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ABSTRACT

In this work we implement a new methodology to study structural and mechanical properties of systems having spherical and planar symme-
tries throughout Molecular Dynamics simulations. This methodology is applied here to a drug delivery system based in polymersomes, as an
example. The chosen model drug was the local anesthetic prilocaine due to previous parameterization within the used coarse grain scheme.
In our approach, mass density profiles (MDPs) are used to obtain key structural parameters of the systems, and pressure profiles are used to
estimate the curvature elastic parameters. The calculation of pressure profiles and radial MPDs required the development of specific methods,
which were implemented in an in-house built version of the GROMACS 2018 code. The methodology presented in this work is applied to
characterize poly(ethylene oxide)-poly(butadiene) polymersomes and bilayers loaded with the model drug prilocaine. Our results show that
structural properties of the polymersome membrane could be obtained from bilayer simulations, with significantly lower computational cost
compared to whole polymersome simulations, but the bilayer simulations are insufficient to get insights on their mechanical aspects, since
the elastic parameters are canceled out for the complete bilayer (as consequence of the symmetry). The simulations of entire polymersomes,
although more complex, offer a complementary approach to get insights on the mechanical behavior of the systems.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION transport mechanisms within a diverse range of carriers. Among
the studied systems, as examples, include nanodroplets,” micelles,

The rational design of nanocarriers for specific drugs is a very liposomes,'' and polymersomes,'” each offering a unique perspec-

6€:2L:LL €202 J8qWiBAON 90

active area. It is essential to have theoretical tools that help in this
direction. In this context, Molecular dynamics simulations (MD)
stand as a potent tool to achieve a deeper understanding of these
systems, and thus guide the rational design of nanocarriers.”  The
amount of effort in that direction can be seen in the growth in
the number of articles in recent years that harness the capabilities
of MD simulations. These simulations have been used to investi-
gated critical aspects such as stability, release kinetics, and drug

tive on drug delivery and nanocarrier behavior. For example, in
the case of micelles, Razavi et al.'’ validated MD simulations of
micelles that show a response when applying electric fields and
their relationship to drug administration. They designed a new
type of micelle with the ability to respond to external stimuli while
maintaining solubility in water. This supramolecular micelle was
formed by the aggregation of two homopolymers: polystyrene-beta-
cyclodextrin and polyethylene-ferrocene oxide (PE-FE), through
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guest-host interactions. The study reveals that an electric field serves
as a driving force for the reversible assembly and disassembly of
micelles. This responsiveness to electric fields may have impor-
tant implications for controlled drug release applications. On the
other hand, Lin et al.'* conducted research on the structural and
mechanical properties of polymersomes formed by rod-coil diblock
copolymers (RxCy). They explore the morphological phase diagram
of RxCy to study the essential physical properties of RxCy poly-
mers through dissipative particle dynamics (DPD) simulations. In
the simulation results they obtained that small polymersomes are
only observed for short lengths of spiral blocks. Furthermore, the
length of the rod block should not be too long and weak n—m stack-
ing is necessary, since the anisotropic rod packing resists, membrane
bending and vesicle formation. The study explores the mechanical
properties of RxCy polymers, demonstrating that membrane tension
reaches a maximum while stretching and bending moduli exhibit a
minimum at intermediate coil block lengths. Here we focus here on
the implementation of a new tool that can help to access to struc-
tural and mechanical information of systems that have spherical
and axisymmetric symmetry through Molecular Dynamics simula-
tions and applied it to study a polymersome based drug delivery
system.

Polymersomes are artificial vesicles formed by amphiphilic
block copolymers that, in recent times, have increased in impor-
tance due to the versatility of their applications. These systems
can self-assemble into a bilayer structure, and have the ability
to encapsulate hydrophobic compounds within their aqueous cores
and hydrophilic ones within their membranes. Their chemical
versatility allows fine tuning of their properties, such as membrane
thickness, elasticity, permeability, etc. These properties make
them promising candidates as nanocarriers for drug release. The
stability of polymersome based systems is important for a desired
specific application. For instance, when polymersomes are used as
drug delivery vehicles their mechanical properties determine their
stability during storage and transport. The mechanical stiffness of
the polymersome membrane is crucial to maintain the integrity of
the encapsulated drugs and prevent their premature release. The
intrinsic characteristics of polymersomes are closely related to the
structural and mechanical properties of their membranes and, there-
fore, with the nature of the chosen copolymers, For instance
insights into the mechanical properties of the bilayer can be obtained
by calculating the free energy associated with the deformations, also
known as elastic free energy. These deformations can be character-
ized in terms of the principal curvatures, which correspond to the
curvatures in the two directions of the membrane deformation,
but detailed studies of the advantages and limitations of using mem-
brane bilayers as representative model systems of the corresponding
polymersomes are lacking.

