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ABSTRACT

Reactive oxygen and nitrogen species (RONS) are involved in many biochemical processes, including nitro-
oxidative stress that causes cancer cell death, observed in cancer therapies such as photodynamic therapy and
cold atmospheric plasma. However, their mechanisms of action and selectivity still remain elusive due to the
complexity of biological cells. For example, it is not well known how RONS generated by cancer therapies
permeate the cell membrane to cause nitro-oxidative damage. There are many studies dedicated to the perme-
ation of RONS across native and oxidized membranes, but not across nitrated membranes, another lipid product
also generated during nitro-oxidative stress. Herein, we performed molecular dynamics (MD) simulations to
calculate the free energy barrier of RONS permeation across nitrated membranes. Our results show that hy-
drophilic RONS, such as hydroperoxyl radical (HO3) and peroxynitrous acid (ONOOH), have relatively low
barriers compared to hydrogen peroxide (H203) and hydroxyl radical (HO), and are more prone to permeate the
membrane than for the native or peroxidized membranes, and similar to aldehyde-oxidized membranes. Hy-
drophobic RONS like molecular oxygen (O5), nitrogen dioxide (NO) and nitric oxide (NO) even have insignif-
icant barriers for permeation. Compared to native and peroxidized membranes, nitrated membranes are more
permeable, suggesting that we must not only consider oxidized membranes during nitro-oxidative stress, but also
nitrated membranes, and their role in cancer therapies.

1. Introduction

peroxide (H202), hydroperoxyl radical (HO2), hydroxyl radical (HO),
singlet oxygen (102), nitrogen dioxide (NOy), nitric oxide (NO), and

During the last decades, various cancer types have been developing
resistance to traditional treatments, including radiation therapy [1],
chemotherapy [2] and surgery. Likewise, many bacteria have become
resistant to the antibiotics available in medicine. Non-thermal plasma,
also called cold atmospheric plasma (CAP), has emerged as a therapeutic
modality against bacteria [3,4] and against a wide variety of cancer
types [5], including hepatocellular carcinoma [6], lung carcinoma [7],
breast cancer [8], melanoma [9], glioblastoma [10], pancreatic cancer
[11], and head and neck cancer [12].

Plasma, also referred as the fourth state of matter, is an ionized gas,
consisting of electrons, ions and neutral species [13]. In CAP sources,
plasma is created in gases such as air, Oz, No, He and Ar (flowing into
ambient air), and it contains highly energetic and reactive species. These
include reactive oxygen and nitrogen species (RONS), such as hydrogen
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peroxynitrous acid (ONOOH). It is now well established that the
anti-microbial and anti-cancer capacity of CAP is based on the interac-
tion of these RONS with microorganisms (bacteria, fungi, and viruses)
[4,14] and with the surface of cancer cells [15,16]. In the anti-microbial
capacity, the RONS trigger chain reactions to disrupt the metabolism of
the microorganisms, resulting in cell membrane damage, leakage of
intracellular macromolecules and DNA fragmentation [17,18]. In the
anti-cancer capacity, the RONS can interfere with the cell cycle of cancer
cells, inducing apoptosis, necrosis and inhibition of cancer cell growth
[19,20].

It is known from literature that CAP can result in more cancer cell
death or growth inhibition compared to normal cells [21,22]. The effi-
ciency of CAP treatment is most probably due to the striking rise of
intracellular RONS in cancer cells when compared to normal cells [23].
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Fig. 1. (A) Structure of a single nitrated POPC lipid (POPCNO3) used in our
simulations. The atoms in blue, red, and green represent choline, phosphate,
and glycerol groups, respectively. The palmitoyl (sn-1) and oleoyl (sn-2) chains
are represented by black and purple colors, respectively. (B) Representation of
one of the model membranes in our simulations. In this example, 16 H,0,
molecules are inserted at 4 positions of the xy plane separated by 1.5 nm dis-
tance in the z-axis (i.e., each xy plane contains 4 H,O» molecules). Should be
noted that only half of the 16 H,O5 molecules are visible in this membrane side
view. Water molecules are represented in red (at the top and bottom of the
PLB), the PLB is in the middle, and the H,O, molecules are shown as van der
Waals spheres (bigger beads).

