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Abstract We report on the results of particle-based, coarse-
grained molecular dynamics simulations of amphiphilic
lipid molecules in aqueous environment where the mem-
brane structures at equilibrium are subsequently exposed
to strong shock waves, and their damage is analyzed. The
lipid molecules self-assemble from unbiased random initial
configurations to form stable bilayer membranes, including
closed vesicles. During self-assembly of lipid molecules, we
observe several stages of clustering, starting with many small
clusters of lipids, gradually merging together to finally form
one single bilayer membrane. We find that the clustering of
lipids sensitively depends on the hydrophobic interaction A
of the lipid tails in our model and on temperature 7' of the
system. The self-assembled bilayer membranes are quanti-
tatively analyzed at equilibrium with respect to their degree
of order and their local structure. We also show that—by
analyzing the membrane fluctuations and using a linearized
theory— we obtain area compression moduli K4 and bend-
ing stiffnesses «p for our bilayer membranes which are within
the experimental range of in vivo and in vitro measurements
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of biological membranes. We also discuss the density profile
and the pair correlation function of our model membranes at
equilibrium which has not been done in previous studies of
particle-based membrane models. Furthermore, we present
a detailed phase diagram of our lipid model that exhibits a
sol—gel transition between quasi-solid and fluid domains, and
domains where no self-assembly of lipids occurs. In addition,
we present in the phase diagram the conditions for tempera-
ture 7 and hydrophobicity /. of the lipid tails of our model to
form closed vesicles. The stable bilayer membranes obtained
at equilibrium are then subjected to strong shock waves in
a shock tube setup, and we investigate the damage in the
membranes due to their interaction with shock waves. Here,
we find a transition from self-repairing membranes (reduc-
ing their damage after impact) and permanent (irreversible)
damage, depending on the shock front speed. The here pre-
sented idea of using coarse-grained (CG) particle models for
soft matter systems in combination with the investigation of
shock-wave effects in these systems is a quite new approach.

Keywords Molecular dynamics simulation - Biological
membrane - Particle simulation - Shock-wave physics -
Cell research - Multiscale modeling

1 Introduction

Every cell on Earth uses a plasma membrane to separate and
protect its chemical components from the outside environ-
ment. The plasma membrane acts as a barrier to prevent the
contents of the cell from escaping and mixing with the sur-
rounding medium. It allows nutrients to pass inward, across
the membrane through channels, and waste products to pass
out. When a cell grows or changes shape, so does its plasma
membrane; it can deform without tearing. If the membrane
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Fig. 1 Our coarse-grained (CG) particle model of lipid molecules.
From left to right: The most common structure of lipid molecules found
in biomembranes of eukaryotic cells, Dipalmitoylphosphatidylcholine
(DPPC), C40HgoNOgP, as a formula and a space filling model which in
essence is built from 5 parts: The hydrophilic head, choline, is linked
via a phosphate to glycerol, which in turn is linked to two hydrocarbon
chains, forming the hydrophobic tail. In our particle-based, coarse-
graining approach, the hydrophobic and hydrophilic parts of the lipid
are replaced with a particle-based polymer model, where we can use
any number of particles for the head part and also for the hydrocarbon
tail. For our investigations in this study, we use a three-particle model
that captures the aspect ratio R of real lipids, which can be estimated as

is pierced, it neither collapses like a ballon, nor remains torn;
instead, it quickly reseals [1]. This transient permeability of
a cell’s plasma membrane or even complete destruction can
also be achieved by exposing cells to shock waves, as we have
demonstrated in a recent publication where we introduced
a new experimental setup for exposing U87 glioblastoma
tumor cells to laser-induced shock waves [2]. Shock-wave
treatment of cells might open up new interesting biological
and medical applications, e.g., in gene therapy, where the
permeabilization of the membrane aims at delivering ther-
apeutic molecules, genes, or other genetic material into the
cells’ cytoplasm [3—13].

Eukaryotic cells also contain an abundance of inter-
nal membranes that enclose intracellular compartments to
form the various organelles of cells. These internal mem-
branes are constructed on the same principles as the plasma
membrane, and they, too, serve as highly selective barriers
between spaces containing distinct collections of molecules.
Subtle differences in the composition of these membranes,
especially in their resident proteins, give each organelle its
distinctive character [14].

Regardless of their locations, all cell membranes are com-
posed of lipids and proteins and share a common general
structure: They are arranged in two closely opposed sheets,
forming a lipid bilayer: the lipid bilayer has been firmly
established as the universal basis of membrane structure,
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R = (0.5 - bilayer thickness)//(area per molecule), and which is (for
many cases) R ~ 2.5nm/+/(0.7nm?) &~ 3. Hence, we use two parti-
cles for the tails, indicated in light-colored spheres and one for the head,
indicated in dark color. The particles of the lipid model are connected
using anisotropic springs according to Eq. (3). The standard excluded
volume interaction according to Eq. (1) between all beads is indicated
in dark color (blue), and the angle 6 for the bending potential of Eq.
(2) is also drawn. Finally, the attractive potential of Eq. (4) between
tail particles of different chains, which mimics the hydrophobic inter-
action of the lipid tails with the aqueous environment is indicated with
light-colored arrows (light-green). (Color figure online)

and its properties are responsible for the general properties
of all cell membranes [15]. The lipids in membranes com-
bine two very different properties in a single molecule: each
lipid has a hydrophilic head and one or two hydrophobic
hydrocarbon tails. The most abundant lipids in eukaryotic
cell membranes are the phospholipids which are molecules
built around glycerol, a small molecule with three carbons
and three associated hydroxyl groups [16]. In order to create
a lipid, the cell attaches two long hydrophobic tails to two
of these three hydroxyl groups forming a chemical linkage
called an ester to which the hydrophilic head (most frequently
a sugar or an amino acid) is linked through a phosphate
group, see Fig. 1. For our purposes, we use a simple rep-
resentation of the atomic structure of the lipids where many
atoms are lumped into CG soft particles which are connected
by entropic springs. This type of generic bead-spring model
where several atoms (i.e., atomic degrees of freedom) are
mapped onto a specific particle in order to gain computa-
tional speed-up is very common in computational polymer
physics [17-19].

As reviewed by de Weer, [20], the paradigm of the fluid-
mosaic model of membranes by Singer and Nicolson [21]
was of great heuristic value, and contributed to our gen-
eral thinking about membrane organization by providing
insight into the assembly of lipids into membranes resulting
from diffusion processes. However, subsequent experimen-
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tal evidence indicated that the lateral motion of membrane
components was not free after all, but constraint by various
molecular mechanisms, such as direct or indirect interactions
with cytoskeleton elements. Many relevant processes in cells
that rely on membrane structures, e.g., the docking of pro-
teins or other nanoparticles to the membrane, the exchange
of particles through ion-channels, the formation of vesicles,
or the self-assembly of a membrane from lipid molecules,
are still not fully understood today because they occur on
sub-microscopic length scales [16].

Dynamic processes on such a small scale cannot be
observed in-vivo in experiments [14,22,23]. That is why for
the experimental study of membrane properties one actually
studies the physical chemistry of idealized in-vitro model-
membranes with few, synthetic lipid molecules [6,20]. One
always has to accept here a compromise between the possible
spatial resolution of the observation and the temporal resolu-
tion of dynamic processes in the membrane structures [24].

