RONS, which is beneficial for inducing intracellular oxidative stress and altering cell
signaling [51,75,81,166,167]. In this section, we will discuss some applications of CAP in
therapy, considering oxidized membranes.

When exposed to the skin, RONS generated by CAP can interact with the stratum
corneum (SC), the outermost layer of the skin that contains ceramides (CER), free fatty
acids (FFAs), and cholesterol [168–170]. Therefore, studying SC oxidation and its effect
on the skin membrane and the subsequent passage of RONS through it could be valu-
able in bio-plasma therapy. Van der Paal et al. proposed that the oxidation of CERs by
CAP-generated RONS leads to cross-linking between CERs [49]. Their MD simulation
results demonstrated that this cross-linking leads to the creation of pores in the membrane,
and the size of these pores expands with increasing oxidation level and cross-linking be-
tween CERs. As a result, it facilitates the passage of drug molecules and CAP-generated
RONS through the skin membrane [49]. Other studies on SC cholesterol oxidation have
shown that ring-oxidized cholesterol increases the surface area per lipid and reduces
membrane thickness, thereby increasing membrane permeability. Structural analysis of
membranes containing ring-oxidized cholesterol in the hydroperoxidized form revealed
lateral expansion of the membrane due to the movement of the oxidized group toward
the water surface and the tilting of the oxidized cholesterol tail. The free energy of trans-
port of major CAP-generated RONS through non-oxidized and oxidized SC membranes,
obtained through MD simulations, demonstrated that the free energy barrier for RONS pas-
sage through the SC membrane generally decreases with increasing cholesterol oxidation
level [171,172]. Among all the investigated RONS, hydrophobic RONS (e.g., •NO, •NO2,
O2, O3, and N2O4) could cross the membrane more easily, with a lower free energy barrier,
compared to hydrophilic RONS (e.g., H2O2, •OH, HOO•, HNO2, and HNO3) and ions
(e.g., NO2

− and NO3
−) [171]. Experimental results align with MD simulations, indicating

that RONS permeability through the SC membrane increases when the skin is moist, and
the membrane is oxidized [171]. However, short-lived RONS were found to have limited
penetration into the SC layer due to their highly reactive nature, resulting in half-lives of a
few nanoseconds [173]. Hence, the penetration of RONS into the skin membrane depends
on its composition, which is essential for the specific functions of skin cells.

One of the distinguishing characteristics between cancer cells and normal cells is their
membrane composition, which renders cancer cells more susceptible to CAP treatment and
oxidative damage [49,59], ultimately leading to apoptotic cell death [174]. Phosphatidylser-
ine (PS) is one of the markers of apoptotic cell death and is typically found in the inner
leaflet of the cell membrane [175]. During the activation of apoptotic pathways, PS un-
dergoes a flip-flop mechanism, moving from the inner to the outer leaflet, thereby acting
as an “eat me” signal for lymphocyte cells [176]. Increasing the rate of PS flip-flop can
induce apoptosis [176]. As mentioned earlier, CAP-induced oxidation of the membranes
increases their permeability, facilitating the flip-flopping of PS between the membrane
leaflets. Additionally, membrane defects caused by the oxidation of polyunsaturated phos-
pholipids provide energetically favorable pathways for the flip-flopping of polar groups
of phospholipids (e.g., PS) across the membrane [177]. The energy barrier for PS flip-flop
in membranes containing unsaturated POPC oxidized to hydroperoxide and aldehyde
forms was investigated by Razzokov et al. [178] and Volinsky et al. [148], respectively,
using MD simulations. The study on the effect of POPC hydroperoxidation on PS flip-flop
demonstrated that as the oxidation level increased from 0% to 50%, the energy barrier
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for PS flip-flop decreased by approximately 30%, from 90 kJ/mol to 60 kJ/mol, thereby
increasing the rate of PS flip-flop (see Figure 6). Moreover, during the transition of PS from
one leaflet to another, a hydrophilic narrow pore was formed [178].
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movement. (B) Symmetrized free energy profiles for the passage of PS across the POPC membrane
with different hydroperoxidation levels. Reprinted/adapted with permission from Ref. [178]. 2017,
John Wiley and Sons.

In the case of POPC oxidized to the aldehyde form, the MD results showed that the
flip-flop rate of PS increased with increasing oxidation level. Oxidation of only 20% of
POPC resulted in an energy barrier for PS flip-flop of 80 kJ/mol, which was approximately
20 kJ/mol lower than the energy barrier for non-oxidized POPC [148]. Thus, increasing the
rate of PS flip-flop, as an indicator of apoptotic cell death due to membrane oxidation by
CAP-generated RONS, could be beneficial in cancer therapy.

Increased membrane permeability through oxidation can also facilitate the absorp-
tion of cancer drugs by the membrane. Melittin is one such drug that exhibits inhibitory
effects on the proliferation of various types of cancer. Despite its efficacy against various
cancers [179], its clinical application is limited due to its toxicity at high doses [180]. There-
fore, enhancing its uptake can enhance its effectiveness at lower doses and reduce its side
effects. Shaw et al. conducted MD simulations to compare the absorption of melittin from
oxidized and non-oxidized membranes [164]. Their free energy results obtained through
US simulations showed that it is much easier for melittin to pass through a membrane
composed of 50% POPC oxidized to the aldehyde form compared to its passage through
a non-oxidized membrane. Consequently, due to membrane oxidation, the likelihood of
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melittin penetrating into the cell increases. Thus, lower doses of melittin, which were
previously cytotoxic, can be utilized in cancer treatment [164].

In addition to the impact of CAP on membrane oxidation and its alteration of mem-
brane properties, which are crucial in CAP therapy, the penetration rate of different types
of RONS into the membrane becomes significant. The permeation of RONS through the
membrane affects changes in intracellular components, such as proteins, which play a vital
role in cell signaling. The results on the free energy of penetration of different types of
RONS through non-oxidized and nitro-oxidized membranes obtained using US simulations
are discussed below. The properties of phospholipids, including their polarity, type of lipid
tails, size of head groups, and type of oxidation, as well as the size and polarity of RONS,
have an impact on RONS penetration [50,70,89,123,181–184].

