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Biological membranes are under constant attack of free radicals, which may lead to lipid nitro-oxidation, pro
ducing a complex mixture of nitro-oxidized lipids that are responsible for structural and dynamic changes on the
membrane. Despite the latter, nitro-oxidized lipids are also associated with several inflammatory and neuro
degenerative diseases, the underlying mechanisms of which remain elusive. We perform atomistic molecular
dynamics simulations using several isomers of nitro-oxidized lipids to study their effect on the structure and
permeability of the membrane, as well as the interaction between the mixture of these products in the phos
pholipid membrane environment. Our results show that the stereo- and positional isomers have a stronger effect
on the properties of the membrane composed of oxidized lipids compared to that containing nitrated lipids.
Nevertheless, nitrated lipids lead to three-fold increase in water permeability compared to oxidized lipids. In
addition, we show that in a membrane consisting of combined nitro-oxidized lipid products, the presence of
oxidized lipids protects the membrane from transient pores. Is well stablished that plasma application and
photodynamic therapy produces a number of oxidative species used to kill cancer cells, through membrane
damage induced by nitro-oxidative stress. This study is important to elucidate the mechanisms and the molecular
level properties involving the reactive species produced during that cancer therapies.

1. Introduction
Lipid oxidation and lipid nitration are processes taking place in cell
membranes, which result from an oxidative attack on the unsaturated
acyl chains of lipids by reactive oxygen and nitrogen species (RONS), e.g.,
nitric oxide (•NO), [1,2]. Lipid oxidation and nitration are involved in
several diseases, such as atherosclerosis [3], cancer [4] and neurode
generative disorders [5].
A number of experimental and computational studies have already
demonstrated the effect of oxidation products (i.e., oxidized lipids) on
the microscopic and macroscopic properties of the membrane, which
results in structural changes related to the area per lipid, lipid order,
bilayer thickness and bilayer hydration profile (see e.g. [6–9]). For
instance, using the bilayer system composed of PLPC (1-palmitoyl-2-li
noleoyl-sn-glycero-3-phosphatidylcholine) and its aldehyde and
peroxide products, Boonnoy and co-workers observed the formation of
water defects induced by both aldehyde and hydroperoxide lipids,
where full pore formation was observed only in the bilayer consisting of
aldehyde lipids. At 50% oxidation with aldehyde lipids, the pores were
stable, however, at higher concentrations, the pores became unstable

and micellation occurred up to 1 μs [10]. Furthermore, in another study
the authors observed that alpha-tocopherols (vitamin E) not only protect
the bilayer from oxidation but also help to stabilize the bilayer after lipid
peroxidation (i.e., no pores were observed) [11].
In the same way, experimental and computational studies also
revealed that nitrated fatty acids alter lipid organization by cluster
formation at the membrane-water interface [12]. Moreover, nitrated
phospholipids were detected in the cardiac mitochondria of diabetic rats
treated with streptozotocin (a compound used to induce diabetes), and
in the cardiomyocytes (cardiac muscle cells) under starvation using
liquid chromatography coupled to a linear ion trap mass spectrometer,
and were characterized by low energy collision-induced dissociation
tandem mass spectrometry. These nitrated lipids showed
anti-inflammatory and antioxidant properties, including the ability to
inhibit lipid peroxidation [13–15]. Besides, nitrated POPC (1-palmi
toyl-2-oleoyl-sn-glycero-3-phosphocholine) induced a series of down
stream cellular effects, showing nitrated phospholipids as new potential
electrophilic lipid mediators with selective actions [16].
Similar to as lipid oxidation, lipid nitration also leads to the forma
tion of different nitration products with high yields, although the nitro
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phospholipid (NO2‒PL) is one of the main nitrated lipids [13]. Nitric
oxide (i.e., one of the RONS) diffuses into the hydrophobic core of
biological membranes [17] as well as lipoproteins with a diffusion co
efficient of 2 × 105 cm2 s− 1 [18], where it concentrates and reacts with
O2 to form nitrogen dioxide (•NO2):

