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Coarse Grained Simulations of Local Anesthetics Encapsulated into a Liposome
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We investigated the encapsulation of prilocaine (PLC), an aminoamide local anesthetic widely used in dentistry,
into a small unilamellar liposome. We extended a recently developed coarse grained model to access the
problem relevant time and length scales. Molecular dynamics (MD) simulations for different protonation
states of the PLC captured important features of the PLC—vesicle interactions. We found that all neutral PLC
molecules (nPLC) rapidly diffuse into the hydrophobic region of the vesicle adopting an asymmetric bimodal
density distribution, with nPLC molecules jumping between the internal and external vesicle monolayers.
Protonated PLC molecules (pPLC) initially placed in water were instead only found on the external monolayer,
with a high rate of exchange with the water phase and no access to the inner part of the liposome. Although
electrostatic interaction between pPLC tails and oppositely charged lipid head groups is shown to be structured,
hydrophobicity is the driving force of PLC drug absorption within the liposome. Our simulations also show
that a major percentage of pPLC remains trapped within the interior water phase of the liposome when starting
from a configuration with pPLC distributed within the lipid membrane. This suggests that at low pH

liposome—PLC complexes and therefore drug efficacy can strongly depend on the preparation procedure.

1. Introduction

Relief of localized pain is a challenging problem in medical
and odontological research. Local anesthetic (LA) agents used
to relieve pain symptoms are characterized by limited duration
of analgesia and may result in both systemic and local toxicity.'
However, many of the pharmacological properties of conven-
tional drugs can be improved through the use of drug delivery
systems, which include particulate carriers, composed primarily
of lipids or polymers, and their associated therapeutics.>* For
instance, LAs encapsulated in liposomes have been shown to
gradually release the drug, obtaining a prolonged duration of
the anesthetic action and reducing the central nervous or car-
diovascular system toxicity.*

Liposomes are small lipid vesicles of spherical shape that
contain a core of aqueous solution. They can spontaneously form
from lipid dispersed in water® and are used as a versatile tool
in biology, biochemistry, and medicine. Their composition can
vary from naturally derived phospholipids with mixed lipid
chains like egg phosphatidylethanolamine to pure lipid com-
ponents like 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline (POPC). The mean diameter of the smallest unilamellar
liposomes is on the order of 25—30 nm. Liposomes are
employed as microcarriers for a big variety of compounds such
as drug molecules, proteins, nucleotides, and plasmids.® As LAs
have a high affinity for the cellular membrane because of their
amphiphatic nature, they are a convenient system to encapsulate
and transport LAs.

A better understanding of the mechanisms of drug encapsula-
tion can help to improve the design of more effective drug
delivery protocols. Molecular dynamics (MD) is a useful tool
to investigate the interactions of different drugs with membranes,>®
providing fine grained molecular detail that is often not acces-
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sible to experiments.” Recently, drug controlled processes have
been studied by means of MD simulations;®° however, system-
atic studies using fully atomistic MD are computationally very
expensive, and therefore often cannot access relevant length and
time scales.'”

The use of simplified, coarse grained (CG) models, where
degrees of freedom are removed mapping a few atoms into a
unique site, helps to relieve the burden of fully atomistic
simulations while still retaining sufficient physical detail to
accurately simulate cooperative and mesoscopic-scale phenom-
ena of experimental and theoretical interest. In this work, we
employ version 2.0 of the MARTINI coarse grained force field!!
(hereafter referred to as MARTINI), which has been successfully
used to investigate a variety of drug-delivery-related phenomena
such as self-assembly and fusion of liposomes,'>!? translocation
of fullerene particles through lipid membranes,'* insertion of a
protein into a lipid bilayer,'>!'¢ and diffusion of small molecules
into lipid membranes.'’~ !

In the following sections, we investigate the encapsulation
of prilocaine (PLC), a local anesthetic widely used in dentistry,
into a small liposome through coarse grained MD simulations
extending the MARTINI force field to include parameters for
prilocaine. Despite its versatility, this CG force field has not
been designed to provide a coarse graining model “out of the
box” for all chemical moieties. However, in this work, we
demonstrate that it is possible to extend its features and include
other molecules such as PLC. In addition, to the best of our
knowledge, LA absorption on a liposome has not been tackled
with methods allowing one to follow the process at the
microsecond scale, and we report here that extended MARTINI
is well suited to investigate PLC absorption mechanisms and
features.