To investigate the influence of head and tail groups of membrane phospholipids on
the permeation of ROS, Van der Paal et al. conducted a comprehensive study utilizing
both experiments and MD simulations [50]. The particular focus was on H2O2, a long-
lived, polar, and the largest ROS produced by CAP. The study examined membranes with
different lipid compositions, namely DOPC, dipalmitoyl-PC (DPPC), and dipalmitoyl-PE
(DPPE). DOPC and DPPC have similar head groups but differ in their lipid tails, with DOPC
having unsaturated tails and DPPC having saturated tails. On the other hand, DPPC and
DPPE possess similar tail groups but differ in their head groups. Hence, an investigation
was conducted to examine the translocation of H2O2 across membranes of varying lipid
compositions. The focus was on three factors: (i) the saturation degree of lipid tails, (ii) the
type of lipid head group, and (iii) the proportion of membrane cholesterol [50]. The aim
was to gain insights into how the interaction between phospholipids and cholesterol could
affect the response of healthy and cancerous cell membranes to ROS derived from plasma.
The experimental findings revealed that an increase in DPPE concentration within the
DPPC or DOPC vesicles led to tighter lipid packing, resulting in a decrease in lipid area.
Consequently, the passive diffusion of ROS would be impeded in both systems as the DPPE
fraction increased. This observation was also supported by the US simulations of DPPC
vesicles, which demonstrated an elevated free energy barrier for H2O2 permeation with
increasing DPPE content [50]. However, contrary to the simulation results, the experimental
data for DOPC vesicles indicated enhanced permeability as the DPPE fraction increased.
This disparity can be explained by the potential formation of lipid rafts enriched in DPPE
and cholesterol when the DPPE content is increased. As a result, other regions of the
membrane may become enriched in DOPC, making them susceptible to pore formation
due to lipid oxidation, thereby facilitating increased ingress of ROS [50]. This phenomenon
accounts for the heightened ROS penetration observed in DOPC vesicles with increased
DPPE content. In DPPC vesicles, no such rafts are formed because both DPPC and DPPE
possess identical aliphatic lipid tails and exhibit equally strong interactions with cholesterol.
Overall, the experimental and simulation results highlight the involvement of multifactorial
chemical and physical processes, including lipid oxidation, lipid packing, and lipid raft
formation [50]. This study has potential implications for the development of therapies
centered around CAP, which targets the cell membrane and oxidative stress response
in cells.

In addition to ROS, RNS produced by CAP can also penetrate the membrane. Raz-
zokov et al. compared the permeation of ROS (O2, O3, •OH, HOO•, and H2O2) and
RNS (•NO, •NO2, N2O4) through non-oxidized and oxidized membranes containing non-
oxidized DOPC and 50% oxidized DOPC in the aldehyde form [81]. The free energy profiles
of RONS permeation, obtained through US simulations, demonstrated significantly lower
energy barriers for all RNS, O2, and O3 (hydrophobic species) with values ranging from 6
to 12 kJ/mol for non-oxidized membranes and 5 to 7 kJ/mol for oxidized membranes, com-
pared to hydrophilic species such as •OH, HOO•, and H2O2 (with energy barriers ranging
from 20 to 35 kJ/mol for non-oxidized membranes and 15 to 25 kJ/mol for oxidized mem-
branes). Among the hydrophilic species, H2O2 exhibited greater difficulty in permeating
the membrane due to its size and its ability to form more hydrogen bonds with water [81].
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Although H2O2 and other hydrophilic species cannot easily cross the membrane, they
can pass through membrane pores formed due to membrane oxidation, the combination
of membrane oxidation and a strong electric field generated by CAP, or be absorbed by
membrane proteins such as aquaporins (AQPs) [80]. The importance of the type of lipid
oxidation on ROS (i.e., •OH, HOO•, H2O2, and O2) penetration across the membrane was
investigated by Yusupov et al. [75] using US simulations. Their systems included non-
oxidized DOPC, 50% oxidized DOPC in the aldehyde form, and hydroperoxidized DOPC,
which are major products of phospholipid oxidation. The results indicated that after mem-
brane oxidation, the free energy barrier for ROS passage through the membrane decreased,
especially for the oxidized membrane in the aldehyde form, which exhibited significantly
higher permeability than the hydroperoxidized membrane [75]. Van der Paal et al. [152]
observed that the incorporation of cholesterol (from 0–50%) into the oxidized membranes
increased the free energy barrier for ROS permeation compared to cholesterol-free mem-
branes. This can be attributed to the reordering of membrane phospholipids and reduced
membrane permeability [152]. Kumar et al. also investigated the passage of RONS through
non-oxidized and hydroperoxidized POPC membranes in the presence of cholesterol [98].
The overall effect of membrane oxidation and cholesterol on RONS permeation was con-
sistent with previous studies, suggesting that hydrophobic species can pass more easily,
particularly when the membrane is oxidized [75,81,152,172]. Comparing the free energy
profiles obtained for ROS permeation across DOPC [81] and cholesterol-rich POPC [98], as
well as their hydroperoxidized forms, no significant difference in the energy barriers for
ROS was observed. This indicates that POPC could be more permeable to ROS if cholesterol
was not incorporated.

In addition to membrane oxidation, membrane nitration can also occur through the
action of CAP-generated RNS. Oliveira et al. [48] investigated the permeation of hydrophilic
and hydrophobic RONS through nitrated POPC [71] and compared their results with other
studies on the passage of RONS through non-oxidized [184] and oxidized POPC [75,81].
The permeation free energy barrier for hydrophilic species (H2O2, HOO•, •OH, ONOOH)
and hydrophobic species (O2, •NO2, •NO) through 100% nitrated POPC, obtained through
US simulations, showed that the nitrated membrane exhibited higher permeability for
hydrophobic RONS compared to hydrophilic species (see Figure 7) [48].

When compared with other studies on the hydroperoxidation of 50% POPC, the
nitrated membrane demonstrated similar permeability for hydrophilic species but greater
permeability than non-oxidized and hydroperoxidized POPC for hydrophobic species. In a
recent MD study, Abduvokhidov et al. investigated the transport properties of RONS across
membranes with varying degrees of lipid nitro-oxidation [185]. The results, obtained using
US simulations, revealed that certain RONS, namely •NO, •NO2, N2O4, and O3, exhibited
higher penetration capabilities across both native and nitro-oxidized membranes compared
to HNO3, s-cis-HONO, s-trans-HONO, H2O2, HOO•, and •OH. They also found that nitro-
oxidation of the membrane had an insignificant impact on the free energy barriers for the
former RONS, whereas it lowered these barriers for the latter RONS, thereby enhancing
their permeation through nitro-oxidized membranes. In general, all CAP-generated RONS,
either directly or indirectly, can penetrate cell membranes and induce intracellular changes
through the nitro-oxidation of cell organelles and proteins, which can be effective in bio-
plasma therapy.
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3. Non-Reactive MD Simulations of Proteins