The mathematical treatment of the statistical behavior of
membranes and their changes in shape is based on their
description as two-dimensional surfaces and the introduc-
tion of thermodynamic potentials taking into account their
geometry and curvature [25,26]. Such models however, do
not reproduce at all the actual microstructure of biological
membranes and their composition as double lipid layer, con-
sisting of amphiphilic lipids. Hence, mathematical models
are normally restricted to length scales much larger than the
actual lateral extension of membranes.

The standard numerical technique for the simulation of
phospholipid bilayers is molecular dynamics (MD) [18,27-
30] and most of the existing body of MD simulation studies
of biomembrane properties has almost exclusively been per-
formed at or very near at equilibrium [31-37]. All-atom MD
simulations of lipid bilayers which resolve the dynamics
of individual atoms—treated with classical force fields—
are generally limited to very small membrane samples (tens
of nanometers in extension), even on the largest computer
systems [38,39]. This is also the case for novel compute
unified device architecture (CUDA)-based simulations on
NVIDIA graphics processing units (GPU)s. Here, the largest
reported simulations using very specific force fields com-
mon in biophysics (AMBER and CHARMM) were able to
generate trajectories up to the microsecond range, albeit
only using 54.000 atoms, corresponding to a 6GB GPU
card [40,41].

In recent years, there has been an increased interest in
studying the interaction of biological structures such as bio-
membranes and whole cells with shock waves [2,42,43].
Apart from the interesting aspects of shock-wave physics
itself, these investigations are triggered mostly by the poten-
tial of new shock-wave-based applications in gene therapy
and transfection [5,8,11,44] and the simple practical need
for an enhanced fundamental understanding of the physical

processes occurring in medical cancer treatments based on
shock-wave physics, e.g., High-intensity-focused ultrasound
(HIFU). HIFU is a minimal invasive method that has been
established for many years, but which is still poorly under-
stood physically and theoretically [10,45]. The experimental
investigation of the physics of cells [46,47] and in particular
the theoretical-numerical modeling of the physical mecha-
nisms of the interaction of cells with shock waves, are still
representing emerging new fields [43]. This is why there have
only been a handful of MD simulation studies dealing with
shock wave interactions of cells, all of which are limited to
very small all-atom simulations with explicitly modeled sol-
vent, not taking into account the particular thermodynamic
transient conditions of shock waves [48-50].

In fact, the largest atomistic MD simulations of shock-
wave interactions with cell membranes until today were
done by Koshiama et al. [49] and used system sizes of
128 phospholipids, with simulation box lengths parallel, and
perpendicular to the bilayer plane of L ~ 6.5 nm and
L, =~ 16.0 nm, i.e., comparable to the bilayer thickness
dp, which is roughly dy, &~ 5 nm.

However, it seems highly questionable whether such
extremely small systems can quantitatively reproduce real
damage processes in cell membranes because, first of all,
the employed periodic boundary conditions in Ref. [49]
impose an artificial stabilization of the membrane patch due
to correlation effects. Secondly, membrane rupture will likely
originate from a defect, i.e., a deviation from the ideal flat
surface. However, undulations of the membrane are strongly
suppressed due to the small simulation box. Last but not
least, the time evolution of the shocked membrane needs
to be studied for as long as possible, requiring a large box
length L | along the direction of the shock impulse in order to
allow the shock-wave front to travel for a long period of time
after contact with the membrane. This last point is important
because either a slow, diffusive disintegration of the mem-
brane, or structural recovery from the induced damage can
be observed as we will show in this paper.

All in all, atomistic simulations are too limited in their
length and time scales to monitor structural instabilities
of membranes or their transient permeability due to their
interaction with shock waves. In particular, the former phe-
nomenon has been reported experimentally [1,4] but not
yet been understood in detail, despite its importance for
potential new applications, e.g., for shock-wave-based trans-
dermal drug delivery or transfection of genes in eukaryotic
cells [11,51-53]. Thus, many relevant dynamic phenomena
remain far outside the range of both, experimental observa-
tion and all-atom simulations [39].

This situation has led to the increasing use of CG models
of biomembranes during the last ten years [17,30,54—60].
CG models constitute a class of mesoscale models, in which
many atoms are treated by grouping them together into
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new particles which act as individual interaction sites con-
nected by entropic springs [19,43,55,57,61,62]. CG models
were originally introduced in macromolecular modeling
approaches for globular proteins in 1976 in a pioneering
paper by Warshel and Levitt [63]. Since then, CG mod-
els have quickly found their way into polymer physics as
so-called bead-spring models, taking advantage of univer-
sal scaling laws of long polymer chains due to their fractal
nature, [64—66] as well as into engineering, biophysics, geo-
physics and other areas of computational research [19,67].
As reviewed by Saunders and Voth, [68], CG models are
nowadays routinely used in polymer physics and biophysics
and provide a description of reduced complexity with respect
to the molecular degrees of freedom [69-71].

Sometimes, also the solvent degrees of freedom are
entirely removed in a CG description. In such implicit mod-
els, the solvent contributions to the interactions are treated
through effective interaction terms such as stochastic forces,
within an effective potential for the free energy [72-74].
The hydrophobic effects of the lipid tails due to the pres-
ence of solvent particles can be taken into account by the
use of an attractive interaction potential between the lipids.
This simplification leads to a computational speed-up, ren-
dering simulations of large-scale membrane structures and
their interaction with shock waves possible.

In this paper, we present an implicit-solvent, coarse-
grained MD simulation study of the self-assembly of lipid
molecules, which form stable bilayers and which are sub-
sequently exposed to shock waves. In particular, in contrast
to previous studies that included aspects of the dynamics
of membrane assembly [29,33,41,62,75], we investigate
the successive steps in membrane formation during self-
assembly with respect to energy minimization and the degree
of order in the systems.

The organization of the paper is as follows: In Sect. 2,
details of the simulations performed are given. In Sect. 3,
we discuss in detail the self-organization of lipid molecules
starting from an unbiased initial gas state. The molecules
eventually form stable bilayer membranes or closed vesi-
cles. We proceed to analyze the structures of the bilayers at
equilibrium by means of a multitude of physical parameters,
such as an order parameter, the density profile, the pair cor-
relation function, a phase diagram of our membrane model,
the compression modulus K¢ and the bending stiffness «g.
We believe that by providing an in-depth analysis of struc-
tural properties, we not only go beyond previous simulation
studies, but we provide several new interesting aspects in
the discussion of equilibrium membrane properties. Finally,
as a novel approach, combining our CG model with shock-
wave simulations, we expose the bilayer membranes to shock
waves and analyze their damage quantitatively. Section 4
summarizes the main conclusions of this particle-based sim-
ulation study.

@ Springer

2 Coarse-grained particle model and
computational details

We perform constant-temperature MD simulations using the
MD simulation software package MD-CUBE which was
developed by Steinhauser [65] for CG macromolecular sim-
ulations of single polymers and melts of almost arbitrarily
branched monomer connectivity. For studying lipid bilayer
membranes, a large variety of CG implicit-solvent models
based on either MD [31,59,61,74,76-78] or Monte Carlo
(MC) procedures [38,72,73,79—-83] have been developed,
each one capturing molecular details at different levels of
resolution.