The specific goal of this work is the implementation and test-
ing of a tool to calculate the pressure profiles that determine the
mechanical behavior of systems considered here at the molecular
level, to access the elastic curvature properties of both model systems
(polymersomes and bilayers) and follow the mechanical properties
with the level of charge, which represents valuable information when
designing and characterizing polymersomes. Due to the system size,
it is possible to access a small polymersome or a flat bilayer cor-
responding to it copolymer bilayer’™” using coarse-grained model
retaining enough detail to correctly reproduce the cooperative
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phenomena that occur at the mesoscale. Thus, we explored two
polymersomes model systems: small vesicles and copolymer bilayers
(that emulate large radius vesicles), for which we compared pure sys-
tems with the systems loaded with prilocaine (PLC), and determined
the information that could be extracted from each model system and
how it can be used for the design of nanocarriers. Prilocaine was
chosen as a model drug since we had parameters of this drug in
the context of the coarse grain model, and it allowed us to explore
combinations of hydrophilic and hydrophobic drugs.

Il. METHODS
A. Molecular dynamics simulations

We studied copolymer bilayers and small polymersomes with
and without PLC, as described in . We modeled our sys-
tems using a CG approach based on the MARTINI force field.
The CG model for PEO-PBD copolymers was taken from our
previous work.” PLC species were modeled using the parametriza-
tion developed by Pickholz and Giupponi.”® Explicit solvation
was included in the simulations using the polarizable water (PW)
model”’ PEO14-PBD>,.

For the neat polymersome model, we have used the Packmol
package®' to build up a spherical vesicle containing 815 and 2326
PEO14-PBD>; chains on the inner and outer leaflets respectively, and
about 43000 and 285000 PW in the inner core and outer region
respectively. PLC-loaded systems were obtained by incorporating
different number of PLC molecules into the neat systems (keeping
the physiological pH ratio pPLC/nPLC = 1.6, see ). Consid-
ering the affinity of PLC molecules for specific regions depending on
their protonation state,”” the neutral species were encapsulated into
the hydrophobic PBD core and protonated ones were distributed
between the PEO-PBD interfaces and water.”” We started our study
from fully hydrated neat PEO-PBD systems. As the model for the
neat bilayer, we have taken the one used for our previous study,

TABLE I. Summary of simulated systems used in this work. All systems were built up
with the copolymer PEO14-PBDy, (the subscripts represent the length corresponding
to the hydrophilic and hydrophobic blocks).

Type Label Nnprc/Npprc®  CGsites”  tsim™ (US) tnote (hs)
Neat 0/0
B N27-P43 27/43 ~3.5 x 10* 5.0 ~100
N54-P86 54/86
Neat 0
P N500-P800 500/800 ~1.11 x 10° 3.5 ~750
N1000-P1600 1000/1600

*B = Bilayer, P = Polymersome.

®Label are related with the number of neutral (N) and protonated (P) drugs.

“Npprc and Npprc are the numbers of molecules of the respective species.

dThe CG sites are the effective force centers onto which the all-atom structure is
mapped.

Simulation time.

Total node hours, estimation based on the reference hardware: Intel Xeon E5-2680 v4
processors (14 cores, 2.4 GHz), 256 GB RAM, Nvidia Tesla P100 GPU boards, using one
processor and one GPU board for bilayers, and two processors and two GPU boards for
polymersomes.

J. Chem. Phys. 159, 174908 (2023); doi: 10.1063/5.0165478
Published under an exclusive license by AIP Publishing

159, 174908-2

6€:2L:LL €202 J8qWiBAON 90



The Journal
of Chemical Physics

built of 100 PEO14-PBDy, chains per monolayer (subscripts repre-
sent the lengths of the corresponding blocks) and 9000 polarizable
water (PW) molecules.”’ In order to balance the net charge of the
system, one chloride counterion (Cl™) per pPLC molecule was also
inserted into the corresponding water regions.

MD simulations were carried out using the GROMACS 2018
package.”” All simulations were done using the NPT ensemble
(semi-isotropic for bilayers, isotropic for polymersomes), periodic
boundary conditions (PBC) in all directions, shifted Lennard-Jones
(L)) potential (cutoff radius of 1.2 nm), shifted Coulombic poten-
tial (cutoff radius of 1.2 nm) with a relative dielectric constant ¢,
= 2.5, and time steps of 20 fs. Temperature was equilibrated at
300 K using the Nosé-Hoover thermostat™’ with a coupling constant
of 6.0 ps. Pressure was kept at 1 bar using the Parrinello-Rahman
barostat** with a coupling constant of 6.0 ps and compressibility
of 4.5 x 107> bar™'. The geometry of water molecules was held
fixed by means of LINCS algorithm.” For bilayers, the simula-
tions were extended up to 5 us; the corresponding equilibrium
trajectories were obtained on the last 3 ys. For polymersomes, the
systems were run up to 3.5 s, and the equilibrium trajectories were
taken on the last 1.5 us. Details of the simulated systems used in
this work, including number of PLC loaded molecules, number of
total CG sites, simulation and computational times are shown in

B. Structural analysis
1. Mass density profiles

The mass density profiles (MDPs) for bilayers were obtained by
dividing the systems in 100 slabs along z direction [see ] and
calculating the average density on the corresponding slabs:

MDP(z) = (%) 1)

where z-direction is the normal to the plane of the bilayer, z; is the
position of slab s in z-direction, A and F are the area and thickness
of each slab respectively, m; is the net mass on slab s, and the brack-
ets (- - -) denote temporal averaging. All MDPs were centered at the
bilayer midplane.