Besides, nitrite intermediates can also be formed producing nitro
alkenes, while its hydrolysis yields nitro-alcohols. Since •NO2 can also
initiate lipid oxidation reactions, the nitration yield compared to
oxidation depends on the O2 level: at low concentrations of O2, the
formation of nitrated products predominates, whereas under aerobic
conditions, the lipid oxidation process is favored [20]. In addition,
peroxynitrite anion (ONOO− ) and peroxynitrous acid (ONOOH) are
potent one- and two-electron oxidants, which mediate oxidation and
nitration reactions. At physiological pH, ONOO− is in equilibrium with
appreciable amounts of peroxynitrous acid (ONOOH; pKa = 6.5–6.8)
[21] which can undergo homolysis of the O–O bond, thereby generating
•
NO2 and the extremely reactive •OH radical.
Furthermore, lipid nitro-oxidation, by addition or abstraction of
hydrogen atoms, can result in different positional isomers [22]. For
instance, in the case of linoleic acid (LA 18:2) at least three different
nitrated products are formed, representing a mixture of stereo- and
positional isomers [23]. Nevertheless, although several studies have
been devoted to the investigation of different lipid oxidation products,
there are few studies on the effect of lipid nitration products. Therefore,
there is an urgent need for an improved understanding of the effect of
lipid nitration on membrane properties, which is the subject of the
present investigation.
As lipid oxidation products disturb the biophysical properties of
biological membranes, it is reasonable to expect that lipid nitration can
also affect the membrane structure and properties. Nevertheless, the
physiological impact of nitrated lipids is still elusive. Thus, in this study,
we aim to investigate through atomistic molecular dynamics (MD) sim
ulations the effect of lipid nitration on the properties of phospholipid
membranes composed of nitrated and/or oxidized POPC bilayers, using
different stereo- and positional isomers.

2• NO + O2 →2• NO2
Herein, we present one possible pathway to lipid nitration (see
Fig. 1). Nitrogen dioxide reacts with unsaturated lipids through a radical
pathway involving a homolytic attack on the double bond, yielding a
β-nitroalkyl radical, which at low oxygen concentration combines with
other •NO2 molecules to form nitro intermediates. The nitro group re
duces electron density at the β-carbon of the double bond, leading to an
increased reactivity with reaction products that have been detected in
carcinogenic tissue, blood, and urine [19].

2. Methods
2.1. Simulation systems
Atomistic MD simulations were performed applying the GROMACS
5.1.2 package [24]. All the systems were built using the Packmol soft
ware [25]. Graphical renderings of the simulated systems were pro
duced using the VMD software [26]. In the following, we summarize the
simulation protocol.
We simulated systems composed of POPC lipid molecules and their
stable nitro-oxidation products at neutral pH, i.e., hydroperoxide
(POPCOOH) and nitro (POPCNO2). The oxidation was considered at the
C9 at sn-2 acyl chains with R or S-stereocenters (Fig. 2). We studied
single-component homogeneous membranes as well as two-component
heterogeneous membranes in a random mixture.
Each model membrane (or bilayer system) used in our MD simula
tions was composed of 128 lipids (64 lipid molecules per leaflet) sur
rounded by two water layers with a hydration level of ~46 water
molecules per lipid. In the case of the homogeneous membranes, each
bilayer system consisted of either entirely POPC molecules (i.e., 100%
POPC) or one of its nitro-oxidation products (i.e., 100% POPCOOH or
100% POPCNO2), whereas in the heterogeneous membranes, each
system contained 50% POPCOOH and 50% POPCNO2 molecules,
equally and randomly distributed in each layer. As mentioned above, the
POPCOOH and POPCNO2 lipid molecules can have either R or S isomers
(see Fig. 2). Water was modeled with the simple point charge (SPC) model
[27]. The box used for the simulations was a rectangular box with pe
riodic boundary conditions in all Cartesian directions.
Newton’s equations of motion were integrated at intervals of 2 fs.
Interatomic interactions were described according to the united-atom
GROMOS 53A6 force field [28]. A cut-off radius of 1.4 nm was used
for non-bonded (Lennard-Jones) and electrostatic (Coulomb) in
teractions. Coulomb interactions were treated using the particle mesh
Ewald (PME) [29], based on the Ewald summation method. The covalent
bond lengths were constrained using the LINCS algorithm [30].