The latter might occur due to some intrinsic factors, e.g., aberrant
metabolism for some cancer types, mitochondrial dysfunction [24], loss
of functional cytoplasmatic protein p53 that prevents cancer formation
[25], and a lower cholesterol concentration inside the cell membrane.
The latter increases the fluidity of the cell membrane, making it more
vulnerable to nitro-oxidative stress [26-28], i.e., the overproduction of
RONS inside cancer cells.

In recent years, many efforts have been devoted to understand how
RONS affect cancer cells during nitro-oxidative stress. In a nitro-
oxidative stress environment, RONS can directly attack the double
bonds of phospholipids, the major components of the cell membrane,
resulting in lipid nitro-oxidation. The lipid nitro-oxidation yields lipid
products bearing functional groups, such as nitro (-NO3), peroxynitro
(—ONOO), hydroperoxide (—HOO), hydroxyl (~HO), as well as truncated
acyl chains, such as aldehyde (~CHO) and carboxylic groups (—~COOH)
[29,30]. These nitro-oxidized products affect the microscopic and
macroscopic properties of the membrane, inducing structural and

hydrophilic
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conformational changes, which can lead, for example, to pore formation
[31-33].

We have recently shown that nitrated lipids increase the perme-
ability of phospholipid membranes to water by a factor three compared
to oxidized lipids [34]. Nevertheless, no systematic modeling studies
have been conducted to investigate the effect of nitrated lipids on the
biomembrane permeability to other species, namely RONS. Computer
simulations at the atomistic level have been proven as valuable com-
plementary tools to experiments in studies of RONS-membrane in-
teractions. Thus, in this research, we investigate the permeability of
model membranes composed of nitrated lipids, using molecular dynamics
(MD) simulations. Specifically, we study the permeation of hydrophilic
(H204, HO2, HO, ONOOH) and hydrophobic (O, NO3, NO) RONS across
a nitrated phospholipid bilayer (PLB) and compare the results to those
available for native [35,36] and oxidized PLBs [33]. This study will
hopefully contribute to a better understanding of the properties of
nitrated membranes caused by different types of RONS during CAP
treatment or other cancer therapies based on nitro-oxidative stress.

2. Simulation methods
2.1. Preparation of model membranes

MD simulations were performed using the software GROMACS,
version 5.1.2 [37]. The united-atom GROMOS 53A6 force field was
employed to describe the interatomic interactions [38]. To integrate
Newton’s equations of motion, a leap-frog algorithm was used with a
time step of 2 fs. Periodic boundary conditions were considered in all
Cartesian directions [39]. We adopted interatomic interaction parame-
ters for nitrated lipids from our previous work [34]. Moreover, we used
well-validated parameters for the description of all aforementioned
RONS (i.e., HoO2, HO,, HO, ONOOH, O3, NO3, NO) [35,40]. As a model
membrane, we considered a PLB consisting of nitrated POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids with the -NOy group
at C9 position, with S stereocenter (i.e., POPCNO,, see Fig. 1A). The PLB
included 128 POPCNO, molecules, equally distributed in both layers,
together with 6000 water molecules surrounding them (see Fig. 1B). In
this way we obtained a fully (100%) nitrated PLB system. We did not
perform simulations here for the native or oxidized PLB, but in the Re-
sults and Discussion section, we will compare with our previously ob-
tained results for both systems [33,35,36], to evaluate the difference
between nitrated, oxidized and native PLB systems.

The PLB system was equilibrated for 300 ns in the NPT ensemble (i.
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Fig. 2. FEPs of the hydrophilic and hydrophobic RONS across the nitrated (POPCNO,) PLB, averaged over 150 simulations for each model membrane. The un-
certainties in the profiles are represented as vertical shadow lines. For clarity, the PLB is illustrated in the background, with the headgroup region as van der

Waals spheres.
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Free energy barriers (AG) of the various RONS across the nitrated (POPCNO,) PLB, compared to those of the native,
50% peroxidized, and 50% oxidized to aldehyde PLBs, from our previous simulations (although not always for the
same model membrane). For the hydrophilic RONS, the AG values were calculated as the difference between the free
energy maximum and the free energy minimum, while for the hydrophobic RONS, as the free energy maximum at the

headgroup region.