Our approach to coarse-graining lipids is based on a stan-
dard CG polymer model, Egs.(1)—(3), that has successfully
been used in several studies of polymers [17-19]. In order
to model the specific hydrophobic effect of lipids, we use an
additional potential in Eq. (4), akin to one, that was intro-
duced originally by Steinhauser in computational polymer
physics to account for the effects of different solvent quali-
ties in polymer solutions [65]. Our CG model is illustrated
schematically in Fig. 1.

The complex molecular structure with its hydrophilic head
group and hydrophobic tail group is simplified by replacing
the lipid structure with spherical soft particles connected by
elastic springs. We note that we can use any number of par-
ticles in our model for the hydrophilic head and also for the
hydrophobic tail. For the principal analysis of our model pre-
sented here, we use a particularly simple version of it, where
we use only three particles per lipid: The first particle which
is color-coded in dark color (red) in Fig. 1, represents the
hydrophilic head and the other two particles shown in light
color (yellow) are the hydrophobic tails. The structural and
amphiphilic properties of all lipids are modeled by the sum
of the interaction potentials of Egs. (1)—(4).

The finite size of a monomer of the lipid molecule is taken
into account by the truncated Lennard-Jones (LJ) potential

4e [(%)12 — (%)6] +e¢ forr <re,

PLy(r) = [ (1
0

forr > rc,

where o and ¢ determine the length and energy scale, respec-
tively; r denotes the distance between two (nonbonded) mass
points, and the cut-off radius of this short-ranged potential is
chosen as r, = NoX 2

To straighten the lipids, a bending potential depending on
the bond angle 6 (see Fig. 1) is used in the form

Ppend (@) = A (1 —cosb), ()

where A determines the stiffness of the lipid molecule.
The mass points of a lipid chain are connected by anhar-
monic bonds with the potential
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where « is the force constant and the maximum bond length
is chosen as roo = 1.50

The typical structures of self-assembling lipids arise from
the hydrophobic and hydrophilic interactions of the lipid tails
and heads, respectively, with the surrounding water mole-
cules. When using a solvent-free model, the hydrophobic
interactions of lipid tails with water can be modeled using an
attractive potential between all tail particles of different lipid
chains as indicated in Fig. 1 by the light-colored arrows:

—& for r <re,

Pun(r) = § —£ cos? (TGL) for re < < e+ e,

0 else

“

where & determines the range of the attractive potential, i.e.,
the larger /. the greater the hydrophobicity of the lipid tails,
& is the force constant, and r, is the same cutoff as in Eq. (1).
A tunable potential of this type (involving a cosine function)
was introduced by Steinhauser [65] for MD simulation of
polymer-solvent interactions with varying solvent qualities.
A similar form of the potential of Ref. [65] which we use
in Eq. (4) was later used in implicit solvent simulations of
lipids (i.e., very short polymer chains) by Cooke et al. [84].

The solvent—particle interaction is taken into account by
a stochastic force ¢; and a friction force, with a damping
constant y, acting on each mass point m. The equations of
motion of the i-th particle of the system are then given by
the Langevin equation:

mi; =F; —ymr; +¢; . (5)
The force F; acting on particle i is obtained by
Fi = _Vr,- CDtotal s (6)

where @y is the sum of the potentials in Eqgs. (1)—(4) and
V., is a symbolic notation to indicate the partial derivatives
with respect to the components of the position vector r of the

i-th particle, i.e., Vy, = (Bix,’ Biy,-’ 3%) The stochastic force
¢; is assumed to be stationary, random, and Gaussian (white
noise). This ensures proper equilibration of the dilute initial
system [18]. The parameters for our model lipid systems
are chosen so as to guarantee stable integration conditions:

A= 10e/o, « =30¢/0, E=¢, y =1.2.

Fig. 2 Snapshot of the initial equilibrated state of our solvated CG
membrane model used for shock-wave simulations. We use coarse-
grained MD particles for the lipid molecules (red hydrophilic head
particle, green hydrophobic tail particles) and water as the surround-
ing SPH continuum. The SPH particles shown are not particles in the
classical Newtonian sense, but locations where the hydrodynamic con-
servation equations are integrated. The thermodynamic coupling of the
CG domain and the continuum domain using a DPDE thermostat is
indicated with arrows. For details of the MD-SPH coupling algorithm,
which we use for shock-wave simulations of membranes, we refer the
readers to Ref. [85]. (Color figure online)

2.1 Shock-wave simulations

To study the degree of damage in our equilibrated bilayer
membranes caused by the mechanical effects of shock
waves, we use a recently introduced multiscale coupling
method that bridges the gap between the atomistic and the
continuum domain by introducing a heat exchange across
the continuum-atomistic interface which is based on the
dissipative particle dynamics at constant energy (DPDE)
thermostat [85]. This scale bridging procedure couples the
MD method (using our coarse-grained model of lipid mole-
cules) with a continuum method, SPH (Smooth Particle
Hydrodynamics), see Fig. 2. For the shock-wave simulations,
we use the SPH method to model the surrounding aqueous
environment of the membrane. The shock-wave front prop-
agates in the fluid medium and exchanges energy with the
membrane.

Many published MD simulation studies of shock waves
propagating in a fluid medium use a simple, microcanonical-
based approach. This is suitable for isothermal processes;
however, the transient, discontinuous, thermodynamic nature
of a shock wave, with a sudden change of thermodynamic
variables, is usually not taken into account with this com-
putational approach. Because there are high gradients of
temperature and density involved at the shock-wave front,
these effects need to be described accurately by a scale-
bridging simulation method. The advantage of using SPH for
modeling the surrounding fluid domain of the membrane over
using ordinary MD particles is a tremendous speed-up of the
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simulation. With SPH we obtain the correct hydrodynamic
behavior of the fluid with a comparably small number of
integration points (SPH particles), where the hydrodynamic
equations are solved. For details of our employed coupling
method, we refer the readers to Ref. [85].

2.2 Initial setup of coarse-grained lipid molecules

At the beginning of the simulation, the lipid chains are gen-
erated within a cubic simulation box as follows: the center
position of the first particle i of a chain is chosen randomly
inside the simulation box. The position of the second particle
is chosen in a random direction of the first one, at distance
rii+1 = 0.97 0. The center position of the third particle of
a lipid chain is chosen in the same way as the second but
with the constraint that the distance to the first particle is
rii+2 = 1.020. This is done to prevent the third particle
from getting too close to the first one, which would immedi-
ately lead to strong repulsive LJ forces inside the chain and
subsequent instability of the integration algorithm.

However, this procedure does not prevent particles of dif-
ferent lipid chains from initially overlapping each other.
Therefore, before starting the actual simulation run with
the full repulsive part of the potential of Eq. (1), we carry
out a warm-up procedure, which integrates the system by
gradually increasing the repulsive effect of the LJ poten-
tial as follows: First, the minimum distance rpyj, between
all particles is calculated. Then, instead of calculating the
LJ interactions between particles of different chains with
the actual distance r in step n , a shifted distance of r’ =
r+ Ar — n/nyamup X Ar with Ar = rc — rpip and
n € {l,..., Nyamup} is used. Thus, the full LJ potential is
effective only after 7 = nyarmup steps, which then allows for
a fully stable integration of the equations of motion in Eq.
(5). A more detailed description of our warm-up procedure
can be found in Ref. [86].

