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Shockwave-induced structural changes
of lipid flat disk and transition to vesicle

Kenichiro Koshiyama

The transition from lipid flat disks to vesicles under shock waves is essential for producing nanosized

vesicles during sonication. We perform non-equilibrium molecular dynamics simulations to examine

how shock waves interact with a lipid flat disk. The lipid disk consists of coarse-grained saturated

phospholipid models and is approximately 30 nm in diameter in the gel phase. Shock waves are

simulated using a piston-driven method, with piston speeds limited to 1.0 km s�1 or less. When a planar

shock wave strikes, the disk’s structural changes depend on the impact angle and the shock intensity.

A disk with its rotation axis parallel to the shock direction decreases in thickness while maintaining its

circular shape. In contrast, a disk with its rotation axis perpendicular to the shock wave direction

undergoes radial compression in the shock propagation direction, causing a temporary increase in

ellipticity. Behind the shock front, lipid molecules become disordered, as indicated by a reduction in the

average P2 order parameter of lipid chains and the gel fraction in the disk. This suggests that shock

waves can trigger the phase transition of lipid disks from the gel to the liquid phase. The shock’s

intensity and the resulting structural changes influence subsequent vesicle formation. During recovery,

vesicles often form from the disk after exposure to higher-intensity shock waves or after a temporary

anisotropic disk induced by a side impact. This highlights the importance of impact angle. These

structural changes in lipid flat disks caused by shock waves may help in understanding and controlling

vesicle sizes through sonication.

1. Introduction

Small Unilamellar Vesicles (SUVs), also known as nanolipo-
somes, are spherical vesicles formed from a single lipid bilayer
and range in size from several tens to hundreds of nanometers.
Because they can encapsulate both hydrophobic and hydro-
philic molecules, they have been widely studied as delivery
vehicles for active substances in agriculture, food, cosmetics,
and medicine.1–3 Additionally, SUVs are biologically produced
as part of the extracellular vesicle family4 and play vital roles in
intercellular communication.5 Therefore, producing engi-
neered SUVs is crucial for designing molecular cargos that
mimic natural biological processes and serve as models in
fundamental biological research.

A standard method for creating engineered SUVs involves
sonication, which applies high ultrasound energy based on
cavitation.3,6–10 During sonication, multilamellar or large uni-
lamellar vesicles break into small bilayer fragments (flat disks),
which then close into vesicles. Assuming spontaneous vesicula-
tion, this process is explained by the balance between edge

energy, which pulls the disk’s edges, and elastic energy, related
to the disk’s bending.6,11 Additionally, the non-linear elastic
properties of lipid disks have been implemented to understand
the formation of nano-sized vesicles.12 Although the theoretical
aspect of spontaneous vesiculation has been emphasized, the
basic understanding of how sonication influences vesicle for-
mation remains limited.7–9 In the sonication method, vesicles
form from flat disks under the influence of cavitation. In
contrast, conventional theory mainly focuses on spontaneous
vesicle formation, assuming symmetrical shape changes and
steady mechanical properties. Consequently, the high polydis-
persity of sonicated SUV size distributions remains unresolved,
making it challenging to produce sonicated vesicles with opti-
mal properties for many applications.

The sonication method relies on ultrasound cavitation,
which involves various physical phenomena, including shear
stress from microstreaming, microjetting, bubble oscillations,
and shock waves.13,14 The shock wave is the initial and most
intense phenomenon associated with cavitation and is known
to cause permeabilization of biological cell membranes.15–17

Because the shockwave generated by cavitation in water occurs
on a picosecond timescale,18,19 observing the dynamics of lipid
nanoparticles during shockwave propagation experimentally is
challenging. Non-equilibrium molecular dynamics (NEMD)
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simulations provide a valuable tool for numerically investigat-
ing picosecond lipid dynamics at nanometer spatial scales
under the influence of shock waves. For example, NEMD
studies have examined the interactions between shock waves
and lipid bilayers20–23 and proteins24,25 Additionally, the effects
of bubble jets induced by shock waves on cell membranes26–31

and the high-speed stretching of lipid bilayers associated with
shock wave propagation32–35 have been explored. However, it
remains unclear how shock waves influence lipid flat disks at
the molecular scale, which are indispensable for understanding
the vesiculation mechanism during sonication.

