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ABSTRACT
Focused ultrasound (FUS) has a wide range of medical applications. Nowadays, the diagnostic and therapeutic ultrasound procedures are
routinely used; effects of ultrasound on biological systems at the molecular level are, however, not fully understood. Experimental results on
the interaction of the cell membrane, a simplest but important system component, with ultrasound are controversial. Molecular dynamics
(MD) simulations could provide valuable insights, but there is no single study on the mechanism of the FUS induced structural changes in
cell membranes. With this in mind, we develop a simple method to include FUS into a standard MD simulation. Adopting the 1,2-dioleoyl-
sn-glycero-3-phosphocholine lipid membrane as a representative model described by the MARTINI coarse-grained force field, and using
experimental values of the ultrasound frequency and intensity, we show that the heat and bubble cavitation are not the primary direct mech-
anisms that cause structural changes in the membrane. The spatial pressure gradients between the focused and free regions and between the
parallel and perpendicular directions to the membrane are the origin of the mechanism. These gradients force lipids to move out of the focused
region, forming a lipid flow along the membrane diagonal. Lipids in the free region move in the opposite direction due to the conservation of
the total momentum. These opposite motions create wrinkles along the membrane diagonal at low FUS intensities and tear up the membrane
at high FUS intensities. Once the membrane is torn up, it is not easy to reform. The implication of our findings in the FUS-induced drug
delivery is discussed in some detail.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099008

I. INTRODUCTION

Ultrasound has a wide range of medical applications. A major
development and application of ultrasound methods and devices
for clinical diagnostics, surgery, and therapy started in the 1950s,
and exponentially expanded during the last few decades.1 In par-
allel, numerous studies have been carried out to address possible
side effects of therapeutic ultrasound, including bioeffects, hazards,
and safety.2 Important applications are the use of high intensity
focused ultrasound (FUS) in treatments of prostate cancer, essential
tremors, and pain from bone metastatis,3 and low intensity FUS in

the opening of the blood-brain-barrier (BBB) for drug delivery.4,5

The use of FUS allows one to concentrate the ultrasound power to
a specific region, avoiding the damage of surrounding regions. It
has been suggested that the main mechanisms of high intensity FUS
and tissue interaction involve thermal and mechanical effects. The
high intensity FUS could elevate local tissue temperature to higher
than 60 ○C by the thermal effect, causing tumor cell destruction. The
mechanical effects include microstreaming, cavitation, and radia-
tion force. Under ultrasound, tiny gas bubbles may be formed in
the tissue or solution. The stable cavitation occurs when bubbles
oscillate stably in size, creating shear stress, microstreaming on the
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surrounding objects.6–10 The collapse of bubbles, called inertial cavi-
tation, results in a high temperature and shock wave that disintegrate
the surrounding tissues.11–15 The ultrasound radiation force caused
by spatial gradients in acoustic intensity could induce tissue dis-
placement.1 The low intensity FUS is usually combined with injected
gas filled microbubbles.4 When the bubbles reach the ultrasound
field, they vibrate and exert mechanical force on the BBB. It has been
suggested that the BBB is opened due to the disruption of the tight
junctions connecting neighboring endothelial cells of the BBB. This
allows therapeutic molecules to move from the blood to the brain.16

Although all these applications are promising, effects of high and low
intensity FUS on biological systems are not fully understood at the
molecular level, even for simplest system components such as cell
membranes. Some important questions, which provide a motivation
for this work, are whether the low intensity FUS induces BBB open-
ing at the tight junctions as believed or tears up the cell membrane,
allowing cells to uptake drugs bound to their surface? Whether the
bubble cavitation or ultrasound radiation force in high intensity FUS
experiments is the main effect on the membrane? Answering these
questions at the molecular level is probably very difficult for exper-
iments. Indeed, experimental results on the synthetic lipid bilayers
are controversial. Some studies have shown that lipid bilayers do
not respond to low intensity ultrasound,17–19 but a recent experi-
ment has shown that ultrasound radiation force causes oscillation
and displacement of lipid membranes, resulting in small changes in
membrane area and capacitance.20

