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» The insertion of benzocaine into a
phospholipid bilayer is a spontaneous
process.

» A thermodynamic barrier was evi-
denced at the bilayer/water interface.

» This barrier diminishes with the frac-
tion of charged lipid in the bilayer.

» The ionic strength diminishes as well
this thermodynamic barrier.

» The interfacial tension plays a crucial
role in this thermodynamic barrier.
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The insertion of local anaesthetics into a cell membrane is a key aspect for explaining their activity at a mo-
lecular level. It has been described how the potency and response time of local anaesthetics is improved (for
clinical applications) when they are dissolved in a solution of sodium bicarbonate. With the aim of gaining
insight into the physico-chemical principles that govern the action mechanism of these drugs at a molecular

level, simulations of benzocaine in binary lipid bilayers formed by DPPC/DPPS were carried out for different
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ionic strengths of the aqueous solution. From these molecular dynamic simulations, we observed how the
thermodynamic barrier associated with benzocaine insertion into the lipid bilayers diminished exponentially
as the fraction of DPPS in the bilayer increased, especially when the ionic strength of the aqueous solution
increased. In line with these results, we also observed how this thermodynamic barrier diminished exponen-
tially with the phospholipid/water interfacial tension.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The clinical potency of local anaesthetics (LA) often depends on
two facts: their vascular absorption and their distribution in the
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tissue surrounding the site of deposition. The ability to partition the
anaesthetic molecules into various compartments is a crucial aspect
related with their activity from a molecular point of view. In this con-
text, local anaesthetics, like many neuroactive drugs, must penetrate
into, or pass through the neuronal plasma membrane to be pharma-
cologically active [1,2]. Furthermore, in clinical local anaesthetic pro-
cedures, the pharmacological drugs must pass through the perineum,
which is composed of fibrous and cellular barriers before reaching the
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nerve fibres. Hence, membrane permeation and adsorption processes
control LA penetration and their resulting concentration at the
intended site of action [2].

Certain liposoluble LA in physiological conditions may present a
non-protonated (neutral) and protonated (charged) form, where the
non-protonated form have been observed to be more membrane-
permeant than the protonated one, enhancing it to pass through the hy-
drophobic barrier of the membrane [3,4]. In this regard, the clinical use of
local anaesthetic dissolved in a sodium bicarbonate buffer has been wide-
ly used because, it attenuates the pain involved in skin infiltration [5], and
together, they produce a more rapid onset and a decrease in the mini-
mum concentration required to achieve a therapeutic dose [6], bearing
in mind the high pKa of most such pharmacological species, which
range from 7.7 for the mevipacaine to 9.8 for the piperocaine [2,6].
Thus, for example, the clinical effects of bupivacaine and lidocaine are
strengthened (and hence, their dosage reduced) when they are adminis-
trated dissolved in a sodium bicarbonate buffer [5]. However, the contri-
bution of the ionic strength of the sodium bicarbonate solution (sodium
concentration) to the activity of these anaesthetics has, to date, been ig-
nored. In this context, this work focuses on the effect of the ionic strength
(sodium concentration) of an aqueous solution on the insertion process
of benzocaine into a lipid bilayer composed of different fractions of
charged lipids. In this regard, the cell membrane was modelled by sym-
metric binary lipid bilayers formed of dipalmitoylphosphatidylcholine
(DPPC) and dipalmitoylphosphatidylserine (DPPS), where the DPPC is a
neutral phospholipid, the DPPS is a phospholipid which bears a negative
charge in physiological conditions, and benzocaine is a non-charged
liposoluble local anaesthetic in physiological conditions due to its low
pKa of 3.5 (in this regard, the effect associated with the hydrolysis of
the anaesthetic can be discarded) [4,7,8], and where it was ignored the
presence of other important molecules in our model of cell membrane,
such as the presence of cholesterol. Molecular dynamics simulation was
used to carry out the present study.

In previous investigations carried out by our group [9,10], it was
determined how the insertion of benzocaine into lipid bilayers is a
spontaneous process from a thermodynamic point of view, in which
entropy is the driving thermodynamic force responsible of this spon-
taneous process [10]. Furthermore, the existence of a thermodynamic
barrier during the benzocaine insertion into the cell membrane was
determined. This barrier, located at the lipid/water interface, dimin-
ished as the fraction of charged lipids in the lipid bilayer increased
[10]. Keeping in mind the results mentioned above, this work looks
at how the ionic strength of the aqueous solution affects the insertion
of benzocaine into a lipid bilayer, concentrating on two main aspects:

1 The effect of the ionic strength on the thermodynamic barrier asso-
ciated with benzocaine insertion into a lipid bilayer.