In this study, we investigate the behavior of lipid flat disks in
response to plane shock waves and examine how impact angles
and shock intensities influence the structural changes and the
transition to vesicles using NEMD simulations. In the Methods
section, we describe the preparation of the basic system using
coarse-grained force fields for lipid systems and detail the
implementation of the piston-driven shock wave technique.
In the Results section, we verify the properties of plane shock
waves and stable lipid flat disks, analyze the structural changes
of the disks and lipid components under shock conditions, and
the recovery processes after shock impact. We also examine the
effects of impact angle and shock intensity. In the Discussion
section, we present a possible scenario of vesiculation caused
by shock waves during sonication and discuss methods to
control the size of sonicated vesicles, along with limitations
and future directions of this study.

2. Methods

The MARTINI force field version 3,36,37 a recently reparameter-
ized coarse-grained (CG) molecular model of lipid systems, is
used as the force field in CGMD calculations (Fig. 1(A)). Dipal-
mitoylphosphatidylcholine (DPPC) molecule is used as the lipid
component of lipid flat disks and is represented in the CG
model,36,37 where the choline, phosphate, and glycerol groups
are mapped as NC3, PO4, and two GL beads, respectively.
The two 16-carbon acyl chains are each modeled by four beads

(C1–C4), with each bead representing four methylene units
following the standard 4-to-1 mapping ratio.37 Additionally,
four water molecules are represented as a single W bead.
A rectangular computational system filled with CG water beads,
subject to periodic boundary conditions in all directions, is
prepared. A lipid flat disk with a diameter of approximately
30 nm, composed of 2400 DPPC molecules,38,39 is placed in the
system (Fig. 1(B) and (C)). To prepare a stable DPPC disk,
equilibration MD simulations are performed for 3 ms at 310 K
and 1 bar, which is below the gel-liquid phase transition
temperature of the MARTINI v3 DPPC lipid bilayer. The general
setup36 is used for calculating CG interactions, except that the
Verlet buffer tolerance is set to 0.0002 kJ mol�1 ps�1.40 The
v-rescale algorithm41 with a time constant of 1.0 ps is used for
the thermostat, and the Parrinello–Rahman algorithm42 with a
time constant of 10 ps is used for the barostat. The time step for
integrating the equations of motion using the leap-frog algo-
rithm is 20 fs for the equilibrium MD simulations.

To apply a plane shock wave to the lipid systems, the
periodic boundary condition is removed along the long axis
of the system, and a Lennard-Jones potential wall, composed of
coarse-grained water beads, is placed at one end. The genera-
tion and propagation of piston-driven plane shock waves are
simulated by applying a piston velocity, Up, towarpd the
potential wall to all beads, which are then reflected by the wall
(Fig. 1(D)).43,44 During the shock wave MD simulations, tem-
perature, pressure, and center of mass motion controls are not
implemented, while the neighbor list is updated every step. The
time step for integrating the equations of motion is set to 1 fs in
shock wave MD simulations.

To investigate the effects of the shock impact angle on lipid
flat disks, we prepare two systems in which the disk’s rotation
axis is set to be parallel (y = 01) or perpendicular (y = 901) to the
direction of shock wave propagation (Fig. 1(C)). The initial
distance between the potential wall and the center of a lipid
disk is 36 nm. Shock wave MD simulations are conducted for
three different initial configurations under each angle condi-
tion. The analysis of structural changes is limited to the period
when the shock wave reflects at the vapor-liquid water interface
(Fig. 1(D)). We perform MD simulations with GROMACS 2025
series in double precision45,46 and modify them to implement
the piston-driven shock wave algorithm. The configuration
pressure tensor is calculated using GROMACS-LS,47 and other
analyses are carried out with GROMACS tools and in-house C
and Python codes, partly supported by MDAnalysis.48

To verify how a lipid flat disk recovers after being impacted
by a shock wave, we perform additional recovery simulations
under controlled pressure and temperature conditions.
We extract a shock-compressed region containing the lipid
disk and run a short MD simulation to relax the system with
pressure in the compressed direction, Pz = 1.0 bar, constant
area A, and temperature T = 310 K, i.e., constant nPzAT MD
simulation. Afterward, the pressure in all directions and tem-
perature are relaxed for up to 1 ms. Note that the method
for conducting recovery MD simulations within current com-
putational limits remains controversial; a similar approach