Fig. 1. Schematic representation of the lipid nitration mechanism by •NO2
radical, where R1 and R2 represent acyl chains. Adopted from [19].
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Fig. 2. Structures of the POPC molecule and the stereo- and positional isomers from its oxidation products simulated. The atoms in blue, red, and green represent
choline, phosphate, and glycerol groups, respectively. The palmitoyl (sn-1) and oleoyl (sn-2) chains are represented by black and purple colors, respectively. R and S
given in brackets denote the structure with R and S isomers, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

A steepest descent energy minimization was performed prior to
equilibration. Then, equilibration was performed applying the
isothermal-isobaric ensemble (NPT) for at least 300 ns. The temperature
was maintained close to the physiological temperature (310 K) by
weakly coupling the system to an external temperature bath using a
Nose-Hoover thermostat [31,32]. The temperature coupling relaxation
time constant was 0.5 ps. The pressure was also maintained at around 1
bar by weakly coupling the system to an external pressure bath using a
Parrinello-Rahman barostat [33]. The pressure coupling was applied
semi-isotropically with a relaxation time constant of 2 ps, and
isothermal compressibility of 4.5 × 10− 5 bar− 1.

brackets indicate the ensemble average. The average is taken for all
lipids over both C– D bonds of a CD2 group, for each C-atom of the sn-1
and sn-2 chain over time.
The free energy (ΔG) barrier associated with the transport of a water
molecule from a distant point in solution to a specific position z inside
the membrane, was calculated using the Boltzmann equation:
ΔG(z) = − kB T ln

3. Results and discussion

The last 100 ns of each trajectory was used for analyses, with frames
taken every 20 ps. We used the gmx energy, gmx order, gmx density, gmx
traj and gmx rdf tools of the GROMACS programs to conduct data
analysis.
The bilayer thickness was defined as the average distance along the
z-axis between the center of mass of the phosphorus atoms of both
leaflets. The area per lipid (AL) was calculated as:
Lx × Ly
nL

(3)

where kB is the Boltzmann constant, T is the temperature, ρ(z) is the
distance-dependent number density of water molecules, and ρ∞ its bulk
value.

2.2. Data analysis

AL =

ρ(z)
ρ∞

3.1. Parametrization of the nitration products
Well-validated models were used for the description of unsaturated
lipids [34] and lipid hydroperoxides [35], as well as for other lipid
oxidation products containing alcohol, ketone, and aldehyde functional
groups taken from the standard GROMOS 53A6 force field library [28,
36]. However, given the large variety of lipid oxidation and nitration
products, we might investigate lipid nitro-oxidation products with
functional groups that are currently missing in the force field library [37,
38].
For this purpose, the interaction parameters for nitration products,
using the R and S isomers from the molecule 3-nitro-1-butene as nitrated
lipid fragment, were developed from electronic structure calculations
applying the Gaussian 09 software [39]. Parameters for the bonds, an
gles, and torsional potentials at the C–C–N–O fragments were optimized
performing DFT calculations (B3LYP functional with the 6–311++g (d,
p) basis set) in vacuum, by scanning their conformational energy sur
faces. Using the CHELPG scheme, sets of atom-centered partial charges

(1)

where Lx and Ly are the box length in the x and y-direction, respectively,
and nL is the number of lipids in each leaflet (i.e., 64).
The lipid acyl chain deuterium order parameters (SCD), i.e., the
measure of the orientation mobility of the C–D bond, was calculated as:
〈
〉
3cos2 Θz,i − 1
SCD =
(2)
2
where Θz,i is the angle between the C–D (C–H in the present simulations)
bond vector of a carbon atom i and the bilayer normal (z-direction). The
3
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and POPCNO2(S) systems, i.e., 0.712 ± 0.013 and 0.702 ± 0.012 nm2,
respectively. As is clear, both POPCOOH and POPCNO2 systems pre
sented a higher area per lipid compared to the native POPC system, and
it was even higher for systems with R isomers (see Fig. 4a).
Regarding the bilayer thickness, the nitro-oxidation decreased the
bilayer thickness by around 0.40 nm when compared to the native POPC
system (see Fig. 4a). The POPCOOH(S) bilayer thickness was around
0.10 nm higher compared to POPCOOH(R), while the POPCNO2(S)
bilayer thickness was around 0.05 nm higher compared to POPCNO2(R).