@
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FIG. 1. Schematic illustration of MDPs calculation for (a) planar and (b) spherical
systems. For bilayers (a), z-direction was taken as the normal to the plane of the
bilayer. For polymersomes (b), ry was regarded as the polymersome center.
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For polymersomes, radial MDPs were computed using a similar
procedure, but dividing the systems in 150 spherical shells cen-
tered at ro [see ] and calculating the average density on the
corresponding shells:

ms

RMDP(VS) = (%)”[(rs N h)3 _ 753]

@)

where r; is the radius of the shell s, & is the thickness of each shell,
and m; is the net mass on shell s.

The centering point ry represents the polymersome center; it
was determined as the geometric center of the PBD group. For its
calculation, we have applied a centering method for periodic systems
based on the algorithm proposed by Bai and Breen.

2. Structural properties

Different structural properties of the systems were evaluated
by means of the membrane area, the membrane thickness, and the
hydrophobic volume per chain (defined as the volume occupied by
the hydrophobic core divided by the number of copolymer chains in
the system). For bilayers, the membrane area (A) was calculated as A
= byby, where b, and by, are the box lengths parallel to the plane of the
membrane, the membrane thickness (d) as the width at half height
of the MDPs of the PBD group, and the hydrophobic volume per
chain (V) as V. = Ad/N., where N. is the total number of copoly-
mer chains in the system. For polymersomes, we have first defined
the inner and outer radii (R; and R, respectively) as the two r values
for which the MDPs of the PBD group are at half height (R; the low-
est value and R, the highest one). Using these parameters, we have
calculated the inner and outer membrane areas (A; and A, respec-
tively) as Aijo = 471Rf/0, the membrane thickness as d = R, — R; and
the hydrophobic volume per chain as V. = 4/3)n(RS - R))/N.. All
these quantities were determined by computing their values every
1 ns and obtaining their averages and standard deviations along the
equilibrium trajectories.

To compare the changes on the membrane areas for PLC-
loaded bilayers and polymersomes at different PLC concentrations,
we have defined the normalized membrane area expansion, given by
the quantity o = (A — Ag)/Ao, where A is the membrane area of the
corresponding drug-loaded system and Ao the membrane area of its
associated neat system. In particular, for polymersomes, two « val-
ues can be obtained, one for the inner membrane area and the other
one for the outer membrane area.

Finally, for PLC-loaded systems we have also quantified the
number of adsorbed pPLC molecules per unit area at each PEO-PBD
interface. We have denoted these quantities as I;, where i repre-
sents the corresponding interface (i = low/upp for the lower/upper
interfaces on bilayers, and i = inn/out for the inner/outer interfaces
on polymersomes). Calculation details of I'; values for the different
interfaces are described in the supplementary material.

C. Mechanical analysis
1. Pressure profiles

Pressure profiles are a powerful tool to get insights into
the mechanical behavior of the systems at the microscopic level.
Depending on the system geometry, different methods have been
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developed to compute them. In the next paragraphs, we briefly intro-
duce the calculation of the pressure profiles for planar and spherical
systems.

For systems with planar symmetry (bilayers), the local pressure
is represented by a diagonal tensor P that only depends on the z
coordinate. "’ It can be written in the form:

P(z) = Pyu(2)éxes + Pyy(2)éy8y + Pro(2) 28, (3)

where &y, &, and ¢, are the orthogonal unit vectors in cartesian coor-
dinates, and Px(z), Pyy(2), P=-(2) the corresponding components of
the pressure tensor.

From the planar symmetry it follows that Px(z) = Py (2).
Then, tangential and normal components of the pressure tensor are
defined as Pr (z) = [Pxx(2) + Pyy(2)]/2 and Py (z) = P..(2) respec-
tively. In order to obtain the pressure profiles on bilayers, we have
divided the systems in 100 slabs parallel to the plane of the mem-
brane (similarly to the MDPs) and computed Py (z) and Py (z) on
each slab. Details of the calculation method for Py (z) and Py (z) can
be found elsewhere.

For systems with spherical symmetry (polymersomes), the
local pressure tensor is also diagonal and only depends on the r
coordinate.”” It can be written in the form:

P(?’) = Prr(r)érér + ng(r)égég + P¢¢(r)é¢é¢ (4)

where &, &g and &, are the orthogonal unit vectors in spherical coor-
dinates, and P,.(r), Pgg(r), Pyy(r) the corresponding components of
the pressure tensor.

Due to the spherical symmetry, we have Pgg(r) = Pyy(r).
The tangential and normal components of the pressure tensor are
defined as Pr (r) = [Pgg(r) + Pypy(r)]/2 and Pn(r) = P, (r) respectively.
The pressure profiles were calculated by discretizing the systems in
150 spherical shells around the system center (using a similar pro-
cedure as for the RMDPs) and computing Pr(z) and Py (z) on each
shell, following the method developed by Nakamura et al.