2 How the interfacial tension between the phospholipid bilayer and
the aqueous solution plays a crucial role in diminishing this ther-
modynamic barrier.

2. Model and methods
2.1. Model

Five different lipid bilayers were generated with the goal of
analysing the full range of lipid compositions of a binary bilayer com-
posed of DPPC and DPPS. The starting system was formed by a bilayer
composed of 72 DPPC molecules (36 DPPC per leaflet) and 5042
water molecules of the SPC water model [11]. A precise description
of how the three dimension periodical box was generated is given
elsewhere [12-14,9]. Once this bilayer of DPPC was generated, four
additional bilayers were constructed by substituting 12, 24, 48 and
72 DPPC molecules with 12, 24, 48 and 72 DPPS molecules. To balance
the negative charge associated to each DPPS molecule under physio-
logical conditions, 12, 24, 48 and 72 sodium ions (Na™) were

introduced into the system by substituting water molecules with so-
dium ions. In summary, five different binary bilayer of DPPC:DPPS
were generated with the following compositions 72:0, 60:12, 48:24,
24:48 and 0:72.

The molecular fraction of DPPS that forms the lipid bilayer, y, was
defined as follows:

Nppps
= __Toms M
Npppc + Mppps

where y represents the molecular fraction of DPPS (nppps) with re-
spect to the total number of lipids in the bilayer (npppc + nppps).

Finally, to simulate a 0.5 N NaCl concentration in the aqueous so-
lution, a water molecule was randomly substituted by one sodium
and one chloride ion, respectively, every 111 water molecules in
each of the systems generated above (after considering the following
approximation: 0.5 N (NaCl)=0.5M (NaCl)=0.5 moles (NaCl)/1
(litre of solution)=0.5 moles (NaCl)/1 kg (H,O)=0.5 moles (NaCl)/
55.6 moles H,0, i.e., we obtain a ratio of 1(Na™):111(H,0), and the
same for the C17).

2.2. Simulation parameters

The GROMACS 3.3.3 package [16,17] was used to perform the molec-
ular dynamic simulations, with a constant integration time step of 2 fs.
The electrostatic contribution was calculated using a long range electro-
static interaction by the Particle Mesh Ewald method [18,19], in which
all the coordinates of the simulated trajectories were recorded every
5 ps of simulation time. Bond lengths were constrained using the
LINCS algorithm [20]. All the simulation boxes were coupled to an ex-
ternal pressure and temperature bath, using the Berendsen algo-
rithm [21], with temperature and pressure coupling constants of 0.1
and 1 ps, respectively. Due to the anisotropy of the membranes along
the Z-axis, all the simulations were carried out using a semi-isotropic
pressure algorithm coupling bath. The simulated trajectory lengths
were of 100 ns, where the first 10 ns of each simulation were discarded
for analysis because this was the time required by the systems to
achieve an equilibrated state. All the simulations were carried out at
350 K, a temperature that was chosen because it is above the transition
temperature of 314 K[22] and 326 K [23] for pure bilayers of DPPC and
DPPS, and also because this temperature is above the transition temper-
ature of all the binary bilayers formed by DPPC/DPPS, as deduced from
the corresponding experimental phase diagram [24]. In short, the tem-
perature of 350 K ensures that all these binary bilayers are in liquid
crystalline state, regardless of the fraction of DPPS in the lipid bilayer.
The molecules of DPPC and DPPS were simulated using the force field
employed in previous simulations of lipid bilayers formed exclusively
of DPPC [25] and DPPS [12]. As in previous articles in which DPPS was
involved in our simulations [13,26,27], the charge distribution of DPPS
and of the rest of species with net charge were reduced by a factor of
two to compensate, in part, the absence of polarizability in our models.
This reduction that has been effective in the study of soap/alcohol/water
interfaces, biological membranes and micelles [25,28] is based, in short,
to the fact that coulombic interactions in these systems are exaggerated
due to the insufficient screening performance of the SPC [11] water
model used in our simulations.

Benzocaine was modelled as in previous simulations [9,10], where
Fig. 1 shows the charge distribution used to simulate this molecule.
The bond distances, angles, and LJ parameters were taken from the
standard GROMOS-87 force field [29].