From the theoretical side, a number of simulations have been
carried out to study the bubble inertial cavitation and the effect of the
shock wave on the lipid bilayer structure, employing continuum,21

coarse-grained, and atomistic molecular models.22–30 Recently, we
have developed a bubble model for molecular dynamics (MD) sim-
ulations of the stable cavitation.31 The model has been applied to
study the effects of stable cavitation on the amyloid fibril and lipid
membrane models,31,32 and to verify the Rayleigh-Plesset equation
for the description of the dynamics of nanosized bubbles.33 How-
ever, we have not seen in the literature any MD simulations aimed
at studying the direct interaction between FUS and the membrane.
To this end, the core aim of this work is two folds: (i) develop a
nonequilibrium MD (NEMD) simulation method that extends well-
established MD simulation techniques to the description of FUS
and (ii) carry out simulations with this method to understand the
response of a model lipid bilayer to FUS. We show that the spatial
pressure gradients between the focused and free regions and between
the parallel and perpendicular directions to the membrane are the
origin of the mechanism. This induces opposite lipid flows between
the focused and free regions, which then create wrinkles along the
diagonal of the membrane at low intensity FUS and tear up the
membrane at high FUS intensities. The torn membrane is still not
reformed within a few microseconds.

II. METHODOLOGY
A. The system

We study the membrane composed of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) lipids immersed in water. The coarse-
grained MARTINI 2.2 force field34,35 is employed to describe the
membrane and water. In this force field, a coarse-grained water bead
represents four water molecules. A DOPC lipid molecule consists of

hydrophilic (NC3 and PO4) beads, hydrophobic (C1A, D2A, C3A,
C4A, C1B, D2B, C3B, and C4B) beads, and intermediate (GL1 and
GL2) beads [Fig. 1(a)]. The system consists of one membrane of 4592
DOPC lipids solvated in 404 960 waters. The initial dimensions of
the unit cell are (Lx, Ly, Lz) = (40, 40, 35) nm [Fig. 1(b)]. Starting
from this configuration, an equilibrium MD simulation is carried
out for 200 ns in the NPT ensemble with the pressure P = 1 bar and
temperature T = 303 K, employing the GROMACS simulation pack-
age.36 The last structure is used as the initial structure for subsequent
NEMD simulations.

B. Focused ultrasound simulation method
In FUS experiments, ultrasound is only applied to a given

region, called focused region, of the system whose local pressure
varies in time following the external sound wave pressure. The
rest, called free region, is supposed to be much larger, whose pres-
sure is maintained at the equilibrium biological pressure P0 of the

FIG. 1. (a) The MARTINI coarse-grained DOPC lipid model and (b) initial structure
of the system with edge lengths (Lx , Ly , Lz) = (40, 40, 35) nm. For clarity, water
is not shown. The ultrasound is focused to the region colored in red, having the
radius R = 8 nm and centered at the center of the simulation box. (c) One period
of 100 ns of the ultrasound pressure.
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system. To simulate this type of experiment, we suggest to couple
two regions to different barostats. In the free region, the standard
Berendsen barostat37 is used to maintain the biological pressure P0.
This is achieved by scaling coordinates of atoms ri = µri (i = 1⋯Nfr)
with the scale factor

µ = [1 − ∆t
τp

(P(t) − P0)]
1/3

. (1)

Here, Nfr is the number of atoms belonging to the free region, ∆t is
the integration time step, τp is the coupling time to the barostat, and
P(t) is the instantaneous pressures. In the focused region, the effect
of the sound wave, which has the form [Fig. 1(c)],

p(t) = A sin(2πτ
t

), (2)

is taken into account by scaling the coordinate of atoms in this
region as ri = µ∗ri (i = 1⋯Nfo) with

µ∗ = [1 − ∆t
τp

(P∗(t) − P0 − A sin(2πτ
t

))]
1/3

, (3)

where τ and A are the period and amplitude of the ultrasound,
Nfo and P∗(t) are the number of atoms and instantaneous pressure
in this region, respectively. Because the system is only perturbed
locally, the overall pressure of the system is dominated by the pres-
sure of the free region P(t). Thus, it is sufficient to use only the
scale factor µ in Eq. (1) to scale the length of the system L = µL
after scaling the coordinates, and the volume becomes V = (µL)3

= [1 − ∆t
τp
(P − P0)]V .