Proteins are the most crucial components of living systems and are essential for the
growth and maintenance of organisms. If proteins lose their functionality, all cellular signal-
ing pathways are disrupted [108]. Proteins are generally categorized into nine functional
classes: antibodies, enzymes, hormones, motor proteins, receptors, transport proteins,
structural proteins, signaling proteins, and storage proteins [186]. The functions of proteins
are derived from their structures, which include the amino acid sequence and the overall
three-dimensional shape. Depending on their specific functions, proteins possess an active
site domain that contains specific amino acid residues crucial for their activities [187].
Modifications in protein structures, such as amino acid mutations [188,189] or oxidation
and nitration induced by RONS interactions [36,80,190–196], can directly or indirectly affect
the active sites and, subsequently, the protein functions [197]. Understanding the impact of
such modifications on protein structure and function at the atomic scale is challenging to
investigate experimentally. MD simulations provide a valuable tool to study these effects by
bridging the gap between structure and dynamics, particularly for non-bonded interactions.
This review focuses on papers that have employed MD simulations to investigate the
effects of oxidation and nitration of amino acid residues in proteins due to interactions with
CAP on their functions. Many of these proteins are significant in cancer therapy, as CAP
can selectively kill certain types of cancer cells while causing less damage to normal cells,
which makes this method appropriate for cancer therapy [36,80,190–192,194,198–202]. This
selectivity may be attributed to specific proteins and phospholipids (mentioned earlier)
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found in cancer cells, which are adapted to the high metabolic activity of these cells. In
many cases, the presence of mutated, overexpressed, or underexpressed proteins compared
to their normal counterparts plays a key role in the selectivity of CAP treatment. Addi-
tionally, some of these proteins, along with others relevant to Alzheimer’s disease [195],
wound healing [36,194], and viral and bacterial infections [203–205], are discussed here.
The consistency between MD simulations and experimental results in most studies demon-
strates that MD simulations are a reliable and cost-effective method for investigating and
predicting the effects of CAP on protein structures, and subsequently on cells and tissues.
This section specifically explores the impact of nitro-oxidation on two categories of proteins:
membrane proteins and intracellular proteins, elucidating their structure and function
at the atomic scale and highlighting the significance of CAP as an extracellular RONS
source. Figure 8 schematically shows some of the important proteins that are modified by
(CAP-generated) RONS and whose modifications are useful in bio-plasma therapy. These
proteins are discussed in detail in the following sections.
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Figure 8. Schematic representation of several important proteins modified by (CAP-generated) RONS.
Detailed discussions of these modifications are presented in the following sections. Briefly, from left to
right: modification (namely, oxidation) of membrane proteins can lead to the denaturation of Noxa1
SH3 and subsequent inactivation of NOX1, resulting in the inhibition of cancer cell proliferation [198];
reduction in the binding affinity of CD47 to SIRPα, thereby decreasing the chance of cancer cells
evading immune cells [192]; induction of slight changes in RONS translocation across AQP1, with
a lesser impact on their permeability into cells [80]; disruption of the interaction between hEGF
and EGFR, potentially interfering with cellular signaling pathways associated with cancer cell
proliferation [36]; interruption of cystine uptake by xC− antiporter, ultimately triggering cancer cell
apoptosis [190]; reduction in the binding free energy between HA and CD44, inhibiting the signaling
pathways related to cancer cell proliferation [199]; and strengthening (weakening) the interaction
between the coronavirus spike protein and ACE2 (GRP78), crucial for the treatment of viral infections
caused by SARS-CoV-2 [204]. CAP can also reduce the binding between Mdm2 and p53, an essential
factor for tumor suppression [202], and disaggregate Aβ fibrils, contributing to the treatment of
Alzheimer’s disease [195].
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3.1. Nitro-Oxidation of Protein Amino Acids

During CAP treatment, amino acid residues of proteins can undergo nitro-oxidation
through reactions with RONS. Since non-reactive MD simulations cannot capture bond
breakage and formation, computational studies using non-reactive MD simulations should
consider the oxidation and nitration products of amino acid residues obtained from experi-
mental studies. Takai et al. [206] conducted a study on the chemical modification of amino
acids in solution using a low-frequency plasma jet. They identified different oxidized
products depending on the duration of CAP exposure. The modified products of amino
acids and their abundance were found to be dependent on the plasma devices and the
environmental condition. For instance, Zhou et al. used a micro-plasma array device
and observed the modification of amino acids for 30 min, resulting in a greater variety of
oxidized and nitrated products [207]. Furthermore, Wenske et al. recently investigated the
changes in amino acid residues of different types of peptides using two different devices,
i.e., an argon-driven MHz-jet kINPen and the helium-driven RF-jet COST-Jet [208,209].
Although the reactivity of amino acids to nitro-oxidation was consistent with previous
studies, the abundance of products was different not only from previous studies but also
from each other. Therefore, to specify the modified amino acids in MD simulations, the
product produced by a specific device should be considered, which helps to ensure that
MD results can be qualitatively consistent with experimental data.

The reactivity of amino acid residues towards oxidation varies, and higher doses of
CAP and more reactive RONS are required to nitro-oxidize certain amino acid residues.
Among the 20 amino acids, methionine (Met) and cysteine (Cys), which contain sul-
fur, are the most reactive and readily undergo oxidation to form methionine sulfoxide
and cysteic acid, respectively (Figure 9, left column) [206,207]. Aromatic residues such
as tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr) can mostly be oxidized to
6-hydroxytryptophan, tyrosine, and 3,4-dihydroxyphenylalanine, respectively [206,207]
(Figure 9, right column). Other amino acid residues require very high doses of CAP for
oxidation, but some of their oxidation products considered in protein oxidation studies by
CAP-generated RONS include 2-oxo-histidine, pyroglutamic acid, 4-hydroxyglutamine,
allysine, 3-hydroxyvaline, 4-hydroxyleucine, and 3-hydroxyasparagine, derived from his-
tidine (His), proline (Pro), glutamine (Gln), lysine (Lys), valine (Val), leucine (Leu), and
asparagine (Asn), respectively [36,206]. In addition to oxidation, CAP can also nitrate
certain amino acid residues. Protein nitration is generally rare, but Cys, Trp, and Tyr can
be nitrated to form nitrocysteine, 6-nitrotryptophan, and nitrotyrosine, respectively [210]
(see Figure 9). Therefore, when investigating the effect of protein nitro-oxidation on their
function, the aforementioned modified amino acids are used in MD simulations.

3.2. Effect of Nitro-Oxidation on the Properties of Membrane Proteins

Membrane proteins are located within lipid rafts in the cell membrane [211]. During
exposure to CAP, they are among the first group of proteins that can undergo nitro-oxidation
by RONS generated by CAP. Based on their function, membrane proteins are classified
into three main categories: transmembrane proteins, membrane enzymes, and membrane
receptors. In this section, we will discuss the nitro-oxidation of selected membrane proteins
that play a role in bio-plasma therapy.