Since calculation of the lateral pressure profile needs much com-
puting power, the trajectories generated using the Particle Mesh
Ewald method were employed to recalculate the pressure tensor of
Eq. (10) using the cut-off method rather than the Particle Mesh
Ewald method mentioned above. In the process of calculating the lat-
eral pressure profile, short and long spherical cutoffs of 1.4 and
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1.8 nm were used for re-calculating the non-bonded forces, according
to previous simulations carried out by other authors [30-32]. Thus,
while the list of atoms inside the short cutoff was updated and their
interactions were calculated every time step, the list of neighbouring
atoms between the short and long cutoffs was updated and their in-
teractions calculated every ten time steps. In an attempt to avoid
any mismatch between these two ways of calculating the electrostatic
interactions, several simulations were carried out at different &, and
almost the same results were obtained for the surface area per lipid,
using the Particle Mesh Ewald or the cut-off method, when ¢, =1.1.
To a certain extent, this result was expected from previous simula-
tions involving the cut-off method rather than the Particle Mesh
Ewald method to calculate the electrostatic interactions because
the electrostatic interaction was overestimated due to the absence
of polarizability in the atomic models used in our simulations, as
mentioned, too, by Berendsen et al. in several of their papers [25].

3. Results and discussion
3.1. Free energy profile, AG(z)

The umbrella sampling method [33] was used to evaluate the free
energy profile associated with benzocaine insertion into a lipid bilayer.
The relationship between the free energy profile and the potential
mean force is depicted in the following equation,

G'@
G

AGy(z) = —RTIn — PMF 2)

where AGy(z) represents the free energy profile along the z-axis per-
pendicular to the bilayer, R the constant of the gases, T the temperature,
C&9(z) the concentration profile of the benzocaine along the z-axis, it
the concentration of benzocaine in the solution (aqueous solution in
our case) and PMF the potential of mean force computed with respect
to a reaction coordinate equal to the z coordinate of the centre of
mass of the benzocaine molecule, using the umbrella algorithm and
WHAM method (Weight Histogram Analysis Method) [34]. Since an ac-
curate profile of C§%(z) could not be obtained during the simulation
time, a biasing potential was applied to the benzocaine. In this respect,
36 independent simulations of 50 ns each were performed, for each of
the ten systems studied in this work, which amounts a total of
18,000 ns of simulation time. Each of the 36 simulations for all the sys-
tems studied, the benzocaine was restrained at a given depth in the bilay-
er by a harmonic potential on the z-coordinate perpendicular to the
membrane plane, leaving it to move freely on the membrane plane. The
force constant of this harmonic spring was 3000 kj.mol ! nm 2 for all
the restrained positions of the benzocaine across the membrane. Thus,
benzocaine was shifted by 0.1 nm between consecutive simulation
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Fig. 1. Benzocaine model used in this work. The atomic charge distribution (in e units)
was calculated using the semi-empiric CNDO method [15].

windows. Following the same methodology as in previous works
[9,35-37], two benzocaine molecules were introduced into the system
to save computing time. The separation was 3.5 nm along the z axis to en-
sure the absence of correlations between both molecules. Obviously, and
as a first approximation, in this study it was discarded the possibility that
benzocaine can form aggregates despite the tendency of the benzocaine
to form molecular aggregates depending of its concentration.

Fig. 2 depicts a schematic representation of the free energy profile
associated with the insertion of benzocaine into a lipid bilayer formed
only by DPPC, in the absence of salt. The figure clearly illustrates the
existence of a thermodynamic barrier associated with the insertion
of the benzocaine into the lipid/solution interface, and a minimum
in the free energy located in the interior of the hydrocarbon zone of
the lipid bilayer.

Fig. 3 shows the free energy profiles associated with the insertion of
benzocaine as a function of the lipid bilayer composition, in the absence
and the presence of salt in the solution. In all cases, a minimum in the
free energy profile is located in the hydrocarbon region within the lipid
bilayer. This minimum value for the free energy of —24 + 2 kJ/mol and
— 2842 kJ/mol in the absence and the presence of salt, respectively, be-
comes more negative for y =1 (bilayers exclusively formed of DPPS), in
which values of —28.3+0.2 and —31.8 + 1.1 kJ/mol were measured, in
the absence and presence of salt, respectively. These simulation data
agree with the experimental data reported by Matsuki et al. [4] for the in-
sertion of a local anaesthetic in DPPC bilayers (25-30 kJ/mol).