The rest of the paper is organized as follows: In the following
section, we provide simulation details. In section 3.1, we extend
the CG force field to include PLC parameters comparing CG
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with fully atomistic results for a flat POPC bilayer. As most
LA molecules can be found in neutral and protonated form at
physiological pH, we parametrize both cases in order to inves-
tigate the observed stronger affinity to lipid membranes of
neutral species.” Results for PLC distributions are shown in
section 3.2. Finally, in the last section, we draw our conclusions.

2. Simulation Details

In this work, we adopt a recently developed coarse graining
model, referred to as the MARTINI force field,'' to obtain a
coarse grained description of our molecular systems. This
method aims at a systematic and portable representation for
water, phospholipids, and other small molecules in terms of a
few building blocks, or CG particles, that interact with potential
parameters optimized for use in a broad range of biomolecular
applications. A four heavy atoms to one CG particle mapping
rule is generally followed, and hydrogen atoms are neglected
because of their small size and mass. This model considers four
main types of CG particles: polar (P), nonpolar (N), apolar (C),
and charged (Q).

The “native” CG topologies built and tested using the
MARTINI force field'' do not feature an explicit recipe for
prilocaine molecules. However, the building chemical blocks
of the force field permit the coarse grained representation of
generic molecules to quite easily be extended, once the chemical
characteristics such as polarity and charge distribution of
constitutive moieties are known (see below). This CG force field
has been shown to correctly describe a variety of macromole-
cular systems such as lipid bilayers,'*! phospholipid vesicles,'>??
and membrane proteins.'>!%23 For a detailed description of force
features and parameters, see ref 11. In this work, the parameters
for neutral and protonated PLC were chosen by chemical
analogy among the particles already present in MARTINI, and
then, the best matching type was chosen comparing results from
CG and atomistic simulations.?*? The rest of the CG particles
for lipids, water, and ions follow the standard force field.

We simulate the absorption of prilocaine molecules onto a
POPC lipid vesicle. A preassembled POPE lipid vesicle?® was
used as a template to create a POPC vesicle changing the first
coarse grained atom of POPE NH3 (type Qd) into NC3 (type
QO0). The system was then solvated into a mixture of water
particles and PLC molecules. The 224 cubic simulation box
consists of a vesicle of 877 POPC lipids (254 and 623 for the
internal and external monolayer, respectively), 81550 water
particles, and 88 PLC (neutral or protonated) molecules. We
generated three different starting configurations, depending on
how we added PLC molecules to the mixture, as we explain
below. Counterions were always added randomly in the water
phase when required to ensure electroneutrality. For each starting
configuration, we run 250 ns of equilibration in the NPT
ensemble, followed by 1 us in the NVT ensemble.

Risselada et al.?’ pointed out that fully equilibrated vesicle
structures would require much longer (and at present unachiev-
able) simulations to allow lipid flip-flopping. Nevertheless, they
were able to allow lipid flip-flopping using membrane pores
and obtained fully relaxed vesicle structures. For such structures,
the ratio of inner versus outer leaflet lipid density can vary up
to 4% when compared with vesicle structures obtained by other
means. They also report that most metastable structures are
“within the tails of the expected distribution”. As we focus
mainly on the drug behavior, our results are not affected by
such differences.

The simulations were carried out with the GROMACS 4.0
simulation package,?® using a simulation time step of 40 fs with
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Figure 1. Sketch of atomistic to coarse grained mapping of prilocaine.

a nonbonded and electrostatic cutoff of 12 A. The reference
temperature was set to 325 K using a Berendsen thermostat with
a time constant of 1.0 ps. For NPT runs, Berendsen pressure
coupling was used with a reference pressure of 1 bar, a time
constant of 5.0 ps, and a compressibility of 3 x 1073 bar™!. On
a computational note, we report that a fully atomistic representa-
tion of the same systems would need around a million atoms to
be run with a typical simulation time step of 2 fs. As drug
diffusion and adsorption phenomena involve characteristic scales
of tens of nanometers and hundreds of nanoseconds, we
conclude that extensive fully atomistic simulations reaching the
microsecond of such phenomena are not practically possible
even using the biggest supercomputers, leaving coarse grained
force fields the only feasible models.