were obtained by fitting the electrostatic potentials obtained from
quantum and classical mechanical calculations. Atom-centered point
charges of +0.67e and − 0.44e were considered for nitrogen and oxygen,
respectively. The parameters of the Van der Waals interactions were
selected from available force field libraries, to keep consistency with the
chosen membrane models.
Fig. 3 represents the fitting of the standard potential energy function
to the quantum mechanical energy. Using this energy function we ob
tained the parameters of the C–C–N–O dihedral angle for both R and S
isomers of 3-nitro-1-butene. Similar fitting procedures were performed
for obtaining the bond and angle parameters (i.e., for the calculation of
bond and angle force constants).
To evaluate how well the parameters (obtained by fitting) represent
the quantum model, an equilibration simulation was performed for 50
ns applying the canonical ensemble (NVT) at 1 bar and 298 K, for
computation of its dihedral angle distribution. The results are summa
rized in Fig. S1. It was found that the distributions from the S isomer
were very similar to quantum calculations, showing two-fold symmetric
distribution. On the other hand, integrating the distribution for the R
isomer gave the proportion under each peak to be 47.6% and 52.4%, i.e.,
an asymmetric distribution. Nevertheless, the difference between
quantum and classical average energies was very similar for both R and S
isomers: 0.4180 kJ mol− 1 and -0.4113 kJ mol− 1, respectively.
Thus, we obtained new GROMOS 53A6 force field parameters for
bonds, angles and dihedral angle of the NO2 functional group (i.e.,
nitration product, see Fig. 3) by fitting some potential energy functions
to the DFT energies. These parameters were used in our further MD
simulations (see sections below). More information about the newly
obtained parameters is given in Supplementary Material.

3.3. Effect of the double bond’s position on structural properties
During the lipid oxidation, when singlet oxygen is added directly to
unsaturated carbon by an ene addition reaction, it results in a change
either in the stereo- or position of the double bond. To evaluate how the
position of the double bond affects membrane properties, we simulated
the nitro-oxidized systems by changing the position of the double bond.
In other words, we added the C=C double bond at C9 and the functional
group at C11 (cf. Fig. 2). The results are presented in Fig. 4b.
Interestingly, for the POPCOOH(S) system, the area per lipid
increased when the double bond was added before the –OOH group (i.e.,
at C9), revealing that the double bond facilitates the migration of the
–OOH group towards the membrane surface. For the POPCNO2(S) sys
tem, on the other hand, we did not observe the positional effect of the
C=C double bond (Fig. 4b). Several studies have already shown that
oxidation increases the area per lipid due to the migration of the polar
group –OOH to the hydrophilic membrane surface, leading to a decrease
in the bilayer thickness [42–44]. Hence, the bilayer becomes thinner,
thereby increasing its permeability. However, the question arises: why
does this not apply to the –NO2 group? To answer this question, we
calculated the radial distribution function (RDF) to find out which groups
are located near the –NO2 group (Fig. 5).
Analysis of the RDF of the –OOH groups for the POPCOOH(R) system
showed that the first peak appears at 0.168 nm, which belongs to
carbonyl ester groups. On the other hand, the RDF of the –NO2 groups
for the POPCNO2(S) system showed a broad first peak starting at about
0.569 nm and with a maximum at about 0.973 nm for carbonyl ester
groups. This means that the –OOH groups are closer to carbonyl ester
groups than the –NO2 groups, which is due to a strong dipole-dipole
interaction between the groups.
Analysis of the distance from the phosphate groups showed the first
peak appearing at 0.166 nm for the –OOH groups, which starts at about
0.430 nm and with a maximum at about 1.379 nm for the –NO2 groups.
Hence, the –OOH groups are more close to the phosphate groups
compared to the –NO2 groups. Both functional groups are at almost the
same distance from the amine groups, i. e, the peaks are at 0.364 nm and
0.389 nm for –OOH and –NO2, respectively.