2. Helfrich elastic model

The Helfrich elastic model’” provides an expression for the
elastic free energy per unit area (f) of a fluid membrane in terms of
the mean curvature H = (¢; + ¢;)/2 and Gaussian curvature K = ¢ ¢;,
where ¢; and ¢, are principal curvatures.”” Within this framework, f
can be expressed in the form.

f(H,K) = 2x(H - Hy)* + kK (5)

where « is the bending modulus, ¥ the Gaussian curvature modu-
lus (also known as saddle-splay modulus), and Hy the spontaneous
curvature.

The elastic parameters «, ¥ and Hy are defined at zero curvature
(H = K = 0) and can be estimated for planar bilayers in terms of the
integral moments of the Pr (z) — Py (z) profiles. The Helfrich
model is an approximate method valid on the low-curvature limit (H
—0, K —0), thus adequate to describe the elastic behavior of planar
bilayers and giant vesicles (1-10 ym diameter).

For small vesicles (15-200 nm diameter), an extension of the
Helfrich model developed by Nakamura and Shinoda’ can be
used. This extended model includes the curvature dependency in
the elastic parameters without changing the free energy function.

ARTICLE pubs.aip.org/aipl/jcp

Within this formulation, the elastic parameters x, ¥ and Ho can be
defined for any arbitrary curvature. They can be estimated for spher-
ical vesicles through the integral moments of the Pr (z) — Py (2)
profiles.

For all systems studied in this work, we were able to calcu-
late their «, ¥ and Ho parameters using the corresponding pressure
profiles previously obtained from MD simulations. Details of these
calculations can be found in the supplementary material. After-
wards, the f values for the corresponding systems were computed
from Eq. (5), using H = K = 0 for bilayers, and H = —1/R; and K
= 1/R’* for polymersomes, where R; is the radius associated to the
surface of tension of the membrane (see details in supplementary
material). The minus sign on the H parameter is defined by the
convention for the curvature sign taken by Nakamura et al. in the
extended Helfrich model.

I1l. IMPLEMENTATION

MDPs for planar systems (bilayers) were computed from
MD trajectories using the analysis tools provided in the standard
GROMACS 2018 code. Radial MDPs for spherical systems (poly-
mersomes) and pressure profiles for both planar and spherical
systems were computed using our own developed tools, imple-
mented as a set of C/C++ modules included in an in-house built
version of the GROMACS 2018 code. The pressure profiles cal-
culation is integrated as part of the MD engine and supports
serial and parallel processing across multiple cores (using shared
memory with OpenMP) and SIMD (Simple Instruction Multiple
Data) acceleration for best performance. The code is freely avail-
able at . Finally, we
have implemented different Python scripts to process the obtained
MDPs and pressure profiles to calculate the structural and elastic
parameters of the systems as described in the previous sections.
The Python scripts are available at

Here, we applied the methodology described below to study and
characterization of PEO-PBD bilayers and polymersomes. We first
evaluated the neat systems as proof of concept, and we determined
the parameters playing a key role on the structural and mechanical
aspects of the membrane. Then we applied our approach to study
PLC loaded systems, understand their behavior upon loading and
the relationship with key structural and elastic parameters.

IV. RESULTS AND DISCUSSION
A. Comparison of neat systems

shows representative snapshots of the equilibrated
neat systems. For both cases, we observe the core of the membrane
formed by the hydrophobic PBD (pink) surrounded by hydrophilic
PEO (purple) and water (cyan).

Insights on the local organization of the components and the
local pressure distribution across the systems can be obtained from
the MDPs and pressure profiles, illustrated in . As a gen-
eral remark, we emphasize that the bilayer profiles are essentially
symmetric around the bilayer midplane (z ~ 0 nm), while the
polymersome profiles are inherently asymmetric around the mean
radius (r ~ 11 nm). The MDPs for the neat bilayer and polymer-
some are illustrated in - respectively. These profiles
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FIG. 2. Snapshots on equilibrium state for (a) neat bilayer and (b) neat polymer-
some. Components identified by color: PBD (pink), PEO (purple), water (cyan).
Snapshots were generated using the VMD software.

are compatible with a typical bilayer structure,” with the hydropho-
bic block (PBD) in the center, surrounded by the hydrophilic block
(PEO) and water. The PEO MDPs are also similar in both systems,
except for the asymmetry observed on the polymersome case. Here,
the PEO density peak on the inner layer (r ~ 8 nm) presents a
higher value compared to the PEO density peak on the outer layer
(r ~ 14 nm).

The Pr and Py profiles for the neat bilayer and polymersome
are shown in - respectively. For the neat bilayer, we
observe that Py is practically constant throughout the system and its
average value is coincident to the external normal pressure (1 bar).
This behavior is the expected one for planar systems in mechanical
equilibrium. The Pr profile is symmetric on the bilayer, where
different contributions can be observed for each region. We iden-
tify a positive contribution in the PEO-water region, a negative one
around the PEO-PBD interface and a positive one in the PBD region.
These characteristics for the Pr profile were previously reported for
PEO-PBD bilayers.”” We have checked that the Pr values in the bulk
water phase converge to the external tangential pressure (1 bar), as
well as its mean value along the system.