3. Results

3.1. PLC Force Field Parametrization. We have built a
CG PLC molecule that preserves a number of key physical and
structural features found using atomistic simulations.”> We have
not attempted to change any of the bead parameters of the
MARTINI force field; rather, we have chosen at first the PLC
CG sites by analogy with similar groups from Table 3 of ref
11, and then improved the agreement with atomistic simulation
results following a trial and error procedure changing bead types.

The resulting mapping of PLC to CG particles represents the
36 (37) atoms of nPLC (pPLC) with five MARTINI particles,
as shown in Figure 1. The bonded and nonbonded parameters
for the R1, R2, and R3 head sites of the PLC neutral and
protonated species were taken from the benzene parameters SC4
of ref 11. The mass of these sites, unlike ref 11, was set to be
proportional to the number of non-hydrogen atoms, that is, 54
amu for R1 and R2 and 36 amu for R3. The parameters for the
tail sites (T1 and T2) depend on the ionization state of the PLC
molecule. For neutral PLC, we assigned the type Na (2-propane,
nitromethane, proprionitrile, methylformate, propanal) and C2
(propane) for T1 and T2, respectively. For the protonated case,
we assigned the type QO for both T1 and T2 sites, with charges
of 0.4 and 0.6, respectively. Chloride counterions, when present,
are represented by Qa site types.

We carried out several simulations of a POPC lipid bilayer
containing PLC and compare the results with fully atomistic
simulations from ref 25. The simulated lipid bilayer contained
120 fully hydrated POPC lipids (60 in each monolayer), 1400
water molecules, and 40 neutral or protonated PLC molecules.
Chloride counterions were included to ensure electroneutrality
for the case of pPLC. The parameters that lead to the best
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TABLE 1: Parameters for CG Neutral and Protonated

PLC
atom
number type/MARTINI type charge building block

1 R,/SC4 0.00 HC=CNH

2 R,/SC4 0.00 H;CC=CH

3 R3/SC4 0.00 HC=CH

4 Ti/Na (QO) 0.00 (0.40) O=CCHCH;

5 T,/C2 (QO) 0.00 (0.60) NH(NH,)CH,CH,CHj;

bonds i,j length (nm) Kiona (kJ mol™! nm™2)
1,2 0.240 2000
1,3 0.240 2000
1.4 0.470 1250
2,3 0.240 2000
4,5 0.470 1250

angles i.j,k angle (deg) Kangle (kJ mol ™! rad )
1,4,5 120.0 25.0
1,3,2 60.0 100.0
1,2,3 60.0 100.0
2,14 140 25.0
2,1,3 60.0 100.0
3,14 140.0 25.0

“Values in parentheses correspond to protonated PLC when
different from the neutral ones. MARTINI types, from ref 11, as
well as the chemical structure corresponding to each site are also
included.

agreement between atomistic and CG simulations and therefore
used for PLC absorption on a POPC vesicle are summarized in
Table 1.

Experimentally, the interfacial ordering of the system can be
measured through the electron density profile (EDP) normal to
the bilayer with techniques such as X-ray or neutron scattering
experiments.”’ We computed the EDP by time averaging the
net charge Q(z) (the nuclear charge corresponding to all of the
atoms represented by each CG site) contained in the volume
0V(z) by

0(z)
EDP(z) o< < (W(Z))t (1

Here, z is the (discrete) coordinate normal to the bilayer and
the slice thickness is 0.1 A. We have placed a Gaussian
distribution of electrons on each site center with a variance equal
t02.0 A. In Figure 2a and b, we show the EDPs of the different
components of the nPLC and pPLC systems, respectively. In
the same figures, we have included the POPC and PLC EDPs
calculated from atomistic simulations? (dashed lines). We show
in Figure 2a that nPLC is completely embedded into the POPC
bilayer with little access to the lipid/water interface, with the
nPLC EDP following a bimodal distribution, with two maxima
at ~12 A from the central plane parallel to the membrane. We
stress that the same values for the maxima are recovered from
atomistic simulations and that differences between CG and
atomistic EDPs are negligible.