3.2. Convergence of membrane properties
We evaluated the membrane properties, such as area per lipid and
bilayer thickness, as a function of simulation time (see Fig. S2a). At 310
K, the convergence of all properties was observed within hundreds of
nanoseconds among the investigated systems. The calculated average
area per lipid using the last 100 ns of simulation was 0.616 ± 0.008 nm2
for the POPC bilayer system (see Fig. 4a). It is comparable with the value
of 0.662 ± 0.013 nm2, obtained by experiments from solid-state 2H NMR
spectroscopy [40]. The bilayer systems containing POPCOOH(R) and
POPCOOH(S) lipids presented an area per lipid of 0.712 ± 0.010 nm2
and 0.693 ± 0.010 nm2, respectively, which is around 15% higher than
that for native POPC bilayer. The latter is in agreement with experi
mental measures of POPCOOH using a micropipette setup coupled to an
epi-fluorescence microscope, where an increase of roughly 15–20% in
the area per lipid was observed [41].
Similar values of the area per lipid were obtained for POPCNO2(R)

Fig. 3. Fitting of the standard potential energy function used for the C–C–N–O dihedral angle to the DFT energy, calculated for both R and S isomers of 3-nitro1-butene.
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Fig. 4. Area per lipid and bilayer thickness calculated for different bilayer systems. The values are averaged from the last 100 ns of simulation.

Although the –OOH groups are approximately at the same distance
from the phosphate and carbonyl ester groups, there are more molecules
of the carbonyl ester groups surrounding the –OOH groups compared to
the phosphate groups (see Fig. 5). Besides, there are almost two times
higher amine groups close to the –OOH groups compared to the –NO2
groups. These results suggest that the –OOH groups prefer to interact
with the membrane surface (i.e., with the head group components) and
the –NO2 groups prefer to stay inside the membrane interior, which is
clear from Fig. 6a. This phenomenon caused the sn-2 chains of the
POPCOOH(R) system to bend towards the headgroup region, thereby
increasing the lipid disorder. Despite the area per lipid also increased for
POPCNO2(S), the sn-2 chain remained close to the native POPC system
(see Fig. S3).
As a consequence of the migration of –OOH groups to the membrane

surface, the total density at the membrane interior decreased, and the
membrane became more susceptible to pore formation. Indeed, the
calculated density profile showed that the –OOH groups are closer to the
P atoms (membrane surface) compared to the –NO2 groups (see Fig. 7a
and b). Although no pore formation was observed within the time scale
of our simulations (i.e., 300 ns), the density profile of the POPCNO2(S)
system showed that the water density at the bilayer center increased by
three times compared to the POPCOOH(R) system (Fig. 7d). It suggests
that –NO2 groups might facilitate water molecules to transport into the
bilayer center when remaining at the membrane interior. This will be
discussed in detail in the sections below.
Thus, in summary, we found that the position of the C=C double
bond plays a role in the structural properties of the membrane con
taining oxidized lipids. The –OOH groups remained more close to the
5
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Fig. 5. Radial distribution function calculated for –OOH and –NO2 groups using the last 100 ns of simulation. The functional groups were added at C9 and the C=C
double bond at C10.
Fig. 6. Snapshots from MD simulations
taken at 300 ns for the POPCOOH and
POPCNO2 systems. (a) Side view of the
POPCOOH(R) and POPCNO2(S) mem
branes, where the acyl chains are rep
resented as cyan lines and water
molecules as pale van der Waals
spheres. Oxygen, hydrogen, and nitro
gen atoms are represented as red, white,
and blue van der Waals spheres,
respectively. (b) Top view of combined
nitro-oxidized membrane (i.e., contain
ing both POPCOOH and POPCNO2
lipids), where the acyl chains are rep
resented as solid lines. (c) Side view of
the same system as shown in (b). (d)
Side view of the same system as shown
in (b), where the oxygen and nitrogen
atoms are represented as red and blue
van der Waals spheres, respectively.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the Web version of this
article.)

the water molecules (Fig. 7c). Nevertheless, the water density in the
bilayer center was very similar to the POPCOOH(R) system, i.e., about
three times less than in the POPCNO2(S) system (Fig. 7d). Taken
together, the simulation results suggest that the combined nitro-oxidized
membrane system is less permeable to water molecules compared to the
POPCNO2(S) system (Fig. 7d).