3 Results and discussion

In this section, we discuss the dynamics of the formation
and equilibration of bilayer membrane structures based on
energy minimization and an order parameter S>(t), derived
from the second-order Legendre polynomial. Such a detailed
analysis has not been provided in any previous MD simula-
tion study that included aspects of molecular self-assembly
[29,31,33,41,62,75,84]. Hence, we believe that we provide
here new aspects in the discussion of bilayer formation using
CG models, and in the quantitative analysis of structural
properties of bilayer membranes at equilibrium.

In our structural analysis, we show that the obtained
self-stabilizing equilibrium structures of bilayer membranes
exhibit a bending stiffness kg and compression modulus K A
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which are within the range of experimental measurements
under physiological conditions. We further find that the gra-
dient of the order parameter S> can be used as a measure
for major reorientations of the lipids during the process of
self-assembly. We also discuss the density profile and the
pair correlation function of our model membranes at equi-
librium, and we present a calculated phase diagram of our
lipid model which includes a sol-gel transition, quasi-liquid
and quasi-crystalline phases behavior. In addition, we show
in the phase diagram, the precise conditions for temperature
T and hydrophobicity 4. for stable bilayer and closed vesicle
formation. Finally, as a new approach, we expose our mem-
branes to shock waves in a shock-tube setup and analyze
quantitatively the resulting damage based on an orientation
dependent correlation function ¥ which serves as damage
parameter.

3.1 Self-assembly of lipid molecules

Since biological cells are surrounded by—and filled with—
solutions of molecules in water, the structure of cell mem-
branes is mostly a consequence of the interactions of the
membrane lipids with the aqueous environment. In Fig. 3,
we show a typical example for the self-assembly process
from random gas states into bilayer membranes for a system
with N = 3000 particles (1000 lipid molecules), density p =
0.05/03, which corresponds to an edge ledge of L ~ 39.15¢
of our cubic simulation domain, temperature 7 = 1.0 ¢/ kg,
timestep At = 0.01t, where 7 is the time unit of the sim-
ulation, & = 30g/02, reo = 1.50, A = 10g/0?, & = 1l
and h. = 1.50. The aggregation dynamics strongly depends
on temperature 7, and much lesser on the value of A (the
range of the attractive tail potential). The size of the system
determines whether or not bilayers or vesicles are formed.

The start time T = 0 denotes the beginning of the
actual integration after the warm-up procedure described in
Sect. 2.2. As can be seen in Fig. 3, starting from an unbi-
ased random distribution of lipid molecules, very quickly the
lipids assemble to small clusters with ellipsoidal or spherical
shape. The smaller clusters gradually aggregate into big-
ger clusters, while minimizing the number of hydrophobic
tail particles on the surface of these clusters. Finally, due to
our particular choice of parameters, and because we run the
systems longer than in previous coarse-grained MD stud-
ies [62,75,76,82], in the simulations presented in Fig. 3,
one single bilayer membrane in fluid phase is formed. The
snapshots presented in Fig. 3b and particularly in (e) show
one characteristic feature during lipid assembly, namely the
occurrence of “lipid bridges* during merging of different
membranes, which looks as though one membrane is “swal-
lowed” by the other. This is consistent with one of the
intermediate structures reported in recent all-atom MC sim-
ulations [41].
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Fig. 3 Simulation snapshots of the self-assembly process of lipid
molecules to form bilayer membranes at temperature 7 = 1.0¢/kp.
The initial state at simulation time a T = 0 is a random gas state. The
other snapshots are taken at timesb r = 100, ¢t = 1000,d T = 4000, e
v = 10200, f r = 18000, g 7 = 20200 and h t = 22400. As Electronic
Supplementary Material (ESM), we provide Movie_S1, exhibiting the
self-assembly of the lipid molecules as displayed here, finally aggre-

The time scale for occurrence of different stages in the
self-assembly processes presented in Fig. 3 (very rapid initial
clustering to form several smaller membranes, then gradual
fusing) is consistent with what was reported in a relatively
recent CG MD simulation study conducted by Noguchi [62]
(Fig. 3 therein), but in contrast to that study which ends with
4 disjunct clusters, we present the dynamics until only one
single equilibrated membrane remains. We note here, that the
potential used in the study of Ref. [62] (a particle-based CG
model of lipids) included orientation and angle-dependent
functions of much more complexity and with more free fit-
parameters compared to our CG model.

Depending on the particular choice of parameters in the
simulations we can also achieve the formation of closed
vesicles. For further details of lipid bilayer and vesicle for-
mation dynamics, respectively, see the video sequences in
the Electronic Supplementary Material (ESM): Movie_S1
and Movie_S2. The membrane fusion that can be observed
in these movies, lies at the heart of important biologi-
cal processes and of fundamental questions relating to cell
evolution and the biological function of membrane curva-
ture [87,88]. In vivo, membrane fusion is tightly regulated
by proteins [89]. The basic mechanism however, is deter-
mined by the physics of lipid-lipid interactions.

gating to a single bilayer membrane. We also provide ESM Movie_S2,
that shows the dynamics of the formation of closed vesicles with an
appropriate choice of temperature 7" and hydrophobicity parameter /.
of the CG lipid tails. The exact values are: T = 1.5, h, = 1.6 and
N = 2000 lipids. We note here, that our simulation box is always large
enough for the whole membrane to fit in several times in each direction
such that vesicle formation can occur

Energy [€]

3.0x10" 4.0x10*

Simulation time T [(s/mcz)”z]

2.0x10°*

Fig. 4 Potential Energy versus simulation time 7 for the system
described in Fig. 3. The letters a—h indicate the energy levels at simu-
lation times that correspond to the labeling of snapshots in Fig. 3

The progress in the self-assembly of lipid molecules can
be tracked by monitoring the total potential energy of the sys-
tem. When small lipid clusters merge into bigger clusters, the
total surface area is decreased, thus reducing the free energy
of the clustered system. While the system is approaching
equilibrium, one can distinguish different decreasing energy
levels in a plot of potential energy vs. time as displayed in
Fig 4. The letters (a)—(h) in Fig. 4 indicate the different snap-
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Fig. 5 Order parameter O(7) versus simulation time 7 during equi-
librium phase for the same system that is discussed in Figs. 3 and 4.
The indicated letters c— in this figure correspond to the same points in
time as indicated in Figs. 3 and 4. For better presentation of data points,
a and b are not labeled

shots in the time interval T € [0, 4.0 x 10*] and correspond
to the snapshots presented in Fig. 3. After the system has
attained a stationary equilibrium state for T > 7., ~ 22400
(snapshot (h) in Fig. 3), the total potential energy eventu-
ally oscillates about a constant value. We have checked this
behavior in long simulation runs until T = 5 x 10°.

3.2 Order parameter

To characterize the degree of structural order in the system of
lipid molecules during self-assembly, we introduce an order
parameter O;(7) based on the second-order Legendre poly-
nomial P,(cos ¥):

0y(t) = (Pa(cos V(1)) = <§ cos® 9(t) — %> . (7)

Here, ¥ (7) denotes the momentary angle between the lipid
direction vector and the average normal vector n(t) of the
membrane plane, called director, at time 7. The lipid direction
vector is defined as the vector connecting the center of mass
of a head particle with the center of mass of the second tail
particle. The brackets (...) indicate averaging over all lipids.
O>(t) can be averaged over many time steps to obtain one
single average value, but, as we show in Fig. 5, it is more
interesting to look at the information provided by plotting
the development of O;(t) with simulation time.