AG for hydrophilic RONS

(kJ.mol")
50 % 50 %
Nitrated Native
peroxidized aldehyde
POPC POPC'
DOPC? DOPC?
H202 269+1.2 334 36.4+34 23.8+1.7
HO:2 11.1+£1.3 19+4 176+2.6 15.8+1.7
101 +£1.1 174 18.6£2.5 11112
ONOOH 75+1.2 - - -
AG for hydrophobic RONS
(kJ.mol")
50 % 50 %
Nitrated Native
peroxidized aldehyde
POPC DOPC?
DOPC? DOPC?
NO:2 21+0.8 1.2 - -
NO 1.5+£0.5 1.0 - -
09+0.5 1.1 0.7 0.5

"ref. [35], 2ref. [33], 3ref. [36]

ONOOH —> °*NO, +

e., constant number of atoms, pressure and temperature), at 310 Kand 1
bar. The temperature of the system was controlled by the Nose-Hoover
thermostat [41,42], combined with a coupling constant of 0.5 ps, and
the pressure was controlled by the semi-isotropic Parrinello-Rahman
barostat [43], combined with a coupling constant of 2 ps and
compressibility of 4.5 x 107> bar™!. The cut-off distance for the van der
Waals and Coulomb interactions was set at 1.1 nm, and the particle mesh
Ewald method was applied to calculate the electrostatic interactions.
This system was used in our simulations for calculation of the free energy
profiles (FEPs) of RONS across the nitrated PLBs (see next section).

2.2. Permeation free energy profiles (FEPs)

The FEPs of RONS translocating across the POPCNO, PLBs were
calculated using the umbrella sampling (US) method [44]. Starting
structures for US (i.e., umbrella windows) were picked randomly from
the last 100 ns of the 300 ns equilibration simulation. The simulated
model membranes had lateral dimensions of ca. 6.7 nm parallel to the
membrane surface (xy-plane) and ca. 7.7 nm along the bilayer normal
(z-axis). Each model membrane was simulated five times, and in each

(@)

simulation we had 30 umbrella windows separated by 0.05 nm along the
z-axis. 16 RONS were inserted in each umbrella window, separated by
1.5 nm along the z-axis (see Fig. 1B, where only half of the 16 RONS are
visible in the membrane side view), by gradually switching on their
interactions with the rest of the system during 100 ps. The movement of
the RONS was restricted along the z-axis by a harmonic bias with a force
constant of 2000 kJ mol ! nm~2, and along the xy-plane by applying the
flat-bottomed position restraint, with a radius of 0.5 nm and a force
constant of 4000 kJ mol~! nm~2,

The US simulations were run for 6 ns using the same parameters as in
the equilibration simulations (i.e., NPT ensemble, 310 K and 1 bar, see
previous section). After an equilibration period of 2 ns, the collection of
the free energy values took place for 4 ns. It should be noted that this
time was sufficient to obtain reliable FEPs: we also performed long
simulations with 15 ns of equilibration and 15 ns of analysis, and the
results were similar (see e.g., the FEPs for H,O2 and HO in the Supple-
mentary data (S) (Fig. S1)). The FEPs were built by the weighted histogram
analysis method (WHAM) using the gmx wham tool [45]. The final results
were obtained by averaging over five independent US simulations, i.e.,
five FEPs were averaged to obtain the final FEP for each RONS. In the
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Fig. 3. Snapshots of the US simulations, showing selected RONS (van der Waals spheres) along their permeation path across the nitrated (POPCNO3) PLB, and
indicating that no pore formation (disruption in the structure) occurs. Color code: white, H; blue, N; and red, O. Water molecules are represented in red and the lipids

in cyan.

total we performed 150 simulations for each model membrane: 30
umbrella windows x 5 replicates. The error bars (due to statistical var-
iations) were calculated by the bootstrap method [45] (see Fig. S2).

2.3. Simulations of the RONS behavior at the water/lipid interface

Finally, we also studied the behavior of RONS at the water/lipid
interface. For this purpose, 30 molecules of each of them (i.e., HoO,
HO,, HO, ONOOH, 04, NO,, NO) were initially placed together in the
aqueous phase (15 molecules in the upper aqueous phase and 15 in the
bottom aqueous phase) surrounding a pre-equilibrated POPCNO; PLB.
This corresponded to an initial molar fraction of ca. 0.5% for each RONS
in the aqueous phase. This value is several orders of magnitude higher
than experimentally measured RONS concentrations in mitochondria
[46]. However, it is done to provide reasonable statistics, and it will not
affect our results [47]. A 50 ns equilibration simulation was carried out
for each RONS and the last 30 ns time was used for data acquisition. The
same parameters were used in these equilibration runs as mentioned
above.