bilayer surface compared to the –NO2 groups. Moreover, the nitrated
lipids facilitated water molecules to transport into the bilayer center.
3.4. Combined effect of nitro-oxidation products
Lipid oxidation leads to a complex mixture of lipid nitro-oxidation
products, which in turn have different effects on the membrane struc
ture. Recently, we investigated the effects of mechanical stress on
oxidized phospholipid bilayers, and we demonstrated that the presence
of coexisting non-oxidized and oxidized domains decreased the areal
strain for pore formation [45].
To evaluate the mixture of lipid nitro-oxidation products, we per
formed MD simulations of the POPCOOH(R): POPCNO2(S) (1:1) system,
starting from random distribution of the lipids, which leads to a mixed
POPCOOH(R)+POPCNO2(S) system after equilibration (see Fig. 6b and
c). The time evolution of the area per lipid and bilayer thickness is given
in Fig. S2c and the average area per lipid was found to be around 0.707
± 0.011 nm2 (Fig. 4c). Interestingly, the combination of the nitrooxidized lipid components demonstrated that the presence of –OOH
groups facilitated a higher migration of –NO2 groups to the membrane
surface (Fig. 6d), compared to the system composed of only –NO2 con
taining lipids. Subsequently, the –NO2 groups remained more close to

3.5. Effect of nitro-oxidation on the permeability of membrane
It is well known that lipid oxidation may lead to poration and
leakage, and our last studies showed that the oxidation decreases the
free energy barrier to water permeation, especially in membranes with
aldehyde groups due to their shorter and highly mobile tail [46]. To
investigate why the water density at the center of the bilayer was higher
in the POPCNO2(S) system than in the POPCOOH(R), we calculated the
number of water molecules across the membrane using the last 150 ns
simulation time (Fig. 8). The software for analysis was developed by the
research group of Prof. Dr. Alexandre Suman de Araujo from
IBILCE/UNESP.
During the last 150 ns of simulation, we counted 3 permeation events
for POPC, 7 for POPCOOH(R) and 20 for POPCNO2(S). This means that
the POPCOOH(R) system is approximately two times more permeable
6
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Fig. 7. Density profiles of different components of the membrane obtained using the last 100 ns of simulation.

Fig. 8. Number of water permeation events calculated over the last 150 ns of MD simulation for (a) POPC, (b) POPCOOH(R) and (c) POPCNO2(S) membrane
systems. The positions of some atoms and functional groups of the membranes (over time) are presented in different colors (black, red and gree; see legend). The
other colors represent the permeation events of water molecules, which start from the upper P atom (corresponding to the upper water layer) till the lower P atom
(corresponding to the lower water layer, see black lines). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

for water than native POPC, and the POPCNO2(S) is approximately
three times more permeable than POPCOOH(R) and about 7 times more
permeable than the POPC system. As is clear from Fig. 8, water mole
cules spent more time around the –OOH group region in the POPCOOH
(R) system (see Fig. 8b) than around the –NO2 group region in the
POPCNO2(S) system (see Fig. 8c). Both –OOH and –NO2 groups can
form hydrogen bonds with water molecules, and this might explain the
water trapping in the region around these groups.
The calculated average number of hydrogen bonds for –OOH and
–NO2 groups are presented in Fig. 9. As is clear, the –OOH groups could
act as both donor and acceptor of hydrogen bonds, whereas the –NO2
groups acted only as an acceptor. The –OOH groups as donors estab
lished more hydrogen bonds with carbonyl ester groups than with water
molecules. This might explain the preserved membrane integrity
observed by experiments in fully hydroperoxidized membranes [41].
Interestingly, the –NO2 groups as acceptors were able to establish

considerably more hydrogen bonds with water molecules than the
–OOH groups. Thus, we can speculate that the strong interaction of
–OOH groups with carbonyl ester groups prevents the diffusion of water
into the core of the membrane. This is not the case for –NO2 groups, as
they form hydrogen bonds only with water molecules, thereby facili
tating the diffusion of water through the membrane.
To summarize, the nitro (–NO2) groups are more susceptible to
transport water molecules into the membrane interior than the hydro
peroxide (–OOH) groups. Moreover, in the nitro groups the negative
charge is stabilized by electronic delocalization (resonance), resulting in
a weak base. In other words, the nitro groups become a higher acceptor
of hydrogen bonds compared to ketone groups (which also act as ac
ceptors). That could explain why the membrane permeability was pre
served in membranes that contain ketone groups as an oxidation product
[46].
To verify the latter hypothesis and simulate the electronic
7
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Fig. 9. Average number of hydrogen bonds established between the –OOH and –NO2 groups, with water or with the –OOH, carbonyl ester or phosphate groups of the
membrane (see legend), with –OOH and –NO2 acting either as acceptor or donor. The number of bonds was defined at a maximum distance of 0.25 nm for the
acceptors and averaged over the last 150 ns of the simulation.