3.2.1. Transmembrane Proteins

Transmembrane proteins are integral components of the cell membrane. They play
crucial roles in various biological processes, including cell signaling, transport of molecules
across the membrane, and cell adhesion. Transmembrane proteins can be classified into
various groups based on their structure, topology, location, and function [108]. Since
these proteins are located on the cell membrane, they are among the first to be affected by
CAP. In this section, we will review the nitro-oxidation of five transmembrane proteins—
AQP1 [80], xC− antiporter [189,190], CD44 [199], CD47 [192], and EGFR [36,194]—that
have undergone structural changes or experienced alterations in their related ligands due



Biomolecules 2023, 13, 1371 20 of 42

to RONS generated by CAP. These proteins play a significant role in CAP treatment and
have been investigated using MD simulations.
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One important group of transmembrane proteins involved in CAP therapy is aqua-
porins (AQPs), which facilitate the transport of water molecules and other solutes across
the cell membrane. AQPs also play a crucial role in CAP treatment as they can uptake
RONS generated by CAP into the cell. Excessive RONS absorbed by AQPs can induce
nitro-oxidative stress within the cell, leading to damage to intracellular biomolecules and
signaling pathways, ultimately resulting in cell death [212]. AQPs are often overexpressed
in various types of cancer cells, including breast [213,214], lung [215], ovarian [216,217], and
colorectal cancer [218,219]. This overexpression allows AQPs to increase the intracellular
RONS level in cancer cells compared to normal cells, making CAP more detrimental to
cancer cells than to normal cells [220,221]. Furthermore, RONS generated by CAP can
oxidize both AQPs and the phospholipids in the surrounding membrane, potentially inter-
fering with RONS transport mediated by AQPs [212,222,223]. Fortunately, MD simulations
conducted by Yusupov et al. [80] on the transport of RONS through AQP1 indicated that the
oxidation of AQP1 or its surrounding lipid membrane had no significant effect on transport.
Free energy profiles obtained from US simulations demonstrated that larger molecules
such as H2O2 and •NO2 were more challenging to transport through AQP1 compared to
•NO and •OH under all conditions. In general, the authors suggested that hydrophobic
RONS such as O2, •NO, and •NO2 most likely pass through the lipid membrane, where
lipid oxidation can occur, due to their higher barrier through AQPs (i.e., ~5–12 kJ/mol vs.
~1 kJ/mol for the lipid membrane) [81]. On the other hand, hydrophilic RONS like •OH and
particularly H2O2 permeate the cell through AQPs, as they encounter a significantly higher
barrier when crossing the lipid membrane (~15–30 kJ/mol) [75,81,184,224], particularly in
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the non-oxidized (intact) lipid membrane. Thus, the presence of AQP1 can improve the
transmembrane efficiency of hydrophilic ROS [225]. This is consistent with the conclusion
of Cui et al. on the differences in the transmembrane transport of hydrophilic ROS and
hydrophobic RNS [226]. These findings indicate that both the lipid membrane and AQPs
are permeable to (CAP-generated) RONS, particularly in cancer cells, resulting in an in-
crease in intracellular RONS levels after CAP treatment, leading to elevated nitro-oxidative
damage to intracellular organelles and proteins.

Another vital transmembrane protein that is overexpressed in many cancer cell types
and is essential for cell viability is the xC− antiporter [227]. This antiporter is responsible for
transporting cystine (the oxidized dimeric form of Cys) from the extracellular environment
into the cell while exporting glutamate from the cell to the extracellular space [228,229].
Cystine is rapidly converted to Cys inside the cell and contributes to the biosynthesis of
glutathione, which plays a crucial role in combating intracellular oxidative stress [228]. Cer-
tain cancer cells, such as lymphoma and leukemia cells, lose their ability to synthesize Cys
internally, making cystine uptake by the xC− antiporter crucial for their survival. Conse-
quently, these cancer cells exhibit overexpression of this antiporter on their membrane [230].
Inhibition of the xC− antiporter by RONS generated by CAP can result in intracellular
Cys starvation, particularly in cancer cells, affecting glutathione levels. This, in turn, can
inhibit cell growth and ultimately induce apoptosis [228]. Experimental studies on the
xC− antiporter have shown that the mutation of Cys327, located near the protein channel
and the extracellular environment, to alanine (Ala) can disrupt normal cystine transport,
indicating the significance of Cys327 in this process [231]. Cys327 is highly reactive and
easily oxidized to cysteic acid by RONS [206]. MD simulations conducted by Ghasemitarei
et al. [190] demonstrated that the oxidation of Cys327 can impact the channel structure
and hinder cystine uptake. Free energy profiles obtained from US simulations of cystine
translocation across the outward face of the xC− antiporter revealed that Cys327 oxidation
created a barrier of 33.9 kJ/mol, resulting in reduced cystine permeation rates (see Fig-
ure 10). Analysis of the protein channel size indicated that the channel was nearly closed in
the vicinity of oxidized Cys327, making it more difficult for cystine to be taken up. Thus,
the inhibition of the xC− antiporter by (CAP-generated) RONS results in the depletion
of cystine within cancer cells, leading to a reduction in intracellular glutathione levels.
The decrease in glutathione levels triggers an elevation in intracellular oxidative stress,
ultimately inhibiting cell growth and inducing apoptosis specifically in cancer cells [190].
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Cluster of differentiation 44 (CD44) is a transmembrane protein that is known to
be overexpressed in various types of cancer cells [232]. Its increased expression is often
associated with cancer progression, metastasis, and poor prognosis. CD44 plays important
roles in cell adhesion, migration, and signaling, and its overexpression is believed to
contribute to cancer cell invasion and metastasis. It facilitates cell-to-cell and cell-to-
matrix attachment of cancer cells, promoting cell proliferation, differentiation, invasion,
and migration [233]. The main ligand of CD44 is hyaluronan (HA), located in the tumor
extracellular matrix, which activates signaling pathways associated with increased cell
metastasis [234]. Yusupov et al. conducted an experimental study demonstrating that
reducing the interaction between HA and CD44 through CAP treatment could disrupt
signaling pathways driving tumor progression [199]. They also investigated the oxidative
damage of HA and CD44 by CAP-generated RONS and its effect on their binding affinity
using both reactive (i.e., DFTB) and non-reactive MD simulations. The DFTB-MD was
used to understand the chemical reaction mechanism of HA oxidation by RONS, and the
resulting oxidized HA was used in the non-reactive MD simulations. The dissociation free
energy profiles obtained by US simulations (Figure 11) indicated that oxidation of both
CD44 and HA weakened their interaction, thereby inhibiting the signaling pathways of
cancer cell proliferation. Structural analysis revealed that oxidation of CD44 destabilized
its structure due to the breaking of disulfide bonds between Cys77-Cys97 and Cys28-Cys129,
leading to decreased binding to HA. Consequently, the dissociation of CD44 and HA caused
by CAP-generated RONS could be a crucial mechanism for cancer treatment based on
oxidative stress [199].
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In addition to apoptotic cell death mediated by (CAP-generated) RONS, CAP can also
induce immunogenic cell death by enhancing the ability of the immune system to detect
and eliminate cancer cells [18]. In cancer immunotherapy using CAP, immunosuppressive
surface proteins and checkpoints that are often overexpressed on the membrane of cancer
cells can be targeted by CAP [235]. One such checkpoint, CD47, is a transmembrane protein
overexpressed on the membrane of cancer cells that binds to signal-regulatory protein alpha
(SIRPα) of innate immune cells [236–238], sending a “don’t eat me” signal and helping the
escape of cancer cells from the immune system [239]. Lin et al. conducted a combined
experimental and computational study to investigate the effect of CAP on CD47 [192].
Their simulation results showed that oxidation of CD47 reduced its binding affinity to
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SIRPα on innate immune cells, thereby decreasing the chance of cancer cells evading
immune cells [192]. The free energy profiles obtained by US simulations showed that the
free energy of CD47-SIRPα separation reduced by ~45 kJ/mol after oxidation, and due
to the conformational changes of oxidized CD47, the Lys39-Asp100 and Lys41-Asp100 salt
bridges between CD47 and SIRPα were broken. The authors concluded that the dissociation
of oxidized CD47-SIRPα helps enhance tumor immunogenicity and support anti-cancer
immune response, supporting its role in CAP-mediated cancer immunotherapy [192].