Density profiles of RONS were built along the z-axis to determine
their distribution at the water/lipid interface, using the gmx density tool
of GROMACS. The trajectory of the RONS and the number of hydrogen
bonds formed between the RONS and the atoms of the PLB were
calculated using the gmx traj and gmx hbond tools, respectively. The area
per lipid (Ar) was calculated as:

L xL,
=

AL (€Y

where Ly, and L, are the box length along the x and y-axes, respectively,
and ny is the number of lipids in each leaflet (i.e., 64).

3. Results and discussion
3.1. FEPs of RONS across nitrated PLBs

Fig. 2 shows the full FEPs of various hydrophilic (H202, HO5, HO,
ONOOH) and hydrophobic (O3, NO3, NO) RONS across POPCNO, PLBs.
Their corresponding free energy barriers (AG) are reported in Table 1:
for the hydrophilic species, each energy barrier was calculated as the
difference between the free energy maximum and the free energy min-
imum, while for the hydrophobic species, as the free energy maximum at
the headgroup region. The higher the AG, the more difficult it is for
RONS to translocate across the membrane. We also compare the AG
values with the results for the native and oxidized PLB (to both peroxide
and aldehyde system), obtained from our previous simulations [33,35,
36]. Note that we could not always compare for the same model mem-
brane (POPC), as our earlier simulation results were sometimes obtained
for DOPC. However, the difference between POPC and DOPC should be
negligible because they present similar structures. As is clear from Fig. 2,
the obtained FEPs of RONS were well converged (see the comparison of
the full and symmetrized FEPs in Fig. S3).

Overall, the hydrophobic RONS present clearly lower permeation
barriers than the hydrophilic RONS, see Fig. 2 and Table 1. All hydro-
phobic RONS have their maximum energy close to the water/lipid
interface (i.e., headgroup region), which mainly results from the
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H20:2

Fig. 4. Snapshots at 50 ns of the equilibrium simulations, highlighting the
distributions of the various hydrophilic and hydrophobic RONS across the
nitrated (POPCNO-) PLB. The RONS are represented as van der Waals spheres.
For the sake of clarity, the water layers on top and at the bottom are removed.
For a more detailed picture of the distribution of RONS, see their trajectories
obtained from the last 30 ns, shown in Fig. S5.

polarity of the headgroup region. These values are similar for all hy-
drophobic RONS (see Table 1 and Fig. 2). Moreover, the FEPs of the
hydrophobic RONS have their minima at the PLB center (Fig. 2),
reflecting the tendency of these species to accumulate in the PLB center.
Experimental measurements showed that the concentration of O; in the
membrane interior of a native PLB is approximately 3.5 times higher
than in the bulk water [48]. In addition, experimental and MD simula-
tions showed that the O, concentration varies as a function of the im-
mersion depth in the membrane, with a strong dependence on
temperature and on whether the membrane was in gel or fluid phase
[49]. Singlet oxygen (1Og), which plays a central role in anti-cancer
therapies such as photodynamic therapy [50] and plasma medicine
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[51], is expected to behave in a similar fashion.

For all hydrophilic RONS, the membrane acts as a permeation bar-
rier. These results are supported by experimental evidence that HoO»
and HO; are much less permeant than Oy [52]. In the case of H,04 and
HO,, AG minima appear in the headgroup region due to favorable
H-bond interactions with the phosphate groups and carbonyl ester
groups. The minimum AG of ONOOH is observed even deeper in the PLB
(close to the lipids) (Fig. 2), which is probably due to its specific inter-
action with both hydrophilic (headgroups) and hydrophobic (lipids)
regions of the PLB (see below). The adsorption of HO5 in the headgroup
region is much stronger than for e.g., HyO5 (=7.6 £ 1.5 and —2.6 £ 1.6
kJ mol’l, respectively), in agreement with previous simulations [35]. As
the hydrophilic RONS penetrate into the PLB center, the free energy
increases, reaching maximum values in the center of the PLB. For HyO5,
the AG is by far the highest of all the hydrophilic RONS investigated (i.
e, 269 + 1.6 kJ mol’l), but it is lower than the value for native
membranes (i.e., calculated as 33 += 4 kJ mol ! [35] and 36.86 kJ mol !
obtained experimentally [53]). Indeed, due to fluidity and disorder of
the nitrated membrane, HyO, seems to have somewhat easier access to
the cell interior than for the native PLB.