ARTICLE pubs.aip.org/aip/jcp

For the neat polymersome, we observe some differences on
the pressure profiles with respect to the bilayer case. The Py pro-
file is no longer constant; we identify a positive contribution in the
region r $ 13.5 nm with a maximum value at 7 ~ 7.5 nm, followed
by a negative contribution that extends along the aqueous region,
with a minimum at  ~ 14 nm. On the other hand, the Pr pro-
file presents a similar shape to the one observed for the bilayer case
but with differences in the pressure magnitudes accounting for the
asymmetry around the mean radius (r ~ 11 nm). We observe a max-
imum Py value at r ~ 7 nm (on the inner side of the polymersome)
which is higher than the maximum observed at r ~ 14.5 nm (on
the outer side). In the same way, the minimum Py value observed
at r ~ 8 nm (on the inner side) is lower than the minimum at
r ~ 13.5 nm (on the outer side). In both cases, the Py and Pr values in
the bulk water phase converge to the external normal and tangential
pressures (1 bar), as required for systems in mechanical equilibrium.

The elastic properties of the neat bilayer and polymersome were
obtained by means of the Helfrich model (see Sec. ). Within this
framework, the elastic parameters of the membrane can be deter-
mined using the corresponding pressure profiles for each system (see
calculation details on supplementary material).

For the neat bilayer, the resulting value for the spontaneous
curvature was Ho 0.01 + 0.02 nm ™" and for the elastic free energy
was f = 0.001 + 0.002 nm~" kgT/nm®. In this direction, we observe
that Hy and f are compatible to the condition of zero spontaneous
curvature for symmetric bilayers.

On the other hand, for the neat polymersome we calculated a
spontaneous curvature of Hy = 0.69 + 0.03 nm~' and elastic free
energy of f = 44 + 3 nm™"! kgT/nm®. Due to our convention of the
curvature sign (see Sec. ), the positive Hy value can be inter-
preted as the tendency of the membrane to bulges locally towards
the interior of the polymersome, favoring a lower membrane curva-
ture and consequently a larger polymersome radius (see Refs. 60 and

for further details on the mechanism for spontaneous curvature
on membranes). Moreover, we calculated from Eq. (5) the derivative
of the elastic free energy with respect to the curvature (df/dH) eval-
uated on H = 0. For the neat polymersome, we obtained a value of
df/dH ~ -38 ks T/nm?, which implies that f decreases for greater H

Neat polymersome

— System
PBD

— PEO

- Water

Neat bilayer
E
<
ap
<
%
(@]
= v
— 100} (b) -
[
3 -100
o
a —200

— PI'
— P.\'

9 -6 -3 0 3 6 09
z (nm)

5 8 11 14 17
r (nm)

FIG. 3. MDPs of the total system, PBD, PEO and water components for (a) neat bilayer and (c) neat polymersome. Py and Py profiles for (b) neat bilayer and (d) neat

polymersome.
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values. Considering that H = —1/R in our convention (R is the poly-
mersome radius), increasing H leads to lower |H|, and hence larger R
values. Therefore, a negative df/dH would indicate the tendency of
the current neat polymersome towards larger radius, as previously
suggested by the Hy parameter.

B. Comparison of PLC-loaded systems

To evaluate the effect of the PLC loading on the systems struc-
ture, we have characterized the normalized membrane area expan-
sion («), the membrane thickness (d) and the hydrophobic volume
per chain (V) as function of the total number of PLC molecules
(NpLc = Nnprc + Npprc) normalized by the number of copolymer
chains in the system (N. = 200 for bilayers and N = 3141 for poly-
mersomes). For all PLC-loaded systems we have used Npprc/NnpLc
ratios corresponding to physiological pH considering Henderson-
Hasselbalch equation (see Sec. ). The corresponding results for
a, d and V. are shown in - respectively.

For bilayers we observe that the membrane area expands up to

15% [ ] and the membrane thickness decreases [ ]
§ Bilayer
¢ Polymersome
4 Polymersome (Inner Surf.)
¢ Polymersome (Outer Surf.)
¥ 10 +
<
= 5
< & ®
0 + A 7y
6.0f (b)
e 57
£ } |
= 5.4
8 L]
51}
2.58
& 2.54
£
_\:: 2.50
2.46 (c)
00 02 04 06 08
Npyc/N,

FIG. 4. Normalized area expansion («), membrane thickness (d) and hydrophobic
volume per chain (V) as function of the number of PLC molecules per copolymer
chain (Np.c/N¢). In (a), one « value is determined for each bilayer (associated to
the membrane area, A), while two « values were obtained for polymersomes (cor-
responding to the inner and outer membrane areas, A; and A,). In (c), the green
line represents the theoretical volume per chain occupied by nPLC molecules as
a function of the number of PLC molecules per chain.
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as PLC concentration increases. The same trend has been observed
for bilayers loaded with pure pPLC,” suggesting that the structural
characteristics of the PLC-loaded bilayers with the selected pro-
tonated/neutral ratio are dictated by the protonated species. This
behavior can be explained by considering that the pPLC molecules,
adsorbed at the PEO-PBD interfaces, induce a greater separation
between the copolymer chains (area expansion); the latter ones are
flexible enough to accommodate themselves within the structure,
occupying the free spaces and leading to a membrane compression
(d decrease). On the other hand, the effect of neutral species on the
structure can be seen through the linear increase of V.. The green
line in represents the theoretical volume per chain occupied
by nPLC molecules (estimated using the molar mass and the pre-
dicted PLC density””) as a function of the number of PLC molecules
per chain in the system (where Nypic = Nprc/2.6, obtained through
the physiological pH ratio). As seen in , the V. values are
well described by the green line, which indicates that the expansion
of the hydrophobic core would correspond to the volume occupied
by the nPLC molecules encapsulated into the membrane.