Epidermal growth factor receptor (EGFR) is another transmembrane glycoprotein
that plays an important role in cancer treatment [240] and wound healing [241], and it
has numerous ligands for its activation [242,243]. This protein plays a crucial role in cell
proliferation, survival, and differentiation, which is useful for wound healing and is part of
the healing process. However, in cancer cells, this mechanism acts against the treatment
and allows the cancer cells to progress in the body [36,194,244–246]. Overexpression of
EGFR has been observed in many cancer types, which affects the cell cycle by inducing
these mechanisms [244,247]. Human epidermal growth factor (hEGF), a small ligand, is
one of its activating ligands [248]. It appears that this ligand indirectly possesses cancer-
inducing abilities by stimulating cytoprotection, chemotaxis, mutagenesis, and mitogenesis,
leading to the promotion of cancer growth [249]. However, these stimuli are effective
in wound healing. Therefore, any changes to hEGF caused by (CAP-generated) RONS
could be useful for one of two treatments: wound healing or cancer treatment [36]. In
this case, the timing of CAP treatment and the type of RONS become important factors
that can affect the level and type of hEGF modifications [61]. If too many residues are
nitro-oxidized by RONS, it can completely disrupt the normal function of hEGF [36,194],
which can be useful in cancer therapy. Conversely, small changes in the protein structure
can maintain its normal function, which is beneficial in the wound-healing process [36].
The modification of hEGF by RONS affects the stability and flexibility of its structure and
subsequently its binding to EGFR [36]. The effects of different levels of hEGF oxidation on
its binding to EGFR and its structural changes have been studied by Yusupov et al. [36]
using molecular mechanics poisson-boltzmann surface area (MMPBSA) and structural
analysis (i.e., root-mean-square deviation (RMSD), solvent accessible surface area (SASA),
and principal component analysis (PCA)). They found that higher levels of oxidation
significantly reduced the binding affinity between the two proteins (EGFR and hEGF) and
made hEGF more unstable with higher fluctuations. Denaturation of hEGF as a result of
increased levels of oxidation is associated with the breaking of disulfide bonds at higher
levels [36]. The nitrosylation of hEGF was also studied by Razzokov et al. [194]. Again,
different levels of hEGF nitrosylation were considered, and the stability and fluctuation
of the structures were compared. The results revealed that the nitrosylation of hEGF does
not disrupt its structure, even if all three disulfide bonds are broken at high nitrosylation
levels. All systems remained stable as the nitrosylation of amino acids made them more
hydrophobic, causing them to become more compact compared to the native structure as
they do not interact favorably with water. Therefore, it can be concluded that nitrosylation
of hEGF does not cause any fundamental changes in its structure and, subsequently, its
function, which can be useful for wound healing [194]. In contrast, the oxidation of hEGF
had significant effects on its structure, binding to its receptor, and function, as oxidation
made hEGF more hydrophilic, allowing it to become more accessible to water and causing
further changes in the hEGF structure [36]. Based on the simulation results, lower oxidation
of hEGF and its lesser effect on binding affinity to its receptor do not disrupt the normal
signaling pathways in the cell and the mechanism of cell proliferation, which explains
why CAP can be useful in wound healing if the CAP treatment time is short [37]. On the
other hand, higher oxidation of hEGF and the loss of its ability to bind to its receptor may
disrupt the cell signaling pathways related to the cell proliferation mechanism. This could
provide a good explanation as to why longer CAP treatment times can be beneficial in
cancer treatment.
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3.2.2. Enzymatic Proteins

In this section, we focus on three proteins that are overexpressed in cancer cells
and play a role in their proliferation, invasion, and growth. These proteins, NOX [198],
PLA2 [250], and FAK [201], have been identified as potential targets for cancer therapy,
particularly using CAP. Recent studies have shown that their oxidation by CAP can disrupt
their normal function and can have a therapeutic effect on cancer treatment.

NADPH oxidase (NOX) enzymes are involved in various physiological functions in
cells, including cell proliferation, differentiation, growth, and tissue regeneration [251–253].
Among NOX enzymes, NOX1 produces superoxide (O2

•−) through the interaction between
Nox organizer 1 (Noxo1) and Nox activator 1 (Noxa1 SH3) [254]. ROS produced by NOX1
play a significant role in cancer development and metastasis [255,256]. Attri et al. studied
the effect of oxidation on the function of Noxa1 SH3, a subunit of NOX1, by CAP-generated
RONS [198]. The MD simulations of the oxidized form of Noxa1 SH3 included four oxidized
amino acids: Gln413, Cys430, Cys441, and Val432. Structural analysis of the oxidized structure
revealed that the oxidation of Noxa1 SH3 made it unstable with higher flexibility, which
aligned with experimental investigations showing that CAP treatment caused denaturation
of Noxa1 SH3 and subsequent inactivation of NOX1, leading to the inhibition of cancer cell
proliferation, differentiation, growth, and tissue regeneration [198].