Furthermore, despite the fact that AG is similar for both HO2 and HO
(11.1 £ 1.5and 10.1 + 1.3 kJ mol~?, respectively), HO, can more easily
penetrate into the headgroup region than HO: the free energy minimum
in the headgroup region is —7.6 + 1.5 and —0.9 + 1.3 kJ mol ! for HO,
and HO, respectively. In addition, HO, and HO exhibit a higher AG than
ONOOH (11.1 + 1.5,10.1 = 1.3 and 7.5 % 1.6 kJ mol , respectively).
This indicates that ONOOH may have easier access to the cell interior.
Furthermore, ONOOH is a powerful oxidant, and at physiological pH
(pKa 6.5-6.8, depending on the ionic strength) it undergoes homolysis of
the O-O bond, generating the radical species NO, and HO [54]:

Asseen in Fig. 2 and Table 1, ONOOH can penetrate more easily than
HO but less than NO,. The fact that it contains a hydrophobic (NO,) and
hydrophilic (HO) part probably explains its specific interaction with the
PLB, as the OH group of ONOOH tends to interact with the headgroup
region, whereas the NO5 group interacts with the lipid region, causing
ONOOH to accumulate deeper into the PLB (close to the lipids) than the
other hydrophilic RONS (Fig. 2).

It should be noted that the PLB structure was not disrupted during
the permeation of both hydrophilic and hydrophobic RONS, i.e., the
RONS permeation across the nitrated (POPCNO;) PLB was not accom-
panied by the formation of transmembrane pores (Fig. 3), likewise
native and oxidized PLBs [33,35,36]. These features are consistent with
the solubility—diffusion model [55]. According to this model, hydro-
philic molecules first penetrate into the membrane, at the cost of losing
hydration, and then diffuse in a nearly flat energy landscape across the
membrane interior. It should be mentioned that the free energy barriers
calculated using different force fields tend to be somewhat different
[56]. Therefore, we must pay attention to the relative values, i.e., how
lipid nitration influences the overall free energy profiles of RONS (see
Fig. 2 and Table 1), instead of their absolute values.

When comparing the AG in the nitrated PLB with the native and 50%
peroxidized PLBs, the permeability of the nitrated PLB for the hydro-
phobic RONS is similar, i.e., within the uncertainties. However, for the
hydrophilic RONS, the nitrated PLB seems more permeable than the
native and 50% peroxidized PLBs (see Table 1). This result is in agree-
ment with our previous work, where the nitrated PLB was around six-
and three-fold more permeable to water than the native and peroxidized
PLBs, respectively [34]. The higher accessibility of the hydrophilic
RONS to the center of the nitrated PLB, and thereby the higher perme-
ation to the cell interior, shows the important role of nitrated lipids in
nitro-oxidative stress. Thus, not only the oxidation products of the PLB
generated during CAP treatment must be considered, but also the
nitration products. When comparing the AG of the nitrated PLB with the
PLB that is 50% oxidized to aldehyde, their permeability is similar, but
this was expected since only 2.5% of lipid aldehydes is able to increase
the permeability by two orders of magnitude [32].
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Fig. 5. Density profiles (upper panels) and number of RONS (bottom panels) of hydrophilic and hydrophobic RONS across nitrated (POPCNO) PLB. The values are
calculated from the last 30 ns of the equilibrium simulations. The average positions of the phosphate groups (z = 1.85 nm) and carbonyl ester groups (z = 2.17 nm)
are indicated as vertical dashed lines: dark yellow for phosphate groups and orange for carbonyl ester groups. The membrane center was set at 2 = 3.5 nm.

3.2. Distribution and dynamics of RONS over the nitrated PLB

We performed independent equilibrium simulations of RONS
distributed over the nitrated PLB, in order to verify whether our US
results are consistent (see Fig. S4 for a convergence check of the calcu-
lated area per lipid of the PLB with different RONS). It is important to
understand the partition and dynamics of RONS at the water/lipid
interface, since the reactivity is influenced not only by the RONS con-
centration, but also by their activity within the lipid environment, which
may differ from that in the aqueous phase. In the aqueous phase and
PLB, the behavior of various RONS analogues is mainly affected by
hydrogen bonding, van der Waals interaction and other intermolecular
interactions [35].