C. Parameters and simulation details
The typical ultrasound period of high and low intensity FUS

experiments is τ = 2000 − 100 ns (frequency ω = 0.5–10 MHz).38,39

The ultrasound pressure amplitudes for high and low intensity FUS
experiments are in the range A = 10–100 bars40 and A = 1–10 bars,39

respectively. To be computationally feasible with available computer
resources, we use FUS with period τ = 100 ns (ω = 10 MHz), which
is in the range of experiments, in all simulations, and our system size
is on the order of nanometers (Lx, Ly, Lz) = (40, 40, 35) nm. The
nanosecond-microsecond simulation time scales allow us to capture
several FUS periods. The FUS pressure amplitude is varied from 0 to
55 bars, at which we first observe the tearing of the membrane. The
focused region with a radius R = 8 nm [Fig. 1(b)] is large enough,
∼10% of the system volume, such that the system receives sufficient
energy to change the structure within reasonable simulation time
scales. The GROMACS simulation package36 coupled to our code
of FUS is used for all simulations. The reference pressure, P0 = 1 bar,
the pressure coupling constant, τp = 1 ps, and an isothermal com-
pressibility of 3.4 × 10−4 bars−1 are used. Because the free region
is supposed to be much larger than the focused region, the global
temperature of the system should be maintained at an equilibrium
value. Therefore, we couple the whole system to the heat bath at
303 K, employing the Berendsen coupling method37 with a temper-
ature coupling constant of 0.1 ps. This ensures that the structural
changes in the membrane are not due to heat generated by work
done by ultrasound. The equations of motion are integrated using

the leapfrog algorithm with a small time step of 10 fs. The elec-
trostatic interactions are calculated using the particle mesh Ewald
method and a cutoff of 1.4 nm.41 A cutoff of 1.4 nm is used for the
van der Waals interactions. The nonbonded pair lists are updated
every 5 fs. The use of small time step, more frequent update of the
pair lists, and a large neighboring list ensure that the temperature of
the water is well-maintained.42

III. RESULTS AND DISCUSSION
A. The system is at quasiequilibrium state

Figures 2(a) and 2(b) show, as examples, the time evolution
of the pressure and temperature of the system for the simulation
using a high ultrasound intensity, A = 55 bars. As seen, the pres-
sure of the system always fluctuates around the reference value of 1
bar, although the large ultrasound pressure variation, between −55
and 55 bars, is applied to the focused region. This indicates that the
focused region, whose volume is ∼10% of the whole system, is indeed
small enough to ensure only a local excitation. The temperature of
the system oscillates with the ultrasound, but due to the coupling to
the heat bath, its average value is well-maintained around the ref-
erence value of 303 K, with the oscillation amplitude of only ∼1 K.
This suggests that the simulation well mimics the quasiequilibrium
states of experiments, which could be otherwise, unsafe for clinical
applications if the temperature was elevated too high. These results
also suggest that structural rearrangements in the membrane are
not dominantly induced by high pressures and/or temperatures of
the whole system. Finally, the total energy of the system [Fig. 2(c)]
does not exhibit large deviations, reflecting that the system does not
undergo any very large structural changes as seen below.

B. FUS induced structural change in the membrane
To obtain the first impression on the FUS induced rearrange-

ments in the membrane, we show in Figs. 3(a) and 3(b) the order
parameter P2 of lipids belonging to the free and focused regions,
respectively. Here, P2 is calculated as43

P2 =
1

2N

N
∑
i=1

3
2
(ui.d)

2
− 1

2
, (4)

where ui is the unit vector, connecting the two end particles, namely,
PO4 and C4A [Fig. 1(a)] of a lipid, d (the director) is a unit vector
defining the preferred direction of alignment of lipids, and N is the
number of lipids in the focused or free region. First, it is clear that the
focused region interacts directly with FUS, and thus it is more disor-
dered than the free region. Second, the system tends to be disordered
during the ultrasound compression phase and then recovers to the
ordered states upon the ultrasound expansion. FUS with low intensi-
ties, A ≤ 10 bars, does not induce much changes in the order of lipids
with P2 is always ≈0.5 in both regions. With a stronger ultrasound,
A = 30 bars, the lipids in the focused region become more disor-
dered with P2 reduces from the initial value of 0.5 to 0.4 at 600 ns,
and the free region is slightly disordered. With intensities ≥50 bars,
the lipids in the focused region are very disordered with the low-
est value P2 ≈ 0.1 when FUS reaches the maximum intensity. The
free region also becomes disordered with the lowest value P2 ≈ 0.3.
After six compression and expansion periods of FUS, the membrane
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FIG. 2. Time evolution of the pressure
(a), temperature (b), and total energy (c)
of the system simulated by using FUS
with intensity A = 55 bars and period
τ = 100 ns.

is distorted as illustrated by selected snapshots shown in Figs. 4(a)
and 4(b).