0, (1) provides information about the anisotropy of a sys-
tem, i.e., the directional orientation of our self-assembled
membranes. The values of O;(7) are in the range of S>(7) €
[—0.5, 1.0]. For O;(t) = —0.5, the molecules exhibit an
alignment similar to a bottle brush, and hence, the average
normal vector equals 0. O(t) = 0.0 occurs, when the lipids
are isotropically oriented at random, like in a nondirectional
fluid phase. Finally, O>(t) = 1.0 corresponds to a perfect
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parallel alignment of the lipids. Typical liquid crystals exhibit
values between O»(t) = 0.3 and O,(7) = 0.8.

In Fig. 5, we present a plot of O2(tr) of the system
discussed in Figs. 3 and 4. Starting from a completely disor-
dered, random initial state with O>(0) = 0.0, the system
slowly develops into an equilibrium state with values of
O>(t) saturating just below S> = 0.6 which is within the
typical range of liquid crystals for a fluid phase. Thus, our
model membranes also exhibit fluid-like behavior. The undu-
lations of the values of O, (7) in Fig.5 are due to this fluidity
property of the simulated membranes.

After simulation time T = 1,4, ~ 22400 (snapshot (h) in
Figs. 3-5), the system obviously has reached its equilibrium
state, as indicated by the fluctuations of the order parame-
ter about a mean value, just like the energy in Fig. 4. There
are still strong fluctuations of O(t) for T > 7,4, indicating
that O(7) is a very sensitive quantity for local rearrange-
ments of molecules, even in a stationary state. At snapshot
(g), Fig. 3 shows that there are two bilayer structures which
are in the process of fusing together. The energy of the over-
all system in Fig. 4 has decreased at this point compared
to the previous snapshot (f), indicating the path of the sys-
tem towards an equilibrium (minimum energy) state. The
order parameter at snapshot (g) is rising from O, =~ 0.1 at
(g) to 02 ~ 0.55 at (h). Thus, the re-organization of mem-
branes by fusion is reflected by a steep gradient of O> (7).
When the two bilayer membranes are still separated from
each other in snapshot (f), the order in the system is much
larger (O, ~ 0.4) and then—when the fusion process sets
in—O»> (1) decreases, indicating a less ordered state of the
system during the re-organization of lipid molecules. This
pattern for the values of O2(7) obviously repeats itself sev-
eral times during the whole process of self-assembly of lipid
molecules: Whenever a rearrangement of lipids due to mem-
brane fusion occurs, O»(t) drops while the lipids rearrange,
and then rises again, indicating increased order in the newly
formed bilayer. Hence, the fluctuations of O»(7) can be used
as an indicator for major molecular rearrangements during
the self-aggregation of lipids into bilayer membranes.

In Fig. 6, we present two striking examples of systems
with 1000 lipids for which we performed a detailed analysis
of the order parameter O> (7). In Fig. 6a we show O;(t) for
a system at very low temperature 7 = 0.5¢/kp for a vari-
ety of ranges of the attractive potential /. of the lipid tails
which indicates the degree of hydrophobicity. The aggre-
gated systems at such a low temperature are in a crystal-like
solid phase, with a very particular arrangement of molecules.
Interestingly, the fluctuations of O»(t) are the largest for a
small range of hydrophobic interactions, tailing off for larger
hc-values. Oz (7) is generally limited to a rather narrow range
of values within the interval [0.5, 0.7] and some fluctuations
going down to O>(t) = 0.4. Hence, we see that reducing
the temperature to a rather low value has a dramatic effect
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Fig. 6 Order parameter Oz (7) according to Eq. (7) for a system at equi-
librium with 1000 lipids. a A system at temperature 7 = 0.5¢/ kg with
different ranges of hydrophobic tail interactions, indicated by parameter
he. b A system with i, = 1.30 for arange of different temperatures 7

on the overall structures of the aggregates that are formed.
However, we also realize that tuning the interaction range
h in our model has an effect on the resulting bilayer struc-
tures that is much less pronounced than the effect of varying
temperature 7" and keeping /. at a constant value, which is
shown in Fig. 6b.

Here, we show the results for O(7) for a system with
h. = 1.3, varying the temperature between 7 = 0.5 and
T = 1.3. Hence, the smallest value of T in Fig. 6b represents
the same conditions as in Fig. 6a for the largest h.-value. We
see, that for these two cases, O2(t) = 0.7 consistently in
(a) and (b) with very small fluctuations. It should be noted,
that in (b) the range of O,(7) is much larger than in (a),
ranging from random configurations with O»(t) = 0 for the
largest temperatures, where no clustering of lipids occurs,
up to values pertaining to strongly aggregated bilayer mem-
brane systems, which is confirmed by visual inspection of the
self-assembled structures. The intermediate range of temper-
atures in Fig. 6b pertain to stable bilayer membrane structures
in a fluid phase which lead to distinct fluctuations of the order
parameter O2 (7). Hence, from Fig. 6 we can induce that the
degree of order obtained in the self-assembled lipid aggre-
gates for our model is much more sensitive to the variation
of temperature rather than the variation of interaction range
he.
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Fig. 7 Pair correlation function g(r) according to Eq. 8 for a system
of 1000 lipids at equilibrium. The analysis is done for the same systems
discussed in Fig. 6. a A system with very low temperature 7 = 0.5¢/kp
for different values of hydrophobicity /.. b A system with &, = 1.3 for
different temperatures 7" in units of ¢/ kp

3.3 Pair correlation function

Another quantity providing information about the local mole-
cular structure of the aggregated lipids is the pair correlation
function

\%
g = —5 Zij%w—nj) . (8)

In Fig. 7, we analyze g(r) for the same systems discussed
in Fig. 6, where, in the case of (a), the temperature is set to a
very low value T = 0.5¢/ kg, and in the case of (b), A is set
toaconstant value of i, = 1.30. InFig. 7a, g(r) exhibits pro-
nounced peaks for all values of the hydrophobicity parameter
whichis varied in the range /. € [0.7, 1.3]. These peaks indi-
cate a very strong overall aggregation of the lipids and are all
the more pronounced with increasing scope of the hydropho-
bic interaction. The peaks are clearly visible at least until a
distance of r = 60. Thus, the structure of these systems
is that of a crystal-like solid with a pronounced long-range
order in accordance with our conclusions drawn for the order
parameter O>(7) in Fig. 6a. In Fig. 7b where the temperature
is varied, we can see that for g(r) the resulting aggregated
membrane structures at equilibrium are more sensitive to a
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Fig. 8 Phase diagram of our 2
membrane model with respect to

temperature 7" and interaction
parameter /i with several
typical bilayer membrane
structures. Four different phases
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vesicles are formed (filled black
squares). Typical representative
structures of lipid molecules in
the four different phases are
displayed as well. (Color figure
online)

change in temperature 7' than to a change of the hydropho-
bic interaction range. For the lowest temperatures, the system
is practically frozen into a quasi-crystalline state, exhibiting
long-range order even at distances beyond r = 60. With
increasing temperature the system attains a different struc-
ture with only local order up to distances of roughly r = 3o.
Hence, in this range of temperature, the structural features of
the aggregated lipids are similar to fluid behavior with fluctu-
ations in the bilayer membrane height and shape. Finally, for
very large temperatures, only the first- and the second-nearest
neighbour peaks remain which reflects in essence the local
structure of single lipid molecules. This means that no aggre-
gation of lipids occurs for this range of temperatures and the
given value of /., and no bilayer membranes are formed. All
of these results are consistent with our discussion of the order
parameter O;(7) in Fig. 6b and also with the phase diagram
of our model which is presented in the next section.