The free energy profiles associated to different compositions of the
lipid bilayer can be in part associated to the difference in the free
space in the interior of the membrane related with the deuterium
order parameters of the hydrocarbon lipid tails such as it was
obtained in a previous article [10], i.e., to the variation in the viscosity
in the interior of the lipid bilayer, according with the comments of
one of the reviewers of this work.

In this context, and focusing our interest on the free energy barrier
associated with benzocaine insertion into the bilayer (such as can be
observed in Fig. 2), Fig. 4 shows a semi-logarithmic plot of the barrier
with the bilayer composition y, in the absence and presence of salt in
the aqueous solution. Fitting these points to a straight line gives a lin-
ear equation for these representations as follows:

1n(AGmax)without NaCl — _2-93)( +1.48, (3)
ln(AGmax)O.S N NaCl — _2'48% +0.19 (4)
or, expressed in their exponential form,

—2.93
(AGmax)without NaCl = 4.39 Z: (5)

(AGmax)os N Nacl = 1.21e %%, (6)

where AG is expressed in kJ/mol.

These results confirm that an increase in the DPPS content of the
lipid bilayer facilitates the insertion of the benzocaine into the lipid
bilayer by weakening the free energy barrier located in the lipid/
solution interface. This result may be related with the experimental
evidence that the activity of certain local anaesthetics is modulated
by the DPPS composition of the cellular membrane (as corresponds
to most of the cells of the central nervous system compared with
other eukariotic cells). Thus, Baenziger et al. [38] reported how the
presence of charged lipids in the membrane enhances the drug activ-
ity by increasing the partitioning of tetracaine into the lipid bilayer,
which is in a good agreement with our findings. However, from a
physico-chemical point of view, some aspects need to be explained
in line with this anomalous behaviour: The free energy barrier related
to the insertion of benzocaine (a neutral molecule) into a lipid bilayer
becomes smaller as the charge density in the lipid/water interface in-
creases. The next step was to try to provide a suitable explanation for
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Fig. 2. Schematic representation of the free energy profile, AG(z) (solid line) associated with the insertion of a benzocaine molecule into the lipid bilayer of y =0, in the absence of
salt. In this figure, both maxima of AG,ax(z) associated with the insertion process into the lipid bilayer located at the lipid/water interface are marked with circles.

this behaviour based on the variation in the interfacial tension of the
phospholipid bilayer/solution with the phospholipid composition.

3.2. Lipid/water interfacial tension, y”

The interfacial tension measured experimentally can be related with
the interfacial tension calculated by simulation using the equation [39],

Y=y +y (7)

where " represents the reference interfacial tension (in our case, the
interfacial tension measured experimentally for the system dodecane +

AG (kJ/mol)

[ without NaCl |
ol
-4 -3 -2 -1 0 1 2 3 4

AG (kJ/mol)

-4 -3 -2 -1 0 1 2 3 4
Z (nm)

Fig. 3. Free energy profile, AG, associated with the insertion of a benzocaine molecule
into the lipid bilayer as a function of the lipid membrane composition, y. Zero is placed
in the middle of the lipid bilayer. The error bars were calculated from 4 sub-trajectories
of 10 ns length, after discarding the first 10 ns of simulation as equilibration time.

water [40] due to its similarity to the lipid hydrocarbon tails involved
in this study), and ® represents the interfacial tension calculated from
simulation by integration of the lateral pressure profile across the lipid
bilayer [41,30], as follows,

¥ ==y ne (8)

where the zero of the Z-axis (normal to the lipid bilayer) is placed in the
middle of the lipid bilayer, and m(z) corresponds to the lateral pressure
profile across the lipid bilayer.