Initially, the membrane is basically flat, and the lipid density is
homogeneous [Fig. 1(b)]. Under FUS with amplitude A = 30 bars,

the membrane tends to be more and more bended as seen from
the selected snapshots at 225 and 600 ns. Then, the membrane is
wrinkled along the diagonal, and the lipid density is inhomogeneous
(snapshot at 2800 ns) [Fig. 4(a)]. A similar picture is observed with

FIG. 3. Time evolution of the order
parameter P2 and the temperature of the
lipids pertaining in the free region (a)
and (c), and in the focused region (b)
and (d). Shown are results obtained by
using FUS with τ = 100 ns and different
amplitudes A.
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FIG. 4. The snapshots of the membrane
at the selected time steps obtained from
NEMD simulations using FUS intensity
A = 30 bars (a), A = 55 bar (b), and from
the equilibrium simulation at the temper-
ature of 400 K (c). These simulations
start from the initial structure shown in
Fig. 1(b). The snapshots shown in (d)
are obtained from the equilibrium simu-
lation at 303 K and 1 bar, starting from
the structure shown in (b) at 600 ns.

A = 50 bars (data not shown). However, increasing the intensity to
A = 55 bars, we observe that the membrane is not only bended and
wrinkled but also torn up. A small hole appears at 225 ns and then
quickly becomes larger with size, ∼7 nm, around 275 ns. Around
600 ns, another hole appears along the diagonal, and the membrane
is significantly distorted and tends to be torn up [Fig. 4(b)]. In the
following, we investigate in detail the molecular mechanism of the
interaction between the membrane and FUS.

C. Molecular mechanism of FUS and membrane
interaction

Recently, Adhikari and colleagues have studied the membrane
poration induced by the shock wave and shown that the pressure dis-
tribution maps obtained at the membrane position accurately reflect
the mechanism of the shock wave on the membrane.44 Therefore, to
understand how waters and lipids respond to FUS, we calculate the
2-dimensional pressure maps showing the pressure across the X and
Y axes of the membrane of the equilibrium (0 ns), fully compressed
(225 ns) and fully expanded (275 ns) configurations for the case of
strong intensity A = 55 bars by using the method developed by Ollila
and colleagues.45 The results are shown in Fig. 5. We also calculate
the vector field of the velocity of atoms, and results are displayed

in Fig. 6. At the molecular level, an equilibrium state of the sys-
tem is maintained by a balance between short-ranged repulsions and
long-ranged attractions between particles. Initially at t = 0 ns, the
system is in equilibrium and the pressure is distributed homoge-
neously on the membrane surface with small fluctuations [Fig. 5(a)].
The atoms also move randomly in all directions as seen from
the velocity vector fields projected on the XOZ and XOY planes
[Figs. 6(a) and 6(b)]. Upon ultrasound compression, i.e., positive
ultrasound pressure shown in Fig. 1(c), lipids come closer to each
other; therefore, the short-ranged repulsions increase, and the pres-
sure in this region becomes higher than that in the surrounding free
region, generating a spatial pressure gradient between two regions.
Waters in the focused region are also compressed and move into
the interior of the system as indicated by the direction of the veloc-
ity vector field [Fig. 6(c)]. This compresses the membrane along the
Z-axis, generating another spatial pressure gradient between the per-
pendicular and parallel directions to the membrane plane. As a con-
sequence, the pressure in the focused region is higher than that in the
free region as shown in Fig. 5(b), and this forces lipids to move out
of the focused region in the XOY plane of the membrane. Because
the membrane is laterally compressed along the X and Y axes, the
sum of the compress forces along X and Y will be strongest along
the diagonal of the square membrane. Therefore, the membrane
undergoes largest structural changes along the diagonal, and lipids
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FIG. 5. The 2-dimensional pressure (in bar) maps at the membrane position at
0 ns (a), 225 ns (b), and 275 ns (c), corresponding to the initial, fully compressed,
and fully expanded configurations, respectively. Shown are results obtained using
FUS with A = 55 bars and τ = 100 ns.