Fig. 1 MARTINI v3 CG models of saturated lipid (DPPC) and water (A), top
and side views of a stable lipid flat disk (B), the system configuration (C),
and the schematic of a piston-driven plane shock wave simulation (D). The
hydrophilic headgroup beads and hydrophobic tail beads are shown in
yellow and green, respectively, with their names36 in Fig. 1(A) (see the
text for details). The rotation axis of a lipid disk is indicated by the black
arrow in Fig. 1(C).
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has been used to verify membrane recovery after shock wave
impact.27

3. Results
3.1. Shock wave characteristics

For shock wave CGMD simulations, we first verify the modeled
shock waves by examining the relationship between particle
velocity, Up, and shock wave propagation speed, Us, i.e., the
Us�Up Hugoniot curve for water.49 Fig. 2 shows the Us�Up

Hugoniot curve obtained with MARTIN v3 water beads. Here,
Up represents piston velocity, and Us is measured directly from
density-wave propagation. The CG water curve matches well
with experimental data for Up r 1.0 km s�1. Previous studies
have shown that curves generated using the CG water model
with MARTINI v227 or the all-atom water model26 also fit
experimental data well. Although the water model in MARTINI
v3 is slightly modified from MARTINI v2,36 it remains valid at
least for Up values below 1.0 km s�1. Since the bubble wall
speed of a cavitation bubble can reach about 1.0 km s�1 within
micrometers from its center,18,19 we focus on lipid dynamics
caused by shock waves with Up limited to 1.0 km s�1 or less.
Additionally, we verify the density, temperature, and pressure
profiles across the shock front for Up = 1.0 km s�1 (Fig. 3).
In this range, pressure and temperature anisotropies become
apparent, as reported in previous studies of strong shockwaves
in simple Lennard-Jones liquids.43,50 Note that for NEMDs, the
effects of computational parameters should be verified.20,21,32

We tested following parameters and algorithms of shock wave
MD simulations: the time set of 0.5 fs, the wall model of
hydrophobic beads, and the LAMMPS-like piston-driven
method with momentum mirror.51 The obtained density pro-
files were unchanged at least with the above tested parameters
and algorithms (see Fig. S1).

3.2. Stable lipid disk structure

The stable lipid disk structure forms the basis for controlling
the transition to a vesicle. The radius of the 2400-lipid disk was
14.76 nm, based on the convex hull of lipid beads projected
onto the disk plane. The thickness was determined to be
4.86 nm, measured as the distance between the averaged
positions of PO4 beads in the upper and lower monolayers.
The relative shape anisotropy estimated from the gyration
tensor of C4 beads52,53 was approximately 0.25, indicating a
well-flat and symmetric disk shape. The P2 order parameter,54

averaged over the lipid chains (C1–C2, C2–C3, and C3–C4;
Fig. 1(A)) in the disk core region, was 0.93, indicating a highly
ordered lipid chain structure. To quantify lipids in the gel
phase of the disk, we analyzed the lipid arrangement, which
is regularly packed in a honeycomb lattice, based on previous
studies of the gel-liquid phase transition in MARTINI CG lipid
systems.55 The lipids in the disk core were frequently identified
as gel lipids (e.g., Fig. 4(C)), and the gel phase lipid fraction
exceeded 68% of the total lipids. In this context, without the
influence of shock waves, we consider the 2400 DPPC disk
prepared at 310 K and 1 bar to be a stable gel-phase lipid disk
when using the MARTINI v3 force field.

3.3. Structural changes of lipid disk

The shockwave-induced structural changes of a disk depend on
its orientation. Fig. 4 shows typical structures of a disk aligned
parallel (y = 01) and perpendicular (y = 901) to the shockwave’s
propagation direction. Before the shock wave impacts (left
panels of Fig. 4(A)–(C)), the disk has an isotropic circular shape,
with ordered lipid tails in the core region. After the impact, the
shock wave compresses the disks along the propagation direc-
tion (right panels of Fig. 4(A) and (B)). For y = 01, the disk
thickness quickly decreases and then slightly rebounds (red
line in Fig. 5), which may be because of the anisotropy of the

Fig. 2 The relationship between the shock wave propagation speed, Us,
and the particle velocity, Up, i.e., the Us–Up Hugoniot curve for MARTINI V3
water beads and water (experiment49).