Phospholipase A2 (PLA2) is an enzymatic membrane protein responsible for hydrolyz-
ing phospholipids and damaging lipid bilayers, thereby increasing membrane permeabil-
ity [257–259]. PLA2 releases lipid mediators such as lysophosphatidic acid, which acts
as a signaling molecule and promotes cellular processes including proliferation, survival,
invasion, and growth, especially in cancer cells [260]. Overexpression of PLA2 has been
observed in various types of cancer cells [261,262]. PLA2 also plays an important role
in diseases such as asthma [263,264], multiple sclerosis [265], schizophrenia [266–268],
autism [269], and bipolar disorders [270,271]. Therefore, regulating the activity of PLA2
may be effective in controlling these diseases. PLA2 binds to the membrane through its
interface site and activates its catalytic site [257,272]. Nasri et al. conducted a combined
experimental and computational study on the CAP treatment of PLA2 [250]. They found
that the changes in membrane permeability were negligible after CAP-treated enzymes,
indicating that oxidized PLA2 was unable to hydrolyze phospholipids. Structural analysis
of the oxidized PLA2 revealed that highly reactive amino acids, such as Cys and Met, were
not modified by CAP, possibly due to their limited exposure to RONS. However, Trp128,
located on the outer surface of PLA2 and involved in binding to different ligands, was
extensively oxidized, resulting in the opening of its indole ring. This oxidation reduced
its ability to bind to ligands, particularly membranes. Trp128 played a crucial role in the
separation, which was investigated at the atomic scale using MD simulations and molecu-
lar docking. Although the oxidation of Trp128 had no effect on the overall structure and
size of PLA2, especially in its active site, molecular docking results indicated that Trp
oxidation decreased the hydrogen bonds and interaction energy between PLA2 and PE.
Additionally, the π-interaction between the indole ring of Trp128 and PE was disrupted
after oxidation [250].

Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, is the last enzymatic
protein mentioned in this section. It plays a crucial role in cell-cell and cell-matrix in-
teractions, thereby controlling important cellular processes, such as cell adhesion [273],
migration [274], and proliferation [275]. The enzymatic activity of FAK is regulated by
its catalytic and FERM (Four-point-one, ezrin, radixin, moesin) domains [276,277]. The
strong interaction between the catalytic and FERM domains keeps FAK in an autoinhibited
state, protecting its activation loop from phosphorylation by Src kinase [278]. Disruption of
the FERM-catalytic domain interaction, whether due to intracellular signaling or external
factors such as CAP exposure, leads to the activation of FAK and increased cell migration
and proliferation [276,277,279]. Han et al. demonstrated that low doses of CAP can activate
FAK, promoting wound healing, while high doses of CAP fail to activate FAK, which may
be relevant in cancer therapy [201]. The activation of FAK may be associated with the
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disruption of the oxidized catalytic-FERM interaction. Thus, Han et al. investigated the
structural changes of the oxidized catalytic domain using MD simulations at the atomic
scale, which was not feasible experimentally. Oxidation of highly reactive amino acids, such
as Cys and Met, equivalent to low-dose CAP oxidation of the catalytic domain, destabilized
the catalytic domain and increased its fluctuation. This disruption of the FERM-catalytic
domain interaction resulted in the phosphorylation of Tyr397 and subsequent enhancement
of the enzymatic activity of FAK, which is beneficial for promoting the wound healing
process [201]. The inactivation of FAK by high doses of CAP could be attributed to the
oxidation of other residues in the catalytic domain, leading to increased binding between
the FERM and catalytic domains. However, this aspect has not been studied at the atomic
level and requires further investigation.

Overall, the MD simulations used to study the effect of CAP oxidation on Noxa1 SH3,
PLA2, and FAK provided valuable atomic-scale insights into how oxidation disrupts their
normal functions. These findings align with the reduction of cancer cell proliferation and
growth, making them potentially valuable in cancer treatment.

3.2.3. Membrane Receptors

Membrane receptors are a type of proteins that are either attached to or embedded in
cell membranes and are activated through interaction with ligands. Among the various
receptors with different functions, angiotensin converting enzyme 2 (ACE2) is a crucial
receptor mentioned in this section, playing a significant role in the viral infection caused by
SARS-CoV-2 [280]. ACE2 is a zinc metalloenzyme attached to the cell membranes of various
organs such as the heart, lungs, arteries, kidneys, and intestines, and it has enzymatic
functions within cells [281]. This ectoenzyme (i.e., an enzyme located on the outer surface
of the cell membrane) acts as a gateway for SARS-CoV-2, as the S-glycoprotein of the virus
attaches to this receptor [280,282]. The S-glycoprotein, located on the outer surface of the
viral particle, can bind to cells through its receptor binding domains (RBDs), specifically the
RBD of the S1 subunit [282]. Discovering methods to decrease or inhibit this attachment can
be useful in reducing viral infections. CAP has demonstrated antiviral properties [283] and
effectively deactivates SARS-CoV-2 on various surfaces [284]. Guo et al. experimentally
studied the interaction between CAP-generated RONS and the RBD domain, as well as
its attachment to ACE2 [285]. They showed that CAP treatment caused fragmentation of
the RBD domain, separating it from ACE2. Although non-reactive MD simulations cannot
study RBD fragmentation, Attri et al. investigated the effect of high doses of RBD oxidation
on its binding to ACE2 using MD simulation [203]. They selectively oxidized amino acids
in the RBD that play a crucial role in the interaction with ACE2. Two oxidized systems were
designed: in the first system, they oxidized amino acids directly interacting with ACE2,
and in the second system, they oxidized additional amino acids in the vicinity of ACE2.
Structural analysis of the oxidized RBD-ACE2 complex revealed that RBD oxidation made
the complex unstable with higher fluctuations. However, the analysis of the binding affinity
of the RBD-ACE2 complex using MMPBSA showed that although the oxidized RBD and
ACE2 had slightly dissociated in the first system, they exhibited much stronger binding
affinity in the second system compared to the natural state. Therefore, their MD simulation
results indicated that RBD oxidation alone, without considering RBD nitration, would not
be helpful in reducing its binding to ACE2 and consequently inactivating the virus [203].
Nitration of RBD, particularly by ONOO−, leads to RBD fragmentation [204,285], which
could be useful in inhibiting the binding of SARS-CoV-2 to cells [204]. However, RBD
fragmentation cannot be studied using non-reactive MD simulations. Although not in the
context of CAP treatment, Ghasemitarei et al. also examined the effect of Cys oxidation
of RBD on its attachment to ACE2 [204], and their results confirmed the previous claim.
Through MD simulations, they investigated the oxidation of Cys, a highly reactive amino
acid targeted by RONS, in the RBD. Among the four disulfide bonds between Cys residues
in the RBD domain, two pairs, specifically Cys379-Cys432 and Cys480-Cys488, were broken
and oxidized to cysteic acid. The non-bonded energy between RBD and ACE2 indicated that
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RBD oxidation increased the attractive interaction between RBD and ACE2. Additionally,
the difference in the binding free energy of RBD and ACE2 before and after oxidation,
obtained through slow-growth free energy simulations, was equal to –55.1 ± 31.5 kJ/mol,
confirming an increased binding affinity after RBD oxidation. In summary, their results
also explained that oxidation of RBD alone, without considering nitration, would not be
beneficial in preventing RBD binding to ACE2 and subsequently inhibiting viral infection.
Therefore, further studies on the effect of RBD nitration are necessary to explore the
impact of CAP-generated RONS on the binding affinity of the RBD-ACE2 complex [204].
Another membrane receptor involved in SARS-CoV-2 infection is glucose-regulating protein
78 (GRP78, also known as binding immunoglobulin protein) [286]. GRP78 is a master
chaperone protein normally located in the lumen of the endoplasmic reticulum [287].
Under cellular stress, it can be overexpressed, and excessive GRP78 can be translocated
to the cell membrane [286]. Experimental studies have shown that inhibiting membrane
GRP78 with certain ligands reduces SARS-CoV-2 viral infection [288–290]. Furthermore,
using MD simulations, it was demonstrated that Cys oxidation of RBD could separate
RBD from GRP78 [204]. The oxidized RBD was the same as the oxidized RBD in the
RBD-ACE2 complex (mentioned above). Although GRP78 is not the primary receptor for
RBD, it plays a crucial role in anchoring the virus to the cell membrane and facilitating RBD
binding to ACE2. Therefore, dissociation of RBD from GRP78 may reduce the probability
of RBD-ACE2 binding and subsequently reduce viral infectivity [204].