move preferably along this direction from right to left as shown
in Fig. 6(d). Interestingly, we observe that the lipids and waters in
the free region tend to move in the opposite direction, i.e., from
left to right. This implies that the linear momentum is surprisingly
well-conserved in the simulation system. Upon ultrasound expan-
sion, i.e., negative ultrasound pressure, the lipids and waters are
pulled apart. The attractive interactions, including the Coulombic

interaction, intramolecular lipid bending, and torsion interactions,
and short-ranged van der Waals attractions become dominants, and
the pressure in this region becomes negatively lower than that in the
surrounding free region [Fig. 5(c)]. The waters in the focused region
tend to move out of the interior of the system [Fig. 6(e)], and their
direction of motion is opposite to that in the compression phase
[Fig. 6(c)]. Lipids in this region also follow the motion of waters,
forming a lipid flow along the membrane diagonal from left to right
as shown in Fig. 6(f). Again, the lipids and waters in the free region
move oppositely from right to left.

The opposite motions shown above tend to create an empty
space between the tails of the lipid flow in the focused region and
its counterpart in the free region, as shown in Figs. 6(d) and 6(f),
and this is the origin of the mechanism that tears up the membrane.
The higher the ultrasound intensity, the faster the lipid diffusion and
the easier the tearing. Indeed, we calculate the lateral diffusion coeffi-
cient,D = limt→∞

1
4tN ∑

N
i=1⟨[ri(t)−ri(0)]2⟩, of lipids as a function of

the ultrasound intensity A. Here, the sum runs over all N lipids, and
ri are the center-of-mass positions of lipids projected on the plane
of the membrane. The bracket ⟨⋯⟩ denotes an average over different
origins of time. The results are listed in Table I. Without ultrasound,
i.e., A = 0 bar, the diffusion coefficient is ∼8 × 10−7 cm2 s−1, which
is consistent with simulations and experiments indicating the lat-
eral diffusion coefficient to be about 10−7 cm2 s−1 in the fluid phase
for single-component membranes.46–49 As the ultrasound intensity
increases, the lipids diffuse faster with higher diffusion coefficients,
and at high enough intensities, the empty space becomes bigger, and
finally the membrane is torn up. Interestingly, lipids diffuse faster
in the ultrasound expansion phase as compared to the compression
phase. This is due to the fact that atoms have more space to move
when the system is expanded.

The work done by the ultrasound generates heat, which is then
removed by the heat bath so that the global temperature of the whole
system is maintained at the reference value, as shown in Fig. 2(b).
However, the focused region could be locally heated up upon ultra-
sound compression, and this could induce structural changes in the
whole membrane. To understand whether this is the mechanism
happened in our simulations, we calculate the temperature of the
free and focused regions and results are shown in Figs. 3(c) and
3(d), respectively. Because the volume of the free region is ∼90%
of the system; thus, it is not surprised that its temperature only
undergoes small fluctuations around 303 K for all ultrasound inten-
sities. In contrast, the focused region is much smaller and interacts
directly with the ultrasound; thus, it receives substantially heat. For
example, the temperature of the focused region reaches maximum
values of ∼320, 356, and 400 K when the amplitude of the ultrasound
reaches the maximum values of 30, 50, and 55 bars, respectively, at
t = (2n + 1)τ/4 (n = 0, 1, 2, . . .). To check whether these high
temperatures could induce changes in the membrane, we carry out
an equilibrium MD simulation, i.e., without FUS, at a temperature
of 400 K for 600 ns. As seen from the snapshots at three selected
times shown in Fig. 4(c), the membrane is hardly affected. This sug-
gests that structural changes in the membrane shown in Figs. 4(a)
and 4(b) are not directly due to heat. Recently, NEMD simulations
of the shock wave have reported the extremely high temperature
with coarse-grained force fields, and this could be due to the reduc-
tion in the number of degrees of freedom.50–52 Thus, the high local
temperature in the focused region observed in our simulations could

J. Chem. Phys. 150, 215101 (2019); doi: 10.1063/1.5099008 150, 215101-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 6. The vector field of velocity of
atoms projected on the XOZ [(a), (c), and
(e)] and XOY [(b), (d), and (f)] membrane
plane at 0 ns [(a) and (b)], 225 ns [(c)
and (d)], and 275 ns [(e) and (f)], corre-
sponding to the initial, fully compressed,
and expanded configurations, respec-
tively. The directions of vectors indicate
the directions of motion of atoms. Shown
are results obtained using FUS with A =
55 bars and τ = 100 ns. Inside the red cir-
cle [(b), (d), and (f)] is the focused region
and between two red straight lines is the
membrane [(a), (c), and (e)].

be a consequence of the use of the coarse-grained force field. This
could be improved, for instance, by using the polarizable MARTINI
water model.52 Nevertheless, because heat is not the main effect
on the membrane damage in our study, thus we believe that the
above-obtained mechanism of FUS induced membrane damage is
still valid.