Fig. 4 shows the positions of the various RONS in the nitrated
(POPCNOy) PLB after 50 ns of simulation. We also calculated the density
and number of RONS across the same system (see Fig. 5). Overall, these
results corroborate our free energy profiles. HO3 and especially ONOOH
are more prone to penetrate into the PLB center than Hy0, and HO (see
Figs. 4 and 5). Note an asymmetric profile for ONOOH, revealing that it
tends to cross easily the PLB center (upper panel of Fig. 5). This is
attributed to their lower free energy barriers with respect to the aqueous
phase, compared to HyO, and OH (cf. Fig. 2). While HyO, tends to
interact with the headgroup region, HO tends to remain in the aqueous
phase, as demonstrated by their lower or even no free energy minima at
the headgroup region (see Fig. 4 and cf. Fig. 2). The hydrophobic RONS
do not interact by hydrogen bonding in the water layer and hence they
can easily diffuse from the aqueous phase to the PLB center. All these
results are also confirmed by the trajectories of the RONS as a function of

time, presented in Fig. S5.

We also calculated the time evolution of the distances between the
hydrophilic RONS and the -NO; groups of the POPCNO;, lipids in the
nitrated PLB (Fig. 6A). It is clear that there are more HO, and ONOOH
species close to the -NOy groups (i.e., around 1 nm) rather than HyO9
and HO species (i.e., they can range between 1 and 6 nm). Interestingly,
HO, and ONOOH establish less hydrogen bonds (H-bonds) with the
oxygen atom of the -NO; groups than HyOy and HO (Fig. 6B). This
means that the higher permeability of HO, and ONOOH into the nitrated
PLB is not due to the interactions between these species with the -NO,
groups. Even a small number of H,O2 and HO species that were able to
penetrate into the membrane, formed H-bonds with the -NOy groups
over all the time. On the other hand, HO; and ONOOH penetrate directly
into the membrane, without establishing many H-bonds with the -NO5
groups (see Fig. 6B). The latter results are corroborated by the number of
H-bonds between RONS and the water molecules: again HO, and
ONOOH present less H-bonds than the other hydrophilic RONS
(Table 2). Combining all this information with the analysis of the RONS
distribution in the PLB, we can conclude that the H-bond interaction is
the main mechanism of preventing translocation of RONS across the
membrane, in agreement with previous simulation works [57].

4. Conclusions

We calculated the FEPs of various hydrophilic (HyO,, HO5, HO,
ONOOH) and hydrophobic (O2, NO2, NO) RONS across a nitrated PLB
and compare the results to our previous simulations for native [35,36]
and oxidized PLBs [33], in order to gain a better understanding about
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Fig. 6. (A) Distance between the hydrophilic RONS and the -NO, groups of the POPCNO,, lipids in the nitrated PLB, calculated using the last 5 ns of the simulation
time. Each color corresponds to an individual RONS particle. (B) Number of H-bonds formed between the hydrophilic RONS and the oxygen atom of the -NO,, groups,
also calculated using the last 5 ns of the simulation time. Colored regions indicate instants in which H-bonds existed. H-bonds were defined by donor—acceptor
distances lower than 0.35 nm and angles lower than 30°.
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Table 2

Average number of H-bonds between the various RONS and water molecules,
calculated from the last 30 ns of simulation. H-bonds were defined by
donor—acceptor distances lower than 0.35 nm and angles lower than 30°.

Number of H-bonds

(as donor)
20.9

(as acceptor)
32.8
4.1 (lateral O)
5.5 (central O)
18.8
1.1(N)

2.8 (lateral O—N)
3.0 (central O)
7.5 (lateral O—H)

- 1.5

0.3 (N)
1.4 (O)
0.7 (N)
0.6 (O)

H20:2

HO:2 8.7

HO 20.3

ONOOH 12.3

NO:2 —

NO -

the permeability of nitrated membranes. We demonstrated that hydro-
philic RONS like HO; and ONOOH are more prone to penetrate into the
nitrated membrane. When compared with its homolysis products,
ONOOH is more permeable than HO but less permeable than NO,. Our
FEP results were also confirmed by equilibrium simulations of RONS
over nitrated membranes, and we demonstrated that H-bond interaction
is the main mechanism of preventing translocation of RONS across the
membrane. Overall, nitrated membranes appear to be more permeable
for hydrophilic RONS than native and peroxidized membranes. This
clearly indicates that nitration products of the PLB also play an impor-
tant role in nitro-oxidative stress. This work may help to understand
which RONS are more efficient for cancer treatment based on
nitro-oxidative stress, such as photodynamic therapy and plasma
medicine.
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