delocalization present in the nitro group, we performed extra MD sim
ulations using a system composed of oxidized POPC with a ketone group
(POPCO), where the charge of the oxygen atom from the ketone group
was increased from − 0.45e to − 0.65e. The results showed that the
POPCO membrane presented more fluctuations and the water perme
ability was very similar to POPCNO2(S) (22 permeation events).
Moreover, the carbonyl ester groups remained closer to the oxygen
atoms of the ketone groups and the water molecules spent more time at
the bilayer center (Fig. S4).
This might explain why nitro groups are a better water transporter to
the membrane interior than ketone groups: lipid nitro-oxidation prod
ucts with highly charged groups lead to an increase in the membrane
permeability. It must be noted that this last simulated system is not a
realistic representation, it is only used to demonstrate or refute our
hypothesis.
Finally, to make a rough estimation of the energy necessary to
transport water to the membrane interior, the free energy barrier (ΔG)
was calculated using the Boltzmann equation [47]. In agreement with
our previous results (Fig. 8), in the oxidized system with –OOH con
taining lipids the free energy barrier to water permeation decreased by
approximately 3 kJ mol− 1 compared to the native POPC system, whereas
in the nitrated membrane with –NO2 containing lipids it decreased by
approximately 6 kJ mol− 1 (see Fig. 10). Hence, the membranes with
nitrated lipids are more susceptibility to pore formation than the
membranes with oxidized lipids. The free energy barrier obtained for the
membrane system with combined nitro-oxidized lipids was similar as for
the oxidized membrane (see Fig. 10).
Transmembrane water permeation follows the solubility-diffusion
model [48]. Water molecules first partition from the aqueous phase

into the membrane, a process associated with a steep free energy rise (c.
f. POPC data in Fig. 10). Once inside the membrane, water molecules
diffuse in a nearly flat energy landscape. In this scenario, we can expect
nitro-oxidation to affect water permeability in many ways, which
include: i) enhancement of the water-to-membrane partition coefficient
due to increased membrane polarity; ii) change of the intramembrane
diffusion coefficient of water; iii) shortening of the intramembrane
diffusion path due to decreased membrane thickness. From all these
effects, the partition free energy is expected to be dominant because
permeability is exponentially dependent on it [49]. In fact, given the
uncertainties of the free energy profiles in Fig. 10, the decrease of ~5 kJ
mol − 1 in the permeation barrier is more than enough to explain the
larger permeability of nitrated lipids as compared to their native
counterparts.
4. Conclusions
We performed atomistic MD simulations for evaluating the influence
of nitro (–NO2) groups and their isomers as nitration products in phos
pholipid on the membrane properties, comparing the results with those
for an oxidized membrane containing hydroperoxide groups. The sim
ulations revealed that both stereo- (R and S isomers) and position iso
mers (i.e., changing the position of the functional group and C=C double
bond) have a higher impact on oxidized lipids than for nitrated lipids.
Nevertheless, the water permeability for nitrated lipids increased by
three-fold compared to oxidized lipids. We also analyzed the influence of
combined lipid nitro-oxidation products and found that the presence of
oxidized lipids protects the membrane from transient pores, suggesting a
synergistic effect between nitro-oxidized lipids. Thus, we must not

Fig. 10. The free energy barrier for permeation of water across different membrane systems, calculated using the last 100 ns of simulation. The functional groups
were added at C9 and the C=C double bond at C10.
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consider only the nitrated or oxidized membrane alone, but also the
mixture between different nitro-oxidized lipids.
Our study provides reliable atomistic details about the role of
nitrated lipids and the mixture of nitro-oxidized lipids in model mem
branes at different isomeric states, which is of interest for, e.g., the
application of cold atmospheric plasmas (CAPs) in cancer treatment. This
therapy produces a large number of extracellular RONS, which may
diffuse into cancer cells significantly faster than into normal counter
parts upon the same treatment with CAPs. Hence, these RONS are able to
cause nitro-oxidative stress in the interior of the cell, inducing proapoptotic factors. Moreover, it will also be of great interest to other
cancer therapies, such as chemotherapy, radiotherapy, and photody
namic therapy [50].
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