3.4 Phase diagram of our CG lipid model
In this section, we present a phase diagram for our lipid model
introduced in Sect. 2 for a large range of temperature 7 and

interaction parameter %, in which we can distinguish at least
four different phases of system behavior:

@ Springer

I:

II:

III:

IV:

In a gas phase, denoted with crosses in Fig. 8 no self-
assembly of lipids occurs. Here, for a given attractive
interaction range /. of the lipid tails, the temperature
and consequently, the thermal motion of the lipids are
too large to allow for membrane formation.

In a fluid phase, we observe formation of stable mem-
branes, denoted with blue squares in Fig. 8. The
self-assembled membranes of this domain are the ones
for which we proceed to show in Sect. 3.5 that here
we obtain values for the bending stiffness «g and the
area compression modulus K which are within the
range of typical experimental values for membranes in
vivo.

In a third quasi-solid phase, clustering of lipids leads
to stable bilayer membranes with a solid-like molec-
ular structure with long-range order as can be seen in
the distinctive peaks of g(r) in Fig. 7. This area in the
phase diagram is denoted with upper triangles in Fig. 8.
The bilayer structures in this region tend to be rather
rigid and exhibit much less fluctuations in shape and
height.

In a fourth vesicle phase, for larger values of both, A
and T, we observe the formation of closed membrane
vesicles within the fluid domain of the phase diagram,
indicated in Fig. 8 with filled black squares.
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Each data point in Fig. 8 is obtained by analyzing at
least five different realizations of fully equilibrated systems
with the respective parameter pair (¢, T) and simulation
times of at least T = 103 after equilibration. The solid-fluid
transition, as well as the transition between fluid phase and
gas phase, where no aggregation of lipids occurs, can be
distinguished rather unambiguously based on using a com-
bination of evaluation methods: Visual inspection of the
simulated systems, the pair correlation function g(r), and
the order parameter O;(t). Whether or not closed mem-
brane vesicles in the lipid domain of the phase diagram
are formed, additionally depends on the size of the sim-
ulated system, i.e., on the number of lipid molecules and
on the size of the simulation box, which both have to be
large enough to allow for vesicle formation. With our model,
we observe vesicle formation in the corresponding para-
meter domain, as soon as the number of lipids exceeds
~ 900.

3.5 Elastic modulus and density profile of lipid
membranes

In this section, we show that our lipid model leads to the
aggregation of double lipid membranes which exhibit prop-
erties of typical biological membranes under physiological
conditions. We show this by calculating the area compres-
sion modulus K4 and the bending elasticity modulus kg of
the membranes obtained in our computer simulations.

The bending elasticity modulus «p determines by how
much an applied external force deforms a lipid bilayer from
its perfectly flat energetic ground state. It can be obtained
from linear response theory by analyzing the bilayer height
fluctuation spectrum. From Helfrich’s linearized continuum
theory [90] one can derive the following relation for a two-
dimensional elastic sheet: [91,92].

_ kpT L*
T 16m4(kpn* +1n2)’

S(n) = (cn . cn*) 9)

where

N
1 —2i
tn = Z;(Zj —20) exp( i (nxx; —l—nyyj)) . (10)
j=

is a Fourier component of the deviation of the local bilayer
height z ; with respect to its average height zg. The sum in Eq.
(10) runs over all bilayer particles with coordinates x;, y;,
and z j, where n is a two-dimensional vector with components
n, and ny in reciprocal space, which relates to a wave-vector
q through
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Fig. 9 Height fluctuation spectrum of a bilayer system with 1000 lipids
and i, = 1.4. The scaling of the spectrum follows the relation S(g)
q~* for small values of g, i.e., for large length scales L as predicted by
scaling theory

Table1 Listof simulations of stable bilayers, performed for calculating
the bending stiffness g and the compression modulus K¢

he(o) L(nm) kg (ksT) KA (mN/m)
0.8 69.62 £+ 0.01 13.4£0.7 172+ 6

1.0 69.27 £ 0.01 15.8 £0.8 192 +9

1.2 68.38 £ 0.01 179 £0.9 224 £ 15

1.4 67.16 = 0.05 226+ 1.1 240 £ 18

Typical values of the lipid attraction parameter /. are used. The simu-
lation box size L is displayed as well

The quantity 7 in Eq. (9) is the surface tension

t = L(2pz; — pxx — Pyy) > (12)
which is related to the diagonal components of the pressure
tensor pgg. In our MD simulations, the pressure is isotropic
with p;; = pxx = pyy, i.e., the surface tension vanishes.
Expressing Eq. (9) in terms of wave-vectors, we finally obtain
for the regime of small wave vectors

S(q) ocq™*. (13)
As shown in Fig. 9, the asymptotic ¢ —* scaling regime
is recovered at our system size, which implies that the char-
acteristic lipid bilayer bending modes can be accommodated
with this size of the simulation box. We obtained the bending
rigidities by fitting Eq. (9) to the simulation data. Continuum
theory [91] relates kg to the area compression modulus via

Ka = 24kp/d?, (14)
with dy, being the bilayer thickness, which we assume to be 5
nm. Results of simulations for these quantities are provided

in Table 1. The values obtained from our simulations are well
within the typical experimental range of these observables,
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whichis Kp >~ 234mN/m, and kg = 10 —40kp T, depend-
ing on the technique used, such as micropipet aspiration or
various forms of optical measurements [93,94].

3.6 Shock-wave simulations of CG bilayer membranes

In this section, we present shock-wave simulations of our
CG model of lipids, introduced in Sect. 2. Our shock-wave
simulations are based on a multiscale coupling scheme pre-
sented in detail in Ref. [85]. For presenting the properties
of our model when interacting with shock waves, we map
our reduced model units onto physical units. The units are
connected by the timescale 7, the mass m of the particles,
the length scale o and the energy scale . The connection
between reduced and absolute units has been described in
standard literature [27,28,30] and for further details we refer
to these references. In order to achieve a mapping between
units, it is easiest to make a decision about the size of our
model particles and the membranes they are supposed to rep-
resent, respectively. We assume a bilayer thickness of 5 nm.
We have a three-particle CG model for a lipid that corre-
sponds to a DPPC molecule, the mass of which is known due
to its chemical formula provided in the caption of Fig. 1. With
this, we can obtain a timestep ¢ in absolute units according
tot =+/mo?/e- . As aresult, time and length are mapped
to absolute units.

As the lipid bilayer is not a crystalline solid, the shock-
wave does not experience a major change in impedance as it
traverses the interface between water and bilayer, and it is a
priori unclear by which mechanisms damage is caused, and
how it depends on physical parameters such as shock-wave
velocity, shock pulse duration, or shock pulse shape.