For the pPLC case, shown in Figure 2b, our results correctly
recover the distributions within the POPC bilayer of atomistic
simulations, as pPLCs (in red) distribute between the water/
lipid interface and the water phase, with no access to the bilayer
center. The peaks of the pPLC distribution at the lipid/water
interface are found at ~17 A from the bilayer center, in
agreement with atomistic simulation results.?* In Figure 2c and
d, we plot the nPLC and pPLC EDP distributions, together with
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Figure 2. The electron density profile (EDP) of the different
components of the bilayer as a function of the z coordinate, in (a) a
bilayer containing neutral PLC and (b) a bilayer containing protonated
PLC. The colors in parts a and b are blue for water, light green for
POPC, dark green for nPLC, and red for pPLC. POPC and PLC EDPs
from the atomistic simulations in parts a and b are shown as dashed
lines. Panels ¢ and d zoom into the EDP of PLCs and their components,
head (brown) and tails (black) for protonated (red) and neutral (green),
respectively. In part d), the chloride counterion distribution was also
included in light green.

the EDPs of their tails (T1 and T2 groups) and heads (R1, R2,
and R3 groups) only. For the nPLC case, the positions of
maxima are the same for heads, tails, and the whole molecule;
i.e., nPLCs do not have a specific orientation inside the
membrane. On the contrary, for the pPLC case, the tail and
head maxima are shifted by ~5 A, in good agreement with
atomistic simulations that show a shift of ~4 A.>° Tails are
oriented facing the more polar region, because of the charged
groups in the water/lipid region, and they do not show
preferential orientation at the water phase, in agreement with
the atomistic simulations.? In Figure 2d, we also show the EDP
distribution of the chloride counterions included to compen-
sate the charge of protonated PLCs. Chloride atoms are found
in the bulk water and water/lipid head interface, with no access
to the hydrophobic core. These findings are also confirmed by
atomistic simulations.

Another feature observed in atomistic simulations is the ability
of nPLC to cross from one monolayer to the other many times
during a 20 ns simulation run. Our results using the CG PLC
model can confirm this behavior, as the nonzero value of the
nPLC EDP at the membrane center in Figure 2¢ suggests nPLC
is not localized within the bilayer. On the other hand, Figure
2d does not show pPLC molecules in between monolayers, again
in agreement with atomistic simulations.

We have demonstrated here that the chosen PLC parameters,
listed in Table 1, are well-suited to reproduce semiquantitatively
the main results of atomistic simulations and consequently
experimental results, as atomistic MD simulations were essential
for the interpretation of the observed saturation transfer differ-
ence (STD) experiments.” We conclude that our CG model is
able to capture qualitative behavior of PLC molecules in lipids,
and therefore can be used to effectively study systems that are
computationally too expensive to be modeled with full atomistic
detail, like drug encapsulation processes.

3.2. Absorption of PLC Molecules on a POPC Vesicle.
We use the CG model to investigate the absorption of PLC
molecules in a small (~150 A diameter) POPC vesicle. We
generated three different starting configurations, depending on
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Figure 3. Snapshots from the molecular dynamics simulations of PLC in POPC vesicles: (a) nPLC-O; (b) pPLC-I. The snapshots correspond to
the initial configuration (1, # = 0), the starting time of the NVT simulations (2, # = 250 ns), and the final configuration of the simulations (3, t =
1.25 us). PLC molecules are shown in green (nPLC) and red (pPLC) and lipids in blue. Water sites were removed for clarity. Snapshots were built

using the VMD program.’!

the PLC protonation state and on where we added PLC
molecules to the initial configuration. In two cases, PLC
molecules, neutral or protonated, were randomly added to the
external water phase. In the third case, the starting configuration
had pPLC molecules randomly placed inside the membrane.
Counterions were always added randomly in the water phase
to compensate the pPLC charge. In order to differentiate between
the two starting configurations containing pPLC, we will refer
to them as pPLC-O (pPLC-I), i.e., pPLC placed outside (inside)
the vesicle. nPLC-O refers to the starting configuration with
the nPLCs outside.