Fig. 3 Representative number density of CG water beads profile (upper),
lateral and normal temperature profiles (middle), and lateral and normal
pressure profiles (bottom) for Up = 1.0. The half of the density difference
across the shock front is set to z = 0. The solid lines indicate moving
averages for the eye guide.
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pressure tensor at the shock front (see Fig. 3). At the same time,
its radius and shape remain mostly unchanged (black and blue
lines in Fig. 5), indicating the compression maintaining its
circular shape (Fig. 4(A) and (C)). Conversely, for y = 901, both
the diameter along the propagation direction and the thickness
decrease significantly (Fig. 6), leading to a temporary transition
toward an anisotropic, ellipsoidal shape disk (Fig. 4(A) and (C)).

Before the shock wave impact, the lipids in the core region
of the disk are in the gel phase (Fig. 4(C) left). The shock wave

distorts the lipid arrangement through disk compression and
slight rebound. The distortion is most noticeable near the edge
of the disk but develops into complex patterns (Fig. S2 and S3).
For y = 01, the averaged P2 order parameter of lipid molecules
drops suddenly and then rebounds, resembling the change in
thickness (Fig. 4 and 7), while the gel fraction decreases
monotonically. For y = 901, the P2 order parameter decreases
monotonically. The gel fraction temporarily increases with the
first compression but then decreases continuously (Fig. 7). For
both y = 01 and 901, the decrease in gel fraction persists for at
least 60 ps in the high-pressure and high-temperature region
behind the shock front (Fig. 3).

3.4. Effects of shock wave intensity

The structural changes of a lipid disk depend on the impact
angle and shock wave intensity. Since shock wave intensity is
proportional to Up, the changes are evaluated relative to Up. The
normalized minimum thickness (Fig. 8(A)) decreases to about
0.7 as Up increases, and the values for y = 01 are smaller than
those for y = 901. The normalized minimum radius (Fig. 8(B))

Fig. 4 Representative snapshots of lipid flat disks under the impact of shockwaves. The hydrophilic and hydrophobic beads are colored in yellow and
green, respectively. The only C2 beads are shown in Fig. 4(c).

Fig. 5 Representative changes in the deformation ratios of disk radius
(black line), thickness (red line), and the coefficient of variation of the radius
(blue line) for y = 01 and Up = 0.8 km s�1. The reference values for the
deformation ratio were taken from the 0 ps time point. The variation in
radius was calculated from the distances from the disk center to each
convex full vertex of the PO4 beads projected onto the disk plane.

Fig. 6 Representative changes in the deformation ratios of the diameters
parallel to (black line) and perpendicular to (red line) the shock direction,
and the thickness (blue line) for y = 90 and Up = 0.8 km s�1.

Fig. 7 Representative changes of the average P2 order parameters of lipid
chains and the gel fraction for Up = 0.8 km s�1.
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appears to decrease with Up for y = 901 and remains nearly
unchanged for y = 01. This indicates volumetric compression of
the disk occurs for both angle conditions. The minimum
average P2 order parameter (Fig. 8(C)) decreases with Up, but
the reduction becomes significant after Up = 0.7 km s�1,
especially for y = 901. For both angle conditions, the minimum
gel fraction (Fig. 8(D)) remains unaffected until Up reaches
about 0.7 km s�1, after which it decreases markedly.

3.5. Recovery from shock-compressed lipid disk

After experiencing a shock wave, the flat lipid disk either
returns to its original shape or transforms into a vesicle during
relaxation to 1 bar and 310 K (Fig. 9(A) and (B)). When a
transition to a vesicle occurs, the lipid-order distortion caused
by the shock wave (Fig. 4(C) and Fig. 8(C) and (D)) persists
during relaxation, leading to vesicle formation (Fig. 9(B)).
Fig. 9(C) displays the vesiculation rate for different Up values

Fig. 8 Minimum values of normalized thickness (A), normalized radius (B), averaged P2 order parameter (C), and gel fraction (D) for various Ups. For y = 901, the
results for the radius along the shockwave direction are shown. Note that the minimum values within 60 ps are plotted due to the computational limitation.