An interesting principal objection against the necessity
of using CG models vs. atomistic models for shock-wave
research might be the following argument: The largest atom-
istic simulation of phospholipid molecules organized in a
bilayer membrane to this day was done by Koshiyama [49]
as discussed in our introduction. So, if we assume for the
moment that Moore’s law will still be valid in the future (in
fact, it has ceased to be valid already today), we could in
principle wait until the computers are powerful enough to
simulate shock-wave damage in a membrane which has the
size of a typical eukaryotic cell, i.e., & 30 — 50um and then
simply upscale the atomistic model. However, a best case
estimation of the time needed leaves us with a time span of
at least 40 years. Thus, mere brute force computational speed
is not a useful option. This is why we have to come up with
more clever ways to bridge the length scales from the nano
to the micro regime and beyond. Thus, in the following, we
use the MD-SPH coupling scheme of Ref. [85] and our CG
model of lipids in the MD regime to investigate the damage
of shock waves in membranes, positioned in a shock tube
geometry. The shock tube setup has been used successfully
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Fig. 10 Snapshots of a large scale shock-wave simulation with a lipid
bilayer in a shock tube at two different times: a, b correspond to a
simulation time of 0.72 ps and ¢, d correspond to a simulation time of
8.61 ps. The simulation box measures (62.90 x 15.01 x 15.01) nm?,
comprising 1,117,556 particles, 90,000 of which are MD particles, i.e.,
30,000 lipid molecules, and the other ones are SPH particles, i.e integra-
tion points for the hydrodynamic equations. A piston, coming from the
left and moving with a velocity of 4730 ms~!, compresses the material
ahead of it and induces a shock wave. In a) and d), the particles are
colored according to type (blue water, red lipid head, green lipid tail).
In b, ¢, the pressure distribution is shown, with blue and red signifying
low and high pressures, respectively. Peak pressures in b are 38.4 GPa
and 1.9 GPa in c, respectively. The lipid bilayer has a momentum to
the right during the simulation, as the compressing piston introduces a
finite linear momentum in shock compression direction. (Color figure
online)

in experimental studies of shock-wave effects on biological
cells [2,5,43,95,96].

We perform shock-wave simulations on square lipid
bilayer patches that were aggregated in the fluid phase for
values of the lipid interaction parameter in the interval A, €
[0.8, 1.4] and temperature T € [0.5, 1.0]. For A, < 0.7, the
bilayer dissolves, while it is crystalline for 4. > 1.5. Thus,
the investigated range is representative of a wide spectrum
of lipid bilayers with different mechanical stabilities. Initial
configurations are taken from equilibrium runs as described
previously. The driving speed of the piston that generates the
shock wave is varied in the range v, € [1892, 5676] ms~!
in order to produce shock waves with different supersonic
velocities. Snapshots of an exemplary large-scale shock-
wave simulation are shown in Fig. 10. Here, the shock wave
is initiated by a piston with velocity v, = 4730 ms~!. After
200 time steps of §t = 2.87 fs, the piston is stopped, while
the initiated shock wave continues to travel further along L | .
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(a)

Fig. 11 Three-dimensional perspective view of the large-scale simu-
lation snapshots presented in Fig. 10. This is a simulation with 1.1 x 10°
particles. In a, the system is displayed just after the shock wave has been
initiated. In b, the system is shown when the shock wave has passed
the membrane. One can see a rather complete destruction of the mem-
brane. To get a better viewpoint, the first two layers of fluid particles
surrounding the membrane are displayed in blue. The hydrophobic tail

The lipid bilayer is placed 9.435 nm in front of the initial pis-
ton position, far enough away not to be hit by the piston.

InFig. 11, we show an enlarged three-dimensional section
of the two simulation snapshots of Fig. 10a and c, displaying
the membrane CG particles and the SPH water particles. In
Fig. 11a the shock-wave front has just started to propagate
through the shock tube. In b), the shock front has already
passed the bilayer membrane causing damage. As one can
see, the lipid bilayer membrane is surrounded by SPH parti-
cles which are modeled using an equation of state for H>O.
Membrane molecules are color-coded in green (hydrophillic
head part), red (hydrophobic tail) and one layer of water
molecules is displayed in blue. Note that after the shock
wave has passed the membrane, water molecules penetrate
into the lipid bilayer, the structure of which is destroyed.
The whole process of shock-wave propagation displayed in
the two snapshots of Fig. 11 can be watched in the movie
Movie_S3 which is provided as Electronic Supplementary
Material (ESM).

For a thorough analysis of shock-wave experiments, it is
necessary to follow the shock front velocity and peak pres-
sure, as it travels through the simulation box and dissipates.
Consequently, we discretize the simulation volume in thin
slabs of width 0.5 nm which are oriented parallel to the
xy-plane, while the z-direction is the direction of shock-
wave propagation. By computing the average velocity and
pressure in each slab for each simulation timestep individu-
ally, the evolution of the shock-wave front can be studied in
detail.

particles are colored in red and the hydrophilic lipid heads are colored in
green. In b, one can clearly recognize that fluid particles are penetrating
the membrane, that is, its initial structure is completely destroyed. This
process can be seen in the provided Electronic Supplementary Material
(ESM) movie, Movie_S3, from which the two snapshots presented in
this figure have been taken. (Color figure online)

The pressure profile corresponding to the system dis-
played in Figs. 10 and 11 is presented in Fig. 12. Atz = Ops,
one can identify the location of the lipid bilayer by the inter-
facial pressure variations near z >~ 9.5 nm. The profiles at
t = 1.00 ps and t+ = 12.50 ps clearly show the shock-wave
front with an associated pressure peak. The fast dissipation
of the shock wave is demonstrated by the quickly dimin-
ishing peak pressure heights. The minor pressure peak near
z >~ 20 nm in the t = 12.5ps profile is due to the bilayer
membrane, which has moved to the right during the sim-
ulation, as the compressing piston introduces a finite linear
momentum. Interestingly, the bilayer retains a relatively high
pressure after the shock-wave front has passed over it. This
can be explained by noting that, in contrast to the fluid par-
ticles, the CG lipid molecules contain anharmonic springs
according to Eq. (3), which can store energy in oscillatory
motions.

3.6.1 Damage analysis

There are a number of different phenomena associated with
lipid bilayer damage:

— The bilayer can tear along well-localized paths leaving
the majority of its area intact.

— Single lipids can move out of their equilibrium positions
and orientations via diffusive mechanisms.

— The two bilayer leaflets can interpenetrate upon compres-
sion.
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Fig. 12 Pressure profile at different times resulting from an initial pis-
ton velocity of v, = 4730 ms~!. The system is the same as described
in Figs. 10 and 11. Note the different ordinate scales

We adopt a pragmatic approach to combine all of these
effects into a single-scalar order parameter, ¥, which is based
on the projection of the particle pair distribution function on
rotational invariants [97]. To do so, we define the orientation
dependent correlation function

N
Z 3(1’ — r,‘j)e,‘ . ej
i>j

C(r)= ; 15)

4w Nr?

where the sum runs over all pairs of lipids i and j, r;; is
the pair distance as measured between the central beads, §
is Dirac‘s delta distribution, and e; and e; are orientation
vectors (the normalized distance vectors between the first and
the third bead of each lipid). This function was introduced by
one of the authors (M. O. Steinhauser) in Ref. [98]. C(r) is
similar to the familiar radial distribution function, cf. Eq. (8),
except thatitis additionally weighted by relative orientations.
To convert this distance dependent correlation function into a
single scalar, we integrate C () up to a distance 7. = 1.0nm,
which is chosen such as to include the first coordination shell,
i.e., the first peak in C(r), in the undamaged bilayer structure:

e

U = 47t/drC(r)r2. (16)
0

Disruption of the equilibrium bilayer configuration affects
this order parameter in two different ways: If the mutual
orientation of neighboring lipids deviates from parallel align-
ment, or if lipids are separated from each other beyond their
equilibrium distance r., the value of ¥ is reduced, thus
providing a quantitative means to characterize lipid bilayer
damage.