In Figure 3a, we plot three snapshots taken during the
nPLC-O run. Snapshot 1 corresponds to the initial configuration
with nPLC molecules randomly distributed in the water phase.
The other two snapshots were taken at the end of the NPT
equilibration run (¢ = 250 ns) and at the end of the NVT run (¢
= 1.25 us). Snapshots 2 and 3 clearly show that most of the
nPLCs quickly diffused into the vesicle during the equilibration
period, and remained inside during the whole simulation time,
showing the big affinity of nPLC for the lipid phase. Results
for the pPLC-O system indicate (snapshots not shown) that
during the simulation time just a fraction of pPLC enters the
vesicle. As for the case of pPLC-I, we found that many drug
molecules leave the vesicle during the equilibration period, as
shown by snapshots in Figure 3b taken at the same time as the
ones in Figure 3a.

We calculated the number of PLC molecules absorbed by
the vesicle as a function of time using as external vesicle radius
the averaged over the NVT simulation time radius {re) = 75.0
A. In Figure 4, we plot the number of PLC molecules inside
the vesicle (i.e., within (r..)) as a function of time for nPLC-
O, pPLC-0O, and pPLC-I. All systems reach equilibrium quite
quickly. Nearly all (96%) of the 88 nPLC molecules are
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Figure 4. Number of PLC molecules inside the vesicle as a function
of time: nPLC-O (green); pPLC-O (red); pPLC-I (blue).

absorbed within 100 ns. For the pPLC cases, the number of
pPLC molecules within the vesicle is considerably smaller: an
average of 20 & 4 molecules for the pPLC-O case and 35 4+ 7
for the pPLC-I case. The number of pPLC molecules inside
the vesicle is considerably higher for the pPLC-I case than for
the pPLC-O case, suggesting that at low pH liposome—PLC
complexes could strongly depend on the preparation procedure,
as quantified below.

We extended eq 1 for the case of a spherically symmetric
object. We define the radial electron density profile as

REDP(r) o < owr) > 2)
4137((r + 6 — (M)

where Q(r) is the sum of the nuclear charge of all sites found
between r and r + o. In Figure 5, we show the REDP of the
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Figure 5. Radial electron density profile (REDP) of the different
components of the nPLC/vesicle as a function of the r coordinate; r =
0 corresponds to the vesicle center. The colors are blue for water, black
for POPC, green for neutral PLC, and red for pPLC. (a) nPLC; (b)
pPLC-O (PLCs initially in water phase); (c) pPLC-I (PLCs initially in
vesicle). The EDP of PLC was amplified 5 times for visualization
purposes.

different systems under study: (a) nPLC-O, (b) pPLC-O, and
(c) pPLC-I derived from the 1 us NVT simulations. PLC
densities have been magnified 5 times for visualization purposes
(see caption for color details). Our simulation results show that
for all three cases the lipid density has a higher density around
the inner monolayer. This was also found by Risselada et al.*
using fully equilibrated structures, which shows how our
simulation setup also captures, at least qualitatively, the features
pertaining to fully equilibrated vesicles. Lipid density asymmetry
is a consequence of the bilayer curvature that allows more
volume per tail to lipids docking on a concave shape, i.e., the
inner monolayer. This argument applies also to the drug REDP,
with nPLC molecules still following a bimodal distribution as
observed for the case of flat bilayers (see section 3.1), with on
average 34 (54) PLCs molecules in the internal (external)
monolayer. This leads to an asymmetric bimodal drug distribu-
tion with higher nPLC:lipid ratio for the internal monolayer
(0.13) with respect to the external one (0.08). The higher drug
affinity of the inner shell arises from its lower lipid tail density
(discussed above) and is reflected in a stress distribution across
the bilayer.'”