We should mention that the membrane could be damaged due
to the shock wave.26–30,44 It has been suggested that gas bubbles could
be formed within the membrane due to the nucleation.53 Krasovit-
ski and colleagues construct a mathematical model and show that
bubbles are formed due to the separation of bilayer leaflets upon
ultrasound expansion.54 Okumura and Itoh carried out a NEMD
simulation of an amyloid fibril system under ultrasound using a very
high frequency of 1000 MHz and intensity of 3000 bars, and the
ultrasound is not focused but applied to the whole system.55 Because
of very fast frequency and high intensity, the system expands in size

quickly and largely upon ultrasound expansion, leaving large empty
spaces, i.e., bubbles in the system. In all cases, bubbles are collapsed
during the ultrasound compression, and damage surrounding. To
understand whether this is the mechanism happened in our simula-
tions, we detect cavitation in the system by computing the number
of density on 3D grids. More intuitively, we calculate the radial dis-
tribution functions between water-water, water-lipid, and lipid-lipid
molecules when the system is fully expanded and fully compressed,
but before the membrane is torn up, for the case A = 55 bars. As
shown in Fig. 7, the radial distribution functions of the fully com-
pressed and fully expanded configurations are virtually identical.
This is attributed to the fact that our ultrasound is low in inten-
sity, frequency and focused to a small region; thus, the system only
undergoes small expansion within a long time scale, atoms have time
to redistribute positions, and therefore large empty spaces are not
formed in the system. Thus, the scenario about the bubble cavitation
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TABLE I. Lateral diffusion coefficients of lipids as a function of the FUS amplitude.
Shown are results obtained during the ultrasound compression (left) and expansion
(right).

Diffusion coefficient (×10−5 cm−2 s−1)

Amplitude (bars) Compression Expansion

0 0.08 0.08
5 22 22
10 87 89
20 341 390
30 754 886
40 1282 1567
50 1927 2355
55 2155 2530

induced membrane structural changes is excluded in our study. This
conclusion is in agreement with recent experimental results.20

To make contact to experiments, we should mention that
early experimental studies found no effect of low-intensity ultra-
sound on the electricity properties of the cholesterol19 or phos-
phatidylcholine/cholesterol17 bilayers. Recent experiments of Pri-
eto and colleagues have shown that bilayers, formed from solution
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol), respond
to the ultrasound by small changes in membrane area and capaci-
tance.20 The difference between these conclusions could be due to
differences in experimental design, accuracy of the measurements,
and bilayer properties. For example, Rohr and colleagues19 reported

a resolution of ±3% for their measurements of capacitance changes,
which would have been insufficient to detect the small changes
(<1%) observed by Prieto and colleagues.20 In this work, Prieto et al.
used two ultrasound frequencies of 1 MHz and 43 MHz, and the
diameters of the sound beams at the focal spot are comparable with
the diameter of the membrane (∼0.1 mm). Thus, these are essen-
tially not focused ultrasound experiments because the ultrasound
spreads over the membrane. The authors found that the ultrasound
intensity gradients across the membrane and acoustic streaming in
fluid along the direction of ultrasound propagation exert forces on
the membrane. They suggested that these forces cause oscillation
and displacement of the membrane. In our simulations, the ultra-
sound also interacts directly with the membrane, and the water in
the focused region also exerts pressure on the membrane as shown
above. However, the essential difference between experiment and
simulation is that our forces exert on the focused region of the mem-
brane, whereas experimental forces spread over the membrane sur-
face. As a consequence, a spatial pressure gradient occurs inside the
membrane, between the free and focused region, and this generates
lipid flows in the membrane plane as shown above. In contrast, the
membrane in the experiment moves along the ultrasound propaga-
tion which is perpendicular to the membrane surface. In short, the
mechanisms of the interaction between the ultrasound and mem-
brane are different between experiments of Prieto et al.20 and our
simulations.