For polymersomes, we observe that the inner membrane area
remains constant while the outer membrane area slightly expands
up to 2.5% as PLC concentration grows [ ]. On the other
hand, the membrane thickness also exhibits a slight increase in the
same direction [see ]. This behavior, quite different from
the one observed for bilayers, can be explained by the characteris-
tics of the simulated polymersomes. As described above, the bilayers
present a tangential expansion and normal compression with PLC
loading.

In polymersomes, the tangential expansion of the membrane
would lead to greater membrane areas and thus larger polymer-
somes. However, the simulation conditions (PBC and isotropic
NPT ensemble) impose restrictions that constrain the box dimen-
sions and maintain the system stability in the current configuration.
Therefore, the size of the simulated polymersomes is essentially con-
served (with a slight increase of the outer radius), frustrating the
tangential expansion of the membrane. Because of this, the effect
of the protonated species on the polymersome structure is canceled
out. The slight increase of the membrane thickness with PLC con-
centration seems to be the result of the encapsulation of the neutral
species within the membrane. The linear growth of V. following the
green line [ ] is consistent with this observation.

Snapshots of equilibrated PLC-loaded systems for the corre-
sponding maximum PLC concentrations are depicted in .In
both cases, we observe that the neutral PLC species (nPLC, green)
are encapsulated within the hydrophobic core of the membrane
(PBD, pink), while the protonated species (pPLC, red) are adsorbed
on the membrane interface or distributed on the bulk water.

To describe the local distribution of the drug and their impact
on the local pressure distribution across the systems, we analyze the
MDPs of the nPLC and pPLC species and the PT — PN profiles
of the corresponding systems at different PLC concentrations. The
resulting profiles are depicted in

The local distributions of nPLC and pPLC on bilayers and poly-
mersomes are shown in - respectively. In both cases,
the MPDs show that nPLC is localized within the PBD region and
pPLC is distributed between the PEO-PBD interfaces and the water
phase. For the polymersomes, the components are distributed in
similar regions. The pPLC MDP presents density values at the outer
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FIG. 5. Snapshots on equilibrium state for (a) PLC-loaded bilayer (Nnpc = 54,
Nypic = 86) and (b) PLC-loaded polymersome (Nypc = 1000, Nypic = 1600).
Components identified by color: PBD (pink), PEO (purple), water (cyan), nPLC
(green), pPLC (red), CI~ (blue). Snapshots were generated using the VMD
software.*®

interface that are considerably higher than at the inner interface. On
the contrary, the nPLC MDP is skewed towards the inner side. This
may indicate that the neutral species would be accommodated in the
structure to partially compensate for the imbalance observed on the
pPLC distribution in favor of the outer side.

A better understanding of the mechanical behavior of the
systems could be obtained by analyzing the Py — Py profiles of
bilayers and polymersomes as function of the PLC concentration
[see Figs. 6(b)-6(d) respectively]. It is important to remark that the
Pr — Py profiles provide a valuable tool for mechanical character-
ization since the elastic parameters of the membrane depend on
their integral moments (see Sec. II C 2). For bilayers [Fig. 6(b)],
we observe that the incorporation of PLC into the system leads to
a narrowing of the Pr — Py profiles in z-direction [as consequence
of the membrane thickness decrease, see Fig. 4(b)] without affecting
significantly the local pressure distribution: the shape of the pres-
sure profiles is essentially conserved, with some minor differences
in the pressure values at the minima (located around the PEO-PBD

PLC-loaded bilayer

ARTICLE
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interfaces). In this direction, the bilayer seems to be mechanically
compliant to the PLC loading and relaxes its structure to allow the
incorporation of the drug into the structure with low impact on its
mechanical behavior.

For polymersomes [Fig. 6(d)], we observe that the PLC loading
leads to significant changes in the P+ — Py profiles at the PEO-PBD
interfaces (r ~ 8 nm and r ~ 13.5 nm), where Py — Py values increase
with the PLC concentration. We can also observe that the pressure
increase for the minimum at r ~ 13.5 nm (outer PEO-PBD interface)
is more pronounced than for the minimum at » ~ 8 nm (outer PEO-
PBD interface). Analyzing the pPLC MDPs for polymersomes [see
Fig. 6(b), full lines] we see that these pressure changes could be cor-
related to the amount of adsorbed PLC at the PEO-PBD interfaces:
when the adsorbed pPLC density increases, the pressure value rises.
This behavior could be explained by considering the effect of the
protonated species on the structure. On bilayers, the adsorbed pPLC
on the interfaces would be responsible for the tangential expansion
of the membrane (as a consequence of the extra space occupied by
these molecules), but this mechanism is frustrated in the polymer-
some, as already discussed in the analysis of structural parameters.
In this direction, the increase of the pressure values at the interfaces
could be a consequence of such frustration: the polymersome is not
able to accommodate its structure to relax the local pressure gener-
ated by the pPLC molecules adsorbed at the interfaces, leading to a
pressure increase proportional to the local pPLC concentration.