3.3. Effect of Nitro-Oxidation on the Properties of Intracellular Proteins

As mentioned in the previous section, CAP-generated RONS can penetrate cell mem-
branes and increase intracellular levels of RONS, leading to nitro-oxidative damage to
intracellular proteins. This section focuses on the modification of certain proteins that
play key roles in diseases such as cancer [191,200,202,291], chronic wounds [200,202], and
Alzheimer’s disease [195] by CAP-generated RONS, with the aim of treatment.

In CAP therapy, particularly in cancer treatment, studying the effects of oxidation or
nitration of proteins involved in regulating cell proliferation, differentiation, division, and
growth is of great interest. This research can provide important insights into the impact
of CAP treatment on controlling the spread of cancer cells in the body. The effects of
CAP on five types of these proteins, namely hEGF, CD44, NOX1, PLA2, and FAK, have
already been discussed (see above). Another protein that plays a crucial role in controlling
cell division is p53 [292]. This protein, found in the nucleus of cells, acts as a tumor
suppressor by regulating the cell cycle and inhibiting malignant transformations [293–295].
Murine double minute 2 (Mdm2), found in various types of cancers such as liver [296],
breast [297,298], lung [299], and colorectal cancer [300–302], can inactivate p53 by binding to
its hydrophobic α-helix, which contains 70% of the atoms at the nonpolar interface [303,304].
Finding methods or agents to inhibit the formation of the p53-Mdm2 complex could be
useful in enhancing the anticancer activity mediated by p53. Attri et al. discovered that CAP
could be an effective method for inhibiting the formation of the p53-Mdm2 complex [202].
They studied the binding affinity of the p53-Mdm2 complex before and after possible
oxidation by CAP-generated RONS using MD simulations. In their study, they investigated
the oxidation of both p53 and Mdm2 on the binding affinity of the p53-Mdm2 complex.
Structural analysis revealed that the flexibility of all oxidized systems, particularly when
only Mdm2 was oxidized, increased compared to the non-oxidized system. Their results
demonstrated that oxidized Mdm2 was unable to inhibit non-oxidized p53 [202]. However,
more research on the binding free energy of the two proteins is needed to confirm that the
oxidation of the p53-Mdm2 complex can reduce their binding affinity and ultimately lead
to the disinhibition of p53 by oxidized Mdm2.

In addition to proteins that play key roles in cell division, proliferation, and growth,
proteins that protect cells from oxidative stress, such as redox-sensitive proteins, are also
important in cancer therapy. These proteins function as regulators of the cellular redox
balance, mainly through oxidative modification of redox-sensitive residues, including
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Cys residues [305–308]. Cytoglobin (CYGB) and glutathione peroxidase 4 (GPX4) are
two members of this protein family whose modification by CAP-generated RONS can be
effective in cancer therapy [291,309,310], and they have been studied at the atomic scale
using MD simulations [191]. Experiments have shown that CYGB can scavenge intracellular
RONS and protect cells against oxidative and nitrative stress [311–313]. CYGB, a member of
the globin family that contains a heme group (which includes iron), plays an important role
as a tumor suppressor due to its differential concentration in cancer cells and subsequent
scavenging of RONS [314–316]. Generally, the intracellular level of RONS is higher in cancer
cells compared to normal cells, which is associated with tumor proliferation, angiogenesis,
and metastasis [316]. Therefore, increasing the enzymatic activity of CYGB as a result
of CAP-generated RONS can be beneficial in cancer treatment, as demonstrated by De
Backer et al. [191]. Through MD simulation and molecular docking, they discovered that
the formation of a disulfide bond between a pair of Cys residues (Cys38 and Cys83) by
CAP-generated RONS increased the accessibility of the binding pocket to the heme group
of CYGB, which influenced its ligand-binding properties. These conformational changes
in CYGB resulted in different interactions with ligands, such as suppressor drug-like
molecules, which can affect intracellular oxidative stress [191]. Additionally, Razzokov
et al. demonstrated that the mutation of Lys80 to Ala (L80A) also increased the accessibility
of the CYGB binding pocket to the heme group, even in the absence of disulfide bond
formation [200]. However, disulfide bond formation further enhanced the open accessibility
of the binding pocket to the heme group. In contrast, their previous study [191] showed
that without this mutation and disulfide bond formation, the CYGB binding pocket was
not accessible to the heme group [200]. In general, the combination of CYGB mutation
and disulfide bond formation between Cys38 and Cys83 through CAP-generated RONS
increased the enzymatic activity of CYGB as a cytoprotective protein, which could be
beneficial in cancer therapy.

Another redox-sensitive protein, GPX4, acts as a phospholipid-hydroperoxide and
protects cells against membrane lipid peroxidation [317]. When the enzymatic activity
of GPX4 is inhibited and (CAP-generated) RONS interact with the cell membrane, it in-
creases the level of Fe2+ and lipid peroxidation, ultimately inducing ferroptotic cancer cell
death [318,319]. Ferroptosis is an iron-catalyzed necrosis characterized by the accumulation
of lipid peroxides [320]. Cancer cells have a higher iron requirement for growth compared
to normal cells, making them more susceptible to ferroptosis [319,321]. Kumar et al. demon-
strated that the oxidation of GPX4 by CAP-generated RONS could inhibit its enzymatic
activity, disrupting the lipid repair system [291]. This, in turn, leads to ferroptotic cell
death in cancer cells during CAP exposure. Through MD simulations, they studied the
structural changes in the catalytic active pocket of oxidized GPX4 and found that oxidation
increased the flexibility of the pocket, resulting in decreased stability and loss of enzymatic
activity [291].