In Fig. 13, we present the results of our bilayer damage
analysis. Figure 13a displays an investigation of finite size
effects in two systems containing 1000 and 10000 lipids,
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Fig. 13 Analysis of membrane damage due to shockwaves. a Plot of
membrane damage ¥ induced by shock waves of different incident
velocities vs. The data shown are for our CG lipid model with interaction
parameter i, = 1.4 and two different system sizes: 1000 lipids (filled
circles) and 10000 lipids (open squares), respectively. b Effect of lipid
attraction parameter /. on bilayer damage induced by shock waves of
different incident velocities vg. Filled circles exhibit results for the CG
lipid model with interaction parameter 7. = 1.4, being representative
of a very stable lipid bilayer. Open squares show the induced damage
for lipids with 2, = 0.8, which is close to the lower end of the fluid
bilayer regime in the phase diagram in Fig. 8

respectively, and for a whole range of different shock front
velocities vg. The lipid bilayer was chosen to be of medium
stability, with an interaction parameter 4. = 1. A clear trend
emerges from the result, with higher impact velocities caus-
ing a stronger decrease of ¥. The initial steep decrease in
¥ is almost instantaneous for all shock-wave speeds consid-
ered, however, the following behavior is dependent on v;: for
vy < 3000 ms~!, ¥ increases within a few ps, indicating
reversible damage. For vy > 3920 ms~!, no such recovery
can be observed. We note that the two system sizes considered
here show no significant difference in the resulting variation
of the damage parameter ¥. Hence, we conclude that these
system sizes are already large enough to study simple aggre-
gate order parameters which are computed by averaging over
one configuration. We also note that the data points for faster
vy in Fig. 13 extend to shorter times than those for slower vy,
as the simulation box size is fixed and a faster shock-wave
takes less time to traverse the box.
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Our CG model introduced in Sect. 2 is capable of simulat-
ing lipid bilayers of different stability, ranging from unstable
bilayers over a transition state to almost solid bilayers, close
to the crystallization transition to closed vesicles. We exploit
this feature in order to study the relation of bilayer stabil-
ity and shock-wave-induced damage. Thus, in Figure 13
b), we compare the variation of ¥ for two bilayers with
he = 0.8 and h, = 1.4, which are representative of the
extreme ends of the stable bilayer range, cf. Fig. 8. Here, we
use systems with 1000 lipids. We justify our small choice of
system size—1000 lipids—by noting that it is large enough
to capture the characteristic bilayer undulations, which are
driven by thermal fluctuations. This has been verified before
in Fig. 9, where we have shown that the Fourier transform of
the lipid bilayer height fluctuations reaches the asymptotic
scaling regime predicted by continuum theory. We therefore
assume that such a lipid bilayer patch is a representative ele-
ment of a real membrane and that the periodic boundary
conditions which we impose do not introduce large artificial
erTors.

The graph shows a clear difference in the resulting damage
of these two systems, however, it is surprising that bilayer sta-
bility leads to a quantitatively small effect, especially at long
times after shock-wave impact. A possible explanation for
this result is that the difference in cohesive energy density
between these two systems is smaller by orders of mag-
nitude than the energy densities introduced temporarily by
the shock wave. In this analysis, we see again that for for
vy < 3000 ms~!, ¥ increases within a few ps, indicating
reversible damage which is not the case for shock velocities
above vy > 3920 ms~!.

4 Summary and concluding remarks

We have presented in this paper MD simulations of a CG
solvent-free model that is derived from a well-tested polymer
model. We analyze the dynamics of the lipid molecules when
self-organizing into numerous, small clusters of lipid mole-
cules, driven by the particular interaction potentials of our
CG model that mimics the amphiphilic properties of phos-
pholipid molecules. We observe several stages of clustering
while the system approaches equilibrium and minimizes its
total energy, until finally all individual clusters merge into
a single stable structure. The most common stable structure
produced with our model is a fluid bilayer membrane, either
as flat membrane or as closed vesicle, depending on the spe-
cific choice of the simulation parameters temperature 7 and
lipid interaction potential /.. In the present study, we vary
the parameter range of our lipid interaction potential such
that mechanically barely stable bilayers as well as very sta-
ble bilayers can be simulated. For stable bilayer membranes
at equilibrium, we are able to show that with a proper choice

of our model parameters we obtain values for the compres-
sion modulus K¢ and the bending stiffness xg within the
range of typical experimental values. Therefore, our numeri-
cal experiments are representative of a wide range of different
real phospholipid bilayers.

We investigate the local structure of the bilayer mem-
branes at equilibrium by means of the pair correlation
function which exhibits a sensitive dependence on the tem-
perature with a given lipid tail interaction range A, and we
introduce an order parameter O; based on the Legendre poly-
nomials to further elucidate quantitatively the transition from
a random initial gas of unconnected lipid chains to highly
ordered fluid or quasi-solid phases. For O,, we also find a
much greater sensitivity to a variation of temperature than to a
variation of interaction range /. Furthermore, we determine
the parameter combinations for temperature 7' and lipid tail
interaction & for the different phases and for the aggrega-
tion of lipids in closed membrane vesicles. With the detailed
analyses of the membranes properties presented in this sim-
ulation study, we have added some interesting aspects to the
discussion of MD-based CG membrane models that were not
included in similar previous studies [31,59,61,74,76-78].

The results of our multiscale shock-wave simulations
which bridge the gap of a detailed description of the lipids
using discrete MD particles and the continuum SPH parti-
cles, indicate the existence of a threshold shock front velocity
vy ~ 3000 ms~!, below which the bilayer recovers from
shock-wave-induced damage on the timescale of at least sev-
eral tens of ps. Above this velocity, no such recovery can
be observed. Most of the damage is caused instantaneously
while the shock-wave front traverses the lipid bilayer, with
only little more damage occurring afterwards. A strong cor-
relation between vy and the induced damage is observed,
however, the dependence of the induced damage on the lipid
attraction parameter /. is found to be weak.

We suggest that new shock-wave experiments with stan-
dard cell lines should be performed that investigate the
damage in the cells to see whether the existence of a
shock front velocity threshold, separating reversible and
irreversible (permanent) membrane damage can be verified
experimentally. Such experiments would require high-speed
camera equipment and the possibility of performing single
cell shock-wave experiments, e.g., by including an AFM
(atomic force microscope) with the capability to select and
measure the properties of single cells before and after shock-
wave treatment.

In future applications of our model, we plan to investi-
gate the effect of the interaction of shock waves with closed
vesicles on a length scale comparable to that of biological
cells (tens of micrometers), which might be used as simple
mechanical models of the plasma membrane of eukaryotic
cells. The larger context of this research program is the
attempt to enhance our fundamental understanding of shock-
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wave interaction with soft matter systems, in particular with
cellular systems and biomolecules.

To the best of our knowledge, the here presented idea
of using coarse-grained particle models for soft matter sys-
tems in combination with the investigation of shock-wave
effects in these systems is a fairly new approach. Reveal-
ing the mechanisms by which shock-wave effects lead to
mechanical damage in soft biological matter could further
enhance our understanding of tumor therapies that are based
on shock-wave interactions with neoplasia.
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