In order to obtain a deeper insight on the mechanical response
of the systems upon PLC loading, we have analyzed the dependency
of the elastic parameters of the membrane with PLC concentration.
Since the interfaces seem to play a key role in the mechanical aspect,
it would be interesting to connect these properties to the amount
of adsorbed pPLC at the interfaces. To this end, we have charac-
terized the difference of adsorbed pPLC molecules per unit area
between interfaces (AT = I'upp — Ty for bilayers and AT = T'out — T'inn
for polymersomes), the spontaneous curvature (Ho) and the elastic
free energy per unit area (f) for all simulated systems. The results
obtained for all simulated systems are shown in Table II.

PLC-loaded polymersome

[ — Neat — N27-P43 — N54-P86 | [ — Neat — N500-P800 — N1000-P1600 |
o 90+ J—prclH} , )
€ === nPLC
o 60F » =
=
o 30F
@)
2 0
—~ 8o : ' '
(2]
S 0
& -80¢ »
| =160k i 1
&
& —240} (b) 10
-9 -6 -3 0 3 6 9 2 5 8 11 14 17
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FIG. 6. MDPs of the nPLC and pPLC species at different PLC concentrations for (a) bilayers and (c) polymersomes. PT — PN profiles for the same PLC concentrations for
(c) bilayers and (d) polymersomes. For all cases, we include the profiles of the corresponding neat systems as reference.
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TABLE II. Difference of adsorbed pPLC molecules per unit area between interfaces (AT), bending modulus (x), Gaussian curvature modulus (’f ), spontaneous curvature (Hp),

elastic free energy per unit area (f) and derivative of the elastic free energy respect to the curvature (df/dH) for all simulated systems. Notice that the parameter & is not available
for bilayers since the Gaussian curvature term vanishes at zero curvature. The quantity df/dH for bilayer was also calculated for bilayers, although not used in our analysis.

System AT (nm ™) K (kpT) % (kpT) Ho (nm™) f (kg T/nm?) df/dH (kpT/nm*)
Neat (B) 0 12+4 N/A -0.006 +0.018 0.0008 + 0.0018 03+18
N27-P43 (B) ~0.01+0.02 11+3 N/A 0.03 +0.08 0.02 +0.04 -1+7
N54-P86 (B) -0.01+0.03 10+3 N/A ~0.002 +0.048 0.0001 +0.0012 0.07 +4.06
Neat (P) 0 39+5 -493/47 0.69+0.03 44+3 -38+2
N500-P800 (P) 0.13+0.03 38+5 -356/60 0.45+0.03 1942 -22+2
N1000-P1600 (P) 0.16+0.03 38+5 -311/72 0.33+0.04 1142 ~14+2

*(B) = Bilayer, (P) = Polymersome.

For bilayers, we observe that the number of adsorbed pPLC
molecules per unit area in the upper and lower interfaces are statisti-
cally equal in all cases (AT ~ 0), which reflects the symmetric nature
of these systems. Similarly, to the neat case, the elastic parameters
Hy and f are also zero (within the statistical error) for PLC loaded
bilayers.

For polymersomes we observe that AT increases with the PLC
loading, which implies a greater amount of adsorbed pPLC on the
outer interface compared to the inner one [see also pPLC MDP
in ]. On the other hand, Hy and f present positive but
decreasing values as the PLC concentration increases. Due to the
convention of the curvature sign (see Sec. ), the positive
Hj values can be interpreted as the tendency of the membrane to
curve towards the interior of the polymersome favoring lower curva-
ture structures (thus larger polymersomes radii). As a consequence,
the polymersome membrane becomes energetically more stable
(lower f) and decreases its tendency to curve (lower Hp)) when AT
increases.

To obtain a better understanding of the mechanical response
of the systems in terms of curvature (H), we calculated the deriva-
tive of the elastic free energy with respect to the curvature [df/dH
from Eq. (5)]. For the neat polymersome we have obtained df/dH
~ —38 kg T/nm?, which implies that f decreases for greater H values.
Considering that H = —1/R in our convention, where R is the poly-
mersome radius (see Sec. ), increasing H leads to lower |[H| and
larger R values. When estimating df/dH for the PLC-loaded poly-
mersomes, we have obtained the approximated values —22 ks T/nm?>
and —14 kp/nm? for N500-P800 and N1000-P1600 polymersomes
respectively. Compared to the neat case, we see that the df/dH val-
ues are also negative but decrease in absolute value, indicating that
the curvature change required to minimize the elastic energy of the
membrane would be lower for greater PLC concentrations. This
means that the polymersome configuration becomes more stable
when the PLC concentration grows, which is consistent with the pre-
vious observation of lower f for higher PLC levels. Besides, pPLC
partitions between water and hydrophilic regions and considering
that the hydrophilic crown of the inner shell is more compact than
the outer one, the inner shell show less capacity to host pPLC than
the outer shell.

Our results suggest that the initial (neat) polymersome is
highly curved on the current configuration, showing a tendency
to form lower curvature polymersomes (greater radius); this ten-
dency to curve decreases as AT increases with the PLC loading.