CAP also finds application in the treatment of Alzheimer’s disease (AD), a neurode-
generative and progressive disease [322,323]. AD is characterized by symptoms such
as dementia, including impaired memory, cognitive decline, and difficulties with motor
skills [324]. The accumulation of amyloid beta (Aβ) peptide is a known protein involved
in the progression of AD [325–327]. Aβ peptide is involved in neural cell function, but its
accumulation and dysregulation have been implicated in neural cell death. Aβ peptide is
known to contribute to the over-excitatory activity of potassium channels, which can lead
to neural apoptosis or programmed cell death [328,329]. In its accumulated and aggregated
form (Aβ fibril), Aβ becomes one of the principal toxic species in neural tissues [325]. The
aggregated Aβ interacts with the cell membrane, increasing membrane conductance and
calcium influx, which can induce cell apoptosis [326,330]. Therefore, targeting the accumu-
lated form of Aβ has been the focus of many studies [331,332], aiming to disaggregate Aβ

fibrils or inhibit the accumulation of Aβ peptides. CAP, as a source of RONS, has shown
significant effectiveness in reducing Aβ fibrils even after a short exposure time [322,323].
To understand the atomic-level mechanisms of the effect of CAP on Aβ fibrils, it was
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necessary to investigate the effects of amino acid oxidation on Aβ fibril modifications using
MD simulations. A key study by Brown et al. highlighted the role of Met35 oxidation in
preventing the aggregation of Aβ [333]. Their results demonstrated that oxidation of Met35
reduced β-sheet structures, independent of solvent conditions (pH and salt concentration).
The reduction of β-sheets is consistent with the experimentally observed reduction in
aggregation rate [334]. Building upon this study, Razzokov et al. [195] investigated the
stability and disaggregation of Aβ fibrils after the oxidation of Met35 at the first level of
oxidation, as well as other amino acid residues at subsequent oxidation levels. Their find-
ings showed that increasing oxidation levels resulted in the further breaking of hydrogen
bonds and salt bridges, reduction of β-sheets, and destabilization of the system with higher
fluctuations. Additionally, the free energy of dissociation between one monomer and other
Aβ chains, obtained through US simulations, increased with higher levels of oxidation
(see Figure 12). This indicated a reduced attractive interaction between one monomer and
other Aβ chains with increased oxidation, which qualitatively aligned with experimental
results, showing the potential of CAP-generated RONS oxidation in disaggregating Aβ

fibril and potentially treating AD [195,322,323]. Overall, both MD studies concluded that
Met35 oxidation plays a crucial role in the disaggregation and inhibition of fibril formation
of Aβ peptides, contributing to AD treatment.
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Apart from membrane and intracellular proteins, other proteins such as mammalian
or bacterial lysozyme can also play a therapeutic role in treating specific diseases [335–337].
The dynamic nature of cancer cells is primarily responsible for their drug resistance, re-
quiring higher drug doses and resulting in more side effects for patients [338]. Generally,
lysozyme is a part of the innate immune system [339] and a natural antibacterial prod-
uct [340] that can hydrolyze the peptidoglycan linkage in bacterial cell walls [341,342]. It
also plays a crucial role in inhibiting tumor formation and growth, increasing the effec-
tiveness of chemotherapy drugs in cancer treatment [340,343]. Therefore, enhancing the
efficiency of lysozyme as a cancer therapy drug through structural and functional modifica-
tions can be essential in this field. CAP treatment, by oxidizing and nitrating the amino
acids of lysozyme, provides a useful method to achieve this goal and design new cancer
drugs [196]. Experimental investigations conducted by Attri et al. on the modifications of
lysozyme through CAP demonstrated that changes to Trp and Tyr residues of lysozyme
by CAP-generated RONS could enhance its activity [196]. Additionally, the study of the
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structure and dynamics of oxidized lysozyme at acidic and neutral pH through MD simula-
tions indicated that oxidation at neutral pH-maintained stability, while acidic pH increased
flexibility and instability, leading to denaturation and subsequent loss of activity [196]. Al-
though this investigation focused on the stability of oxidized lysozyme, further atomic-scale
research is required to determine how oxidation enhances its therapeutic activities.

4. Conclusions and Perspectives

In this review, we have provided an overview of the current state of non-reactive
MD simulations in the field of plasma medicine, specifically focusing on the effect of
plasma on biomolecules such as lipid membranes and proteins. This is a highly intricate
area of research, and while there have been limited simulation studies conducted so far,
several investigations have been carried out for systems and processes closely related to
plasma medicine.

To date, atomic scale simulations have primarily concentrated on the nitration and
oxidation of lipid membranes, examining their impact on various membrane properties,
such as density, thickness, surface area, fluidity, and stiffness, as well as permeability to
water, free radicals, and small molecules. These modifications, resulting from RONS gener-
ated by CAP, ultimately influence the function of phospholipids and their ability to protect
cells against external threats. Additionally, non-reactive MD simulations have explored
pore formation in membranes induced by lipid oxidation, which can be further facilitated
by external mechanical stress and electric fields, potentially leading to membrane rupture.
The increased membrane permeability caused by pore formation can have implications for
drug delivery and the treatment of cancer cells. It is crucial to consider factors such as lipid
types (e.g., phospholipids and cholesterols), their properties (including polarity, lipid tail
type, and head group size), the nature of oxidation and/or nitration, as well as external
effects such as electric fields and mechanical stress, as they all significantly contribute to
understanding the mechanisms underlying plasma-lipid membrane interactions.

Non-reactive MD simulations have also demonstrated that nitro-oxidation can disrupt
the normal functions of membrane proteins, including transmembrane proteins, membrane
enzymes, and membrane receptors. Nitro-oxidation of these proteins can affect their
structure and function, enzymatic activity, ligand binding, and signaling pathways, offering
potential targets for cancer therapy and other diseases. Furthermore, MD simulations have
been employed to explore the consequences of nitro-oxidation on intracellular proteins,
revealing its influence on the functionality and stability of proteins crucial for cell growth,
signaling pathways, and the progression of diseases. The general agreement obtained
between MD simulations and experimental findings in numerous studies served as strong
evidence that MD simulations are a reliable and cost-effective approach for examining
and predicting the effect of CAP on protein structures and, as a result, on cells and tissues.
Overall, simulation results have indicated that understanding the structural changes in
proteins and alterations in their functions and enzymatic activities due to nitro-oxidation
can contribute to the development of new plasma-based therapies targeting these proteins.

MD simulations in the field of plasma medicine are still relatively limited, and further
research is necessary to fully understand the mechanisms underlying the effects of CAP on
biomolecules. However, with the advancements in force field accuracy and computational
power, it is anticipated that new model systems will be investigated, such as the interaction
of RNS with various types of proteins, or the study of nitro-oxidation and pore formation
in more complex and realistic cell membranes. Simulations are expected to become an
indispensable tool for unraveling mechanisms and providing insights into processes in
plasma medicine, as their practicality and scope continue to improve.
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