2 T T T

T ® without NaCl
1 b % B 05N NaCl

E i
CH| e
3 2r
= L
3k
4 ! ! ! !
0 0.2 0.4 0.6 0.8 1

XDPPS

Fig. 4. Semi-logarithmic representation of the AG.x (in Fig. 3) with respect to the
membrane composition, y. The error bars were calculated from 4 sub-trajectories of
10 ns length after discarding the first 10 ns of the simulation as equilibration time.
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To compute the local pressure from the simulated trajectory, the
instantaneous pressure must be calculated across the phospholipid
bilayer every time step. Thus, the pressure tensor P is expressed as

1
P= <Zi:mivi®vi—V%Flj®r,-j> (9)

where the first term corresponds to the kinetic energy of the system,
Ey, and the second term is related with the molecular virial of the sys-
tem, Z; m; and v; correspond to the mass and velocity of each particle
of the system, and finally, r;; and F; correspond to the distance and
force between two particles, i-j, respectively. The pairwise interac-
tions include non-bonded forces (electrostatic and van der Waals in-
teractions) and covalent interactions between bonded atoms. Because
pressure tensor P is calculated in equilibrium, the terms of this tensor
outside the diagonal can be ignored.

Since the electrostatic contribution using a long range electrostatic
interaction by the Particle Mesh Ewald method [18,19] cannot be
decomposed in Fj; terms, its contribution must be calculated using a
cut-off method. In this regard, to calculate the pressure profile along
the Z-axis perpendicular to the lipid bilayer, the P tensor must be cal-
culated for thin slices parallel to the membrane surface across the
lipid bilayer; in our case, a thickness of roughly 0.1 nm was chosen
for all our simulations. However, in certain circumstances (or even
in most cases), the particles i—j may lie in different slices. In these
cases, the Lindahl and Edholm [42] approximations can be used, and
Eq. (9) was accordingly modified as follows:

1
P= ) myv,®v,— Y\ %F,-]@r]}f(z, z;, zj> (10)

iEslice

where the first term of this summatory corresponds to the kinetic
contribution from all the particles that fall in the i-slice, AV is the vol-
ume associated with each slice of Az thickness, and the f(z,z,z;) corre-
sponds to a discrete function defined as follows:

1 If both particles fall in the same slice, i, f=1.
2 If both particles are outside slice i and on opposite sides, f = P%‘ZZ‘
1 7

3 If one particle is in slice i and the other outside, f = ﬁ
i 4j

In this regard, the lateral pressure m(z) along the Z-axis can be
expressed as follows:

1(2) = Piate(2) =Py (11)

where PN=Dzz and Diat= (pxx +pyy)/2v with Dxx» pyy and Dz the diag'
onal of the local pressure tensor defined in the Eq. (10). Hence, due to
the isotropic behaviour in bulk solution (where there is no preferable
direction), m(z) = 0. However, 11(z) in the bilayer or in its vicinity can
adopt positive or negative values in different positions across the
phospholipid bilayer. In this respect, Fig. 5 shows the lateral pressure
profiles, n(z), for different molecular fractions, y, in the presence and
absence of salt.

Table 1 shows the interfacial tension y® calculated for the different
lipid bilayer compositions, y. In the case of a bilayer formed only by
DPPC, y =0, interfacial tensions of 'yb: 38.1+0.8 mN/m and 36.50 +
0.07 mN/m were estimated from the simulation, in the absence of salt
and with 0.5 N NaCl in the aqueous solution, respectively, values that
are of the same order of magnitude as the value measured for the oil-
water interface tension, where values of ~40 mN/m have been
reported [40,43]. Unlikely there are not experimental data to compare
with, however these values agree with the simulation data calculated
by Gullingsrud and Schulten [30], who reported values in a range
from 27.64+10 mN/m to 39.6+ 1.6 mN/m for different surface areas
of DOPC.

Furthermore, Table 1 shows how the interfacial tension increases
with the fraction of DPPS in the lipid bilayer. This enhancement of
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Fig. 5. Lateral pressure profile of a DPPC and DPPS bilayer, corresponding to y =0 and
x=1, in the absence of salt (a) and with 0.5 N NaCl in solution (b), respectively.

the interfacial tension with the fraction of DPPS in the lipid bilayer
is directly related with the increase in the dehydration of the lipid bi-
layer associated with increasing lipid-lipid molecular interactions, as
was described in a previous work [39]. On the other hand, the pres-
ence of salt in the aqueous solution substantially changes the trend
of the interface tension related with the fraction of DPPS in the lipid
bilayer. Thus, in general, for the full range of fractions of DPPS in the
lipid bilayer, the interfacial tension adopts always values below the
interfacial tension of the reference, y°<y" (y"=50 mN/m [40]).
Hence, the lipid-lipid interactions associated with the presence of
DPPS in the lipid bilayer are partially screened by the ionic strength
of the aqueous solution, so that y® reaches a plateau for a range of
molecular fractions of DPPS between 0.2 and 1, with y” taking values
of ~43 mN/m in this range of DPPS molecular fractions.