We stress here that, for bigger vesicles as the ones used
experimentally, curvature effects are likely to be less pro-
nounced. However, even with CG models, it is difficult to reach
length scales of experimental structures.

Comparison between Figure 5b and ¢ shows that for pPLC
the distribution strongly depends on the initial conditions. We
found that in the pPLC-O case the majority (77%) of pPLC
distributes in the external water phase with the remaining 23%
absorbed by the outer lipid shell. On the other hand, the pPLC-I
distribution has two peaks inside the vesicle (at the lipid/water
interface) and the rest of the pPLCs are distributed in the internal
and external water regions. For pPLC-I, the average number of
molecules in the external (internal) water phase was 27 (16),
while 21 (14) molecules were attached to the external (internal)
lipid monolayers. We point out that 42% of the pPLC molecules
are in the external water phas; however, it is difficult to visualize

J. Phys. Chem. B, Vol. 114, No. 20, 2010 7013

t(us)

Figure 6. (a) Selected trajectories of the center of mass of four
representative neutral PLCs. PLCs flip-flop between inner and outer
vesicle layers with a frequency of (15 = 2)/us. (b) Trajectories of the
only two neutral PLCs leaving the vesicle during simulation, readily
reabsorbed in less than 200 ns. The dashed lines indicate the inner and
outer vesicle radii.

it in the REDP because of the low radial density in the external
water phase. The number of pPLCs found in the external
monolayer starting from a pPLC-I configuration are in good
agreement with the average pPLC number of the pPLC-O case.
The rest of the pPLC molecules are distributed between the
internal water phase and the inner lipid monolayer.

In order to elucidate the absorption process for the different
starting cases, the dynamical behavior of PLC molecules was
studied following the time evolution of the individual PLC
center of mass distance r(f) to the vesicle center. In Figure 6a,
we show the trajectories of four selected nPLCs. nPLCs are
found to cross between the monolayers (flip-flop, or crossing
events) many times within the microsecond time scale. This
behavior is representative of the great majority of the PLCs.
The average rate of crossing events is high (~15 =+ 2 times per
molecule per microsecond), which suggests an unspecific
interaction between vesicle lipids and neutral PLC that confines
nPLC in the lipid membrane as a consequence of its hydro-
phobicity. As a matter of fact, only two molecules leave the
vesicle diffusing into the water phase during the whole 1 us
run, one of them entering again into the vesicle almost
immediately, and the other one within 0.2 us. We show the
center of mass trajectories of these two molecules in Figure
6b. On the other hand, for pPLC, we do not see any crossing
events between the two monolayers during the whole length of
our simulations. All pPLCs have instead a fast exchange with
the water phase, as they leave and enter again into the vesicle
many times (an average number of 4.5 + 1.5 jumps/molecule)
during the simulation time, as shown in Figure 7 for three
selected pPLCs from the pPLC-O case. For the pPLC-I case,
the molecules initially placed in the inner monolayer remain
there or in the internal water region, with the average number
of pPLCs in the external monolayer equal to 20. This explains
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Figure 7. Selected trajectories of the center of mass of three
representative pPLCs. The dashed lines indicate the inner and outer
vesicle radii.
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Figure 8. Schematic representation of the pPLC orientation inside the
vesicle.

the different number of pPLCs inside the vesicle shown in
Figure 4 and suggests that at low pH, when the PLC are
protonated, liposome—PLC complexes can strongly depend on
the preparation procedure. It is important to point out that the
equilibrium between neutral and protonated species is dynami-
cal. On the basis of our results, neutral molecules are able to
cross membranes and protonated molecules have a fast exchange
with water. In this way, the interplay between these two species
seems fundamental for the encapsulation/delivery process as well
as for the anesthesia mechanism.

In order to study the arrangement of absorbed PLC molecules
in the vesicle, we measure 0, the angle formed by 7,—7; with
the radial versor 7 in the system of reference with the origin in
the vesicle center (see Figure 8 for details).