This behavior could be explained in terms of the local pressure distri-
bution: the initial polymersome presents a lateral pressure imbalance
that pushes the membrane to greater lateral expansions on the inner
side, generating the observed tendency to lower curvatures. When
PLC is incorporated into the system, the excess of adsorbed pPLC
on the outer interface provides extra pressure on the outer side that
reduces the initial pressure imbalance between interfaces, decreas-
ing the tendency of the membrane to curve and stabilizing the
system in the current configuration. The hypothesis of the lateral
pressure increase on the outer interface is consistent with the pres-
sure changes observed on the Py — Py profiles at the interfaces [see

l.

V. CONCLUSIONS AND PERSPECTIVES

In this work, we have implemented a computational method to
determine structural and mechanical properties of planar and spher-
ical bilayers using Molecular Dynamics simulations. The method
includes the calculation of key structural membrane parameters
from mass density profiles, and determination of curvature elastic
parameters from pressure profiles.

The methodology was applied to characterize PEO-PBD bilay-
ers and polymersomes loaded with a combination of neutral and
protonated Prilocaine. The studies were carried out using MD sim-
ulations performed within the CG MARTINI model using different
PLC concentrations at physiological pH levels (pPLC/nPLC = 1.6).
The obtained results show that in bilayers and vesicles systems,
the neutral species are encapsulated within the hydrophobic core,
while the protonated ones are adsorbed on the PEO-PBD interfaces
or distributed in the aqueous phase as have already seen in previ-
ous work. In particular, for bilayers, we observe that the structural
behavior of the systems is guided by the protonated species: lateral
membrane expansion (area increase) and normal membrane com-
pression (thickness decrease) as PLC concentration increases. In all
cases, the bilayer shows a symmetric distribution around its mid-
plane. As a consequence of this symmetry, the difference of pPLC
adsorbed on both interfaces (AT), the spontaneous curvature (Ho)
and the elastic free energy (f) are zero within the statistical error.

For polymersomes we observe that the structural behavior
is driven by the neutral species: a slight expansion of the mem-
brane in the normal direction is only seen. In this case, due to the
limitations imposed by the simulation conditions, the lateral expan-
sion of the membrane induced by the protonated species is frustrated
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in the polymersome, leading to important consequences at the
mechanical level. We observe that AT increases but Hy and f both
decrease with PLC concentration. A possible interpretation for this
behavior is that the initial (neat) polymersome presents a lateral
pressure imbalance that promotes a greater membrane expansion
on the inner interface, causing a tendency to reduce its curvature
and to increase its radius. Then, the greater adsorption of pPLC on
the outer interface provides an extra lateral pressure on this region,
reducing the initial lateral pressure imbalance and thus decreasing
the tendency to curve and the elastic energy accumulated in the
membrane. In this direction, the presence of the drug seems to stabi-
lize the membrane in this particular polymersome configuration. At
this point, there are two factors that could play a key role, the size of
the polymersome that determines the current membrane curvature,
and the number of chains in both layers. For each polymersome at
a given radius, it could be possible to find an optimal relationship
between the number of inner/outer chains that balance the distribu-
tion of lateral pressures, in such a way that the tendency to curve and
the elastic energy are minimal. In this direction, the analysis of the
elastic parameters could be used to explore and determine optimal
inner/outer chain ratios for the most stable size vesicle.

As a general conclusion, we can state that both models (bilayers
and polymersomes) are useful for the study of drug encapsulation
in polymer membranes. Both systems have complementary features,
being the bilayer model less computer resource demanding and
more suitable for the structural characterization of the membrane
(area per chain and membrane thickness), and the polymersome
model for its mechanical characterization (spontaneous curvature
and elastic free energy). In particular, in the latter model, although
the structural response is restricted by the simulation conditions, the
elastic parameters could be the driving factors in the search of the
optimal configuration.

Due to the computational cost to study entire polymerssome,
bilayers are broadly used as models. Here we provided a comparison
between them and important features were found. It is important to
point out that here that we investigated a particular stable polymer-
some. Stable polymersome are not unique. Experimentally, it can
have different radii and consequently curvatures.

As perspectives, we believe that the methodology presented in
this work may be a valuable tool in general problems with planar
and spherical symmetries. In particular, as we showed here, it could
be useful to study systems on the design and characterization of
mechanically stable polymersomes for drug delivery applications.
Bilayer simulations could be used to explore different materials and
formulations to determine polymer membranes with desired prop-
erties. Polymersomes of selected materials could be simulated, using
different sizes and/or different inner/outer chain ratios, to obtain the
most stable prospects (e.g., the polymersome with the lowest elastic
free energy). Finally, the effect of the drug loading on the mechanical
and elastic behavior of the most promising candidates can be studied
to determine their stability as drug carriers.

SUPPLEMENTARY MATERIAL

The supplementary material contains the following informa-
tion:

e Calculation of adsorbed pPLC molecules per unit area.

ARTICLE pubs.aip.org/aipl/jcp

e Calculation of elastic parameters of bilayers and

polymersomes.
e Calculation of bending modulus of bilayers and
polymersomes.
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