Finally, a question is whether the use of the coarse-grained force
field MARTINI affects the mechanism shown above? This force
field has been successfully used in many equilibrium simulations
of biomolecular systems, especially systems containing phospholipid
membranes.35 For many nonequilibrium situations, there is a need
to perform a large number of simulations for a given system to

FIG. 7. The radial distribution func-
tions between water-water (a),
water-membrane (b), and membrane-
membrane (c) of the fully compressed
(black) and expanded (red) configura-
tions. Shown are results obtained using
FUS with τ = 100 ns and amplitude
A = 55 bars.
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accumulate ensemble statistics. Our system in the atomistic repre-
sentation would contain nearly 2.3× 106 atoms, and MD simulations
for this system on the µs time scales would represent an enormous
task. In the previous studies, the MARTINI force field has been used
in NEMD simulations to study the bubble collapse induced dynam-
ics in lipid membranes,22–25,27–30,32,44,52 stress propagation through
lipid bilayers,56 and pore formation by the external electric field.57

Overall, the results are quite in good agreement with experiments or
atomistic simulation results. This gives us confidence, and we believe
that the essential physics of the interaction mechanism between FUS
and membrane shown above is valid.

D. Reformation of the damaged membrane
It is of interest to see whether the damaged membrane is

reformed under the equilibrium condition. To this end, we carry
out a standard NPT equilibrium simulation without FUS, starting
from the torn snapshot shown in Fig. 4(b) at 600 ns. The semi-
isotropic pressure coupling is imposed along Z and X, Y directions.
After 2.1 µ, the membrane is still torn up with holes being not closed
[Fig. 4(d)]. This suggests that the membrane is really damaged and
it would take much longer time to recover the initial structure.

IV. CONCLUSIONS
We have developed a NEMD simulation method to include

FUS into standard MD simulations. From the methodological point
of view, this is the first molecular dynamics approach in the field,
opening a new way to simulate the local interaction of ultrasound
with not only membranes but also other systems. The method is
applied to study the molecular interaction between FUS and a model
lipid membrane DOPC. We acknowledge that our system size as well
as the size of the focused region (in nanometer) is much smaller
than those in experiments (in millimeter). In addition, to the best
of our knowledge, there are no experimental results on the inter-
action mechanism between FUS and membranes at the molecu-
lar level. Therefore, at this stage, we cannot directly compare our
results with any available experimental counterparts. However, in
an attempt to link to experiments, we use the coarse-grained MAR-
TINI force field, allowing us to run simulations for membranes on
the micro second time scales. The long time scales allow us to sim-
ulate FUS with low frequencies up to 10 MHz as usually used in
experiments. The simulation study allows us to make the follow-
ing conclusions and suggestions. First, we show that although the
focused region is locally heated up to ∼400 K, this high tempera-
ture is not the primary cause for the membrane damages. Second,
we show that gas bubbles are not formed in the bulk water or at
the water-membrane interface or inside the membrane. Therefore,
the structural change in the membrane is not due to the ultra-
sound induced bubble cavitation, at least in our study, as suggested
by previous experiments and simulations.53–55 Third, we show that
the origin of the molecular mechanism of FUS induced membrane
damages is the spatial pressure gradients between the focused and
free regions and between the parallel and perpendicular directions
to the membrane. These gradients induce two opposite lipids flows
between the focused and free regions. This creates wrinkles along the
diagonal of the membrane at low intensity FUS. At high enough FUS
intensities, these relative opposite motions are fast enough to tear up

two regions. We believe that this is a generic mechanism which plays
a dominant role in the FUS induced membrane structural changes.
However, the time scale of those changes should depend on (i) the
ratio between the volume of the focused and free regions and (ii)
the height of the water columns above and below the focused mem-
brane region. Given a value of FUS intensity, if the focused region is
too small compared to the free region, then the spatial pressure gra-
dient between two regions could be too small. Similarly, if the water
columns are too short, then the spatial pressure gradient between
the perpendicular and parallel directions to the membrane surface
is also too small. In both cases, the opposite lipid flows between two
regions are slow and thus not strong enough to tear up the mem-
brane. This suggests that in real applications, one has to choose
suitable sizes for the focused region, depending on a given sys-
tem, to minimize the damage of the membrane. Otherwise, once
the membrane is torn up, it is not easy to reform. Our simulation
results imply that the use of high intensity FUS could easily dam-
age the cell membranes. The low intensity FUS does not tear up the
membrane but may induce membrane winkling, thus changing the
membrane area and capacitance.20 This may stimulate endocytosis,
inducing cells to uptake drugs bound to its surface. This could be
another mechanism in addition to the transport of drugs through
the opening at the tight junctions in the FUS induced BBB opening
experiments.
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