In Figure 9, we plot 6 as a function of the molecule center
of mass distance to the vesicle center, for all of the pPLC-I
molecules over the whole NVT simulation run. From this figure,
we can see that in water (22 A < r < 75 A) all angles are
sampled. However, for PLCs inside the vesicle, we found that
the vector 7,—T7; always points to the lipid heads, showing a
specific orientation. Similar results, but only in the external
monolayer, are found for the pPLC-O case (not shown). We
therefore conclude that the pPLC molecules exhibit a preferential
orientation when adsorbed to the vesicle inner and outer shells.
This specific orientation is due to the pPLC amphiphilic
character. The polar tails point to the lipid heads, while the
hydrophobic ring enters deeper into the lipid hydrophobic core.
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Figure 9. Mapping of 6 (see text) vs r(¢) center of mass distance from
the vesicle center for all of the protonated PLC over the 1 us simulation
run (pPLC-I case). The dashed lines indicate the inner and outer vesicle
radii.
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Figure 10. Radial distribution function, g(r), between NC3 and T1
and T2 in black and red, respectively, and between PO4 and T1 and
T2 in green and blue (NC3 and PO4 are the charged groups of the
POPC head).

On the contrary, no preferential orientation was found for the
neutral PLC in the POPC lipid tails, as found for the case of a
flat lipid bilayer. This confirms the unspecific character (see
above) of nPLC interaction with membrane.

The preferential orientation found for the pPLC molecule
suggests a preferred insertion mechanism of the protonated drug
on the vesicle layers which results from the interaction between
the lipid heads and the charged groups of pPLC tails. We plot
in Figure 10 the radial distribution function g(r) of the charged
lipid groups (PO4, NC3) and pPLC tail moieties (71, 72) for
the pPLC-O case. The peaks between the negatively charged
site of the POPC head (PO4) and both positively charged sites
of the pPLC tail found at ~5 A show a strong correlation, i.e.,
a preferred structural arrangement, as a result of the specific
interaction between oppositely charged groups. Similar results
are found for the pPLC-I case, while no correlation was found
for the neutral case (not shown).

We therefore conclude that, although electrostatic interactions
due to pPLC charged tail groups permit structured membrane—drug
complexes to be built, the presence of charge on the pPLC tails
effectively increases pPLC water affinity, leading to an overall
decrease of the total absorption of pPLC, as electrostatic
interaction between charged lipid heads and charged pPLC tails
is not strong enough to trap the pPLCs permanently into the
vesicle.

4. Conclusions

In this work, we studied the encapsulation of a local
anesthetic, prilocaine, in a small liposome by means of coarse
grained molecular dynamics. We employed a recently developed
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coarse graining model, the MARTINI force field,'" to model
water and lipids. Prilocaine force field parameters were derived
within the framework of MARTINI, and this extended force
field was validated comparing coarse grained simulation results
with fully atomistic simulation results of prilocaine embedded
in a flat lipid bilayer. The use of a coarse grain model allowed
us to reach relevant time and length scales of drug diffusion
and membrane docking—undocking processes, otherwise impos-
sible to observe using fully atomistic molecular dynamics.

Prilocaine can be found neutral or protonated under physi-
ological conditions; therefore, we studied both cases. At
equilibrium, chloride counterions are spread between the internal
and external water phases, and the majority of protonated drug
molecules do not attach or enter the vesicle, while a minority
interacts with the membrane, performing fast attaching—
detaching cycles involving different drug molecules. Neutral
prilocaine is instead quickly (less than 200 ns) fully absorbed
in the interior part of the lipid membrane where it adopts an
asymmetric bimodal distribution. Further inspection reveals a
structured interplay between protonated prilocaine and vesicle
membrane, with protonated prilocaine tail groups arranging near
the oppositely charged lipid heads. On the other hand, no
preferential orientation or structure was found for absorbed
neutral prilocaine. Our simulation results therefore suggest that,
although protonation leads to a structured interaction between
drug and host, hydrophobicity is the major driving force of drug
encapsulation. Our results also show a dependence of the
protonated PLC distribution on the preparation conditions, as
the percentage of prilocaine molecules embedded into the
liposome strongly varies depending on the initial conditions.
This observation suggests that different preparation schemes of
liposome—drug complexes leading to prilocaine trapped within
vesicles could increase overall drug power.
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