Fig. 9 Representative snapshots of the recovery to disk (A) and the transition to vesicle (B) during relaxation MD simulations from SW-impacted lipid
disk, and the vesiculation rate vs. Up (C). In Fig. 9(A) and (B), the results after short (left) and long (right) relaxation MD simulations are shown. All lipid beads
are shown to visualize the vesicle clearly in Fig. 9(B). The vesiculation rate is calculated as the number of vesiculated samples in total (n = 3).
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across three samples. Vesiculation takes place after a strong
shock wave impact with Up Z 0.8 km s�1, roughly corres-
ponding to the apparent decrease in the gel fraction
(Fig. 8(D)). Furthermore, the threshold Up required to trigger
vesiculation for y = 901 (0.8 km s�1) is lower than for y = 01
(0.9 km s�1). This suggests that shock impact from the disk side
may be more effective in inducing vesiculation during relaxa-
tion. Note that we tested the effects of extracted regions on the
vesiculation rate for recovery simulations (see the Method
section). Although the threshold Up changes slightly, the qua-
litative result of the favor vesiculation for the disks when
impacted from the side remains unchanged (see Fig. S4).

To confirm the recovery of the lipid disk from distortion, we
further analyzed the temporal change in the angle potential
energy, a sensitive measure of lipid phase changes, using
MARTINI CG models. Fig. 10 shows representative results for
Up = 0.8 km s�1. For y = 01, all samples revert to their original
disk shape (Fig. 8(b)), and the energy relaxes back to its original
value, where the disk is in the gel phase. In contrast, for = 901,
the energy relaxes to a higher level and then suddenly increases
with vesiculation. Before vesiculation, the angle energy remains
higher, suggesting that the lipid phase of the disk may be semi-
stable in the liquid phase. Interestingly, when the gel-to-liquid
phase transition is induced by shock waves, the semi-stable
angle potential energy during recovery simulations is indepen-
dent of the experienced impact angle and Up (Fig. S5). Once the
liquid phase becomes semi-stable, the disk transforms into a
vesicle within 1 us.

4. Discussion
4.1. Sonication method and vesiculation theory

We have demonstrated that shock waves temporarily alter the
shape of lipid disks and the lipid arrangement. According to
the classical vesiculation theory,6,11 the balance between the
edge energy and the bending energy, thereby, the mechanical
properties of the disk, is essential to the fate of disk shape. For
example, lower bending modulus facilitates vesiculation,
whereas higher bending modulus stabilizes the disk shape.

Before shock wave impact, the lipid disk is in the gel phase
(Fig. 4) and has a higher bending modulus.56 This explains
the stable disk shape before the shockwaves impact. However,
after high-intensity shock wave impact, the lipid arrangement
becomes disordered, leading to a decrease in the gel fraction
(Fig. 6). This suggests that shock waves can temporarily shift
the lipid disk phase from the gel to the liquid phase. Because
the bending modulus of the liquid phase is much lower than
that of the gel phase,56 shock waves may set a favorable
condition for vesiculation (Fig. S5). Also, the vesiculation theory
states that the energy barrier for transitioning from a disk to
a vesicle decreases as the bending energy decreases.11 This
suggests that during sonication, shock waves from cavitation
can trigger vesiculation by altering the phase of lipid disks and
controlling their mechanical properties. Interestingly, shock-
induced acceleration in molecular dynamics has been reported
in protein binding.24,25 Furthermore, the shockwave-induced
phase change in the lipid disk depends on impact angle and
shock intensity (Fig. 8). Since the positions of cavitation bub-
bles and disks in their aqueous solutions vary significantly
during the ultrasound exposure, the different sensitivities of
lipid disks to shockwave impacts may explain the significant
variation in the size of sonicated SUVs.7–9

4.2. Toward controlled vesiculation from lipid disk

Recently, a stable lipid flat disk, called a bicelle, has been exten-
sively studied in biophysical chemistry.57 One of its unique
features is its tendency to align either along or perpendicular to
the magnetic field. In this paper, we revealed that the transition
from lipid flat disks to vesicles can be favored in disks after
shock-wave impact from the side (Fig. 8 and 9). This suggests
that performing the sonication method under a magnetic
field could control vesiculation. For instance, when aligned
bicelles under a magnetic field are exposed to shock waves from
their side generated by cavitation, the bicelles may be expected
to transit to vesicles favorably. However, controlling cavita-
tion under a magnetic field remains a challenging area of
research.58