This behaviour of the interfacial tension associated with the pres-
ence of salt in the aqueous solution and the molecular fraction of
charged lipids in the lipid bilayer could well be of a great biological
relevance, since at a given ionic strength of the aqueous solution,
the interfacial tension of a cellular membrane becomes independent
of the fraction of the charged lipids present in the membrane. This
fact results of crucial importance considering the asymmetry in the
molecular fraction of charged lipids between both leaflets of the
membrane of a eukariotic cell, whereby the ionic strength could
equal the interfacial tension between both sides of the membrane,
even when they have different lipidic compositions.

3.3. Dependence of the free energy barrier on interfacial tension

Fig. 6 depicts a semi-logarithmic representation of the free energy
associated with the insertion of the benzocaine into a lipid bilayer
versus the interfacial tension of the lipid bilayer for several molecular
fractions y of the lipid bilayer.

Fig. 6 shows how the free energy barrier associated with the inser-
tion of benzocaine into a lipid bilayer fits a straight line representing

Table 1

Interfacial tension for different molecular fractions y of the lipid bilayer. Error bars
were calculated from 3 sub-trajectories of 30 ns each, where the first 10 ns of the sim-
ulation trajectory were discarded as being the equilibration time.

X Ywithout Nact” (mN/m) YosnN Nact” (mN/m)
0 38.04+0.8 36.514+0.12

0.16 49.904-0.14 41.9140.09

0.33 55.1+£0.9 43.610+£0.003
0.66 69.0+14 43.101£0.002

1 73.2+£0.7 44310+ 0.006
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Fig. 6. AGnax vs. the interfacial surface tension in the phospholipid bilayer correspond-
ing to different fractions y of the lipid composition in the phospholipid bilayer. Error
bars were calculated from 3 sub-trajectories of 30 ns each, where the first 10 ns of
the simulation trajectory were discarded as being the equilibration time.

the interfacial tension in a semi-logarithmic form. This behaviour is
explained by assuming that the increasing dehydration of the inter-
face as the fraction of DPPS increases (due to the greater exposure
of the hydrophobic parts of the phospholipids to the solution), the en-
ergy required to pass through this zone by the benzocaine (a neutral
molecule very insoluble in aqueous solution) is reduced.

Finally, the expression obtained for the free energy barrier as a
function of the interfacial tension is as follows:

INAG 0y = —0.074y + 4.47 (without NaCl) (12)

INAG . = —0.283y + 10.95 (0.5 N NaCl). (13)

Thus, we observe how the thermodynamic barrier associated with
benzocaine insertion into a lipid bilayer depends exponentially on the
interfacial tension between the phospholipid bilayer and the aqueous
solution. The barrier diminishing as the ionic strength of the aqueous
solution increases.

3.4. Concluding remarks

Understanding the molecular mechanism that controls the inser-
tion of a local anaesthetic into a lipid bilayer is of undoubted impor-
tance for describing the activity of these drugs. In this respect, it is
clinically known, how the potency and activity of local anaesthetics
increase when these drugs are dissolved in a sodium bicarbonate
buffer. One of the main factors related with this increase in potency
has been associated with the reduction on the protonated form on
the local anaesthetic in the equilibrium. However, to the best of our
knowledge, almost no attention has been paid about the role played
by the increase in the ionic strength of the buffer solution in which
the anaesthetic was dissolved.

In this context, this work was focused on studying the thermody-
namic barrier associated with the insertion of benzocaine into binary
lipid bilayers of DPPC/DPPS, it being found that this barrier exponen-
tially diminished with the increasing molecular fraction of charged
lipids that form the membrane. In addition, it was also observed
how an increase in the ionic strength of the lipid bilayer produced
an additional reduction in this thermodynamic barrier. The increase
in the interfacial tension between the phospholipid bilayer and the
aqueous solution would explain this molecular behaviour, which is
strongly dependent on the phospholipid fraction y that forms the
lipid bilayer, and the absence or the presence of salt in the aqueous
solution.

However, further studies should be carried out to approach our
simulations to the real structure of a cell membrane, such as the con-
sideration of the presence of cholesterol in the model, due to the role
played by cholesterol on the structure of the lipid bilayer, i.e., on the
insertion of local anaesthetics into a cell membrane.
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