4.3. Limitations and future directions

Although we demonstrated structural changes in lipid flat disks
induced by plane shock waves using NEMD, some limitations
remain. The analysis was limited to several tens of picoseconds
due to computational limits. However, some lipid dynamics
(e.g., P2 order parameters or the gel fraction (Fig. 7)) would not
reach convergence within this period. Additionally, we did not
observe any obvious lipid flip-flop events during shock com-
pression, which one might expect to occur because they could
be more favorable at the edge in lipid bilayers.59 Likely, under
extremely high-pressure and high-temperature conditions
behind the shock front, lipid relaxation could take longer.
Furthermore, analyzing detailed pressure distributions in the
disk under shock waves can be valuable, as they may relate
to vesiculation by altering the mechanical properties of lipid
systems.60 Current nonequilibrium shockwave simulations
restrict the sampling needed for detailed local pressure analysis.

Fig. 10 Temporal changes of angle potential energy for y = 01 and 901
after the impact of shockwaves with Up = 0.8 km s�1. The arrows indicate
the energy at the time the vesicle forms. The ensembles used for the
relaxation MD simulations are shown in the figure.
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Such slow lipid dynamics and local pressure distributions can be
studied using equilibrium MD simulations of shock waves,44

although applying this to biological systems is still challenging.
The shock-induced distortion causing the phase change in

the lipid disk develops into complex patterns (Fig. 4 and Fig. S2,
and S3). We hypothesize that the phase transition triggered by
shockwaves may have an intricate mechanism, since shock-
waves significantly increase both temperature and pressure on
picosecond time scales (Fig. 3). A detailed analysis of how the
distortion occurs under shock waves requires further research,
such as comparing it with results from heat-55,61 or pressure-
induced62,63 phase transitions.

Bubble jets26–31 or negative pressure from pulsed shock-
waves24,64 are known to influence lipid or protein dynamics,
but we only considered plane shockwaves in this study. Addi-
tionally, cavitation bubbles emit spherical shockwaves whose
intensities decay with distance.18,19 The interaction between
shockwaves and bubbles, and the effect of shockwave pulse
width on lipid disk dynamics, could be an interesting area of
shockwave MD research and can be investigated using the
piston-driven shockwave algorithm.44

Because we performed coarse-grained MD simulations, we
did not examine more detailed atomistic features like water
dynamics.20,21 All-atom MD simulations of lipid systems under
shockwaves could provide valuable insights into shockwave
phenomena in sonication, as water behavior during shock
impacts is crucial to lipid membrane dynamics.65,66 Further-
more, although the MARTINI CG models effectively reproduce
various lipid36,37 and shockwave characteristics (e.g., Fig. 2),
they still need improvements in some lipid dynamics67 and
phase behavior.61 All-atom MD simulations will support and
improve the current understanding of lipid dynamics under
shock waves achieved with the current CG models.

5. Conclusion

In this study, we performed non-equilibrium molecular
dynamics simulations of lipid disks exposed to planar shock
waves to understand how shock waves interact with a lipid flat
disk at the molecular level. We found that shock waves com-
press the lipid disk in the direction of propagation and distort
its lipid organization. A disk with its rotation axis parallel to the
shock direction decreases in thickness while maintaining its
circular shape. Conversely, a disk with its rotation axis
perpendicular to the shock wave direction experiences radial
compression along the shock propagation, causing a temporary
increase in ellipticity. The shock wave alters the lipid arrange-
ment through disk compression and a slight rebound, trigger-
ing a phase transition from the gel to the liquid state. During
recovery, vesicles often form from the disk after exposure to
higher-intensity shock waves or side impacts, which induce a
temporarily anisotropic disk. Because the mechanical proper-
ties of lipid systems in the liquid phase are lower than in the gel
phase, shock waves from cavitation during sonication can
cause vesiculation by changing the phase of lipid disks through

modulation of their mechanical properties. These molecular
insights into the structural changes in lipid flat disks caused by
shock waves could help in understanding and controlling
vesicle size through sonication.
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