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ABSTRACT: Microbubbles in combination with ultrasound provide a
new and promising way to deliver drugs into living cells. It is believed
that the stable vibration or the collapse of the bubbles under
ultrasound are the two main mechanisms that induce the formation of
pores in the cell membranes, through which drugs may get inside the
cell cytoplasm. The bubble collapse hypothesis is not only intuitive
since released shock waves can easily penetrate and create pores in the
membrane, but it is also confirmed by both experiment and theory. In
contrast, the molecular mechanism of stable vibration is not well-
understood because of experimental difficulties resulting from the
fragility of bubbles and the lack of molecular dynamics simulation
studies. To obtain a better understanding of this mechanism, we
developed a lipid-coated bubble model that we applied to simulate the
stable cavitation of the bubble in the presence of a lipid bilayer. We
show that the wall shear stress generated by the bubble vibration does not induce the membrane pore formation. Instead, the
bubble fuses with the membrane and subsequent cavitation pulls lipid molecules out of the membrane, creating pores. This
could help one to choose the best combination of the bubble shell materials, the ultrasound frequency, and intensity, so that the
opening and closing of pores will be optimized.

■ INTRODUCTION

Microbubbles in combination with ultrasound have been used
in many fields, such as medicine, pharmacology, material
science, and the food industry.1 A beautiful example is the
application in the delivery of drugs into cells.2−6 Under
ultrasound, bubbles oscillate in size. If the oscillation is slow,
then the contraction and expansion of the bubble size are
approximately symmetric. This phenomenon is called stable
cavitation. It produces a rapid flow of liquid around the bubble
and induces shear stress on nearby objects. In contrast, a fast
oscillation with large amplitude may lead to asymmetric
contraction and expansion followed by a violent collapse called
inertial cavitation. This collapse produces shock waves that
propagate at supersonic speed radially from the collapse site.7

The molecular mechanism of how the bubble cavitation
induces the formation of pores in the cell membrane, through
which drugs may get inside the cell cytoplasm, is poorly

understood.8−11 Some believe that the mechanism requires
inertial cavitation,12−16 while others contend that stable
cavitation is sufficient. In the later case, shear stress associated
with acoustic microstreaming is believed to play a key
role.17−21 Others contend that both types of cavitation are
important.22

From the theoretical side, a number of simulations
employing continuum,23 coarse-grained, and atomistic molec-
ular models24−32 have been carried out to study inertial
cavitation and the effect the shock waves have on the lipid
bilayer structure. These studies have confirmed that inertial
cavitation can induce the formation of membrane pores. We
have not seen in the literature molecular dynamics (MD)
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simulations aimed at studying the effects of stable cavitation on
the membrane. Recently, we have developed a bubble model
for MD simulations of stable cavitation.33 The model has been
applied to studying the effects of stable cavitation on amyloid
fibrils33 and to verify the Rayleigh−Plesset equation for the
description of the dynamics of nanosized bubbles.34 In those
works, the bubble was modeled by an empty water cavity,
where a strong time-dependent repulsive potential was applied
to maintain and regulate the size of the bubble.
Experimentally, the bubble shell is made from proteins,

carbohydrates, phospholipids, or biodegradable polymers.
Among these materials, the lipid-coated bubbles do not exhibit
sonic cracking and can readily expand and contract during the
ultrasound pulse, making them ideal for drug delivery
applications.35 Being lipids, these bubbles can also fuse with
the lipid bilayer of the cell membrane. Given this, we propose a
different mechanism for the drug delivery into cells by bubble
cavitation. This mechanism consists of stable cavitation of
lipid-coated bubbles that are fused with the cell membrane to
induce the formation of pores in the cell membrane. To this
end, the core aim of this work is 2-fold, (i) to further develop
the previous bubble model to mimic lipid-coated nanobubbles,
and (ii) to carry out nonequilibrium MD (NEMD) simulation
with this model to verify the proposed mechanism. We will
show that the wall shear stress induced by bubble cavitation
does not play a key role in the pore formation.

■ METHODOLOGY
Bubble Model. Our bubble is modeled by a particle which

interacts with surrounding atoms by a time-dependent
Lennard-Jones potential of the form

where r is the distance between the center of the bubble and a
surrounding atom, and R(t) ≡ σ(t) is the bubble radius. The
repulsive potential with the strength ϵ (eq 1) was used in our
previous work33,34 to create an empty cavity in a liquid,
mimicking a bubble. Equation 2 is new, describing the
attractive interaction between the bubble surface with
surrounding atoms, and is represented by a mean field
attractive strength ϵ*. To mimic the ultrasound-induced stable
cavitation, the time-dependent bubble radius is expressed as a
harmonic function
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where τ is the vibrational period, and Rmax and Rmin are the
maximum and minimum radii, respectively. At t = 0, the
bubble is at equilibrium with the radius R0 = (Rmax+Rmin)/2.
During the simulation, the behavior of a bubble subjected to
ultrasound is mimicked by the variation in R(t), which induces
a harmonic oscillation in the potential, resulting in the
vibration of the size of the bubble. The bubble vibration
pushes and pulls surrounding atoms back and forth, thus
generating liquid flow around the bubble.
System and Parameters. We studied the membrane

composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids immersed in water. The coarse-grained
MARTINI 2.0 force field36,37 was 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 (Figure 1A). MD

simulations using the MARTINI force field have shown that
the fusion of membranes is dominated by the attractive
interaction between charged lipid head groups,38 which are the
NC3 and PO4 beads shown in Figure 1A. Thus, to account for
the interaction between our lipid-coated bubble model with
the membrane and water, the mean field interaction strength
ϵ* in eq 2 is estimated as the arithmetic average of the
attractive strengths between NC3−NC3 (3.5 kJ/mol), PO4−
PO4 (4.99 kJ/mol), NC3−PO4 (4.49 kJ/mol), and between
these beads with a water bead (5.59 kJ/mol). This yields ϵ* =
4.64 kJ/mol. The repulsive strength in eq 1 prevents the
collapse of the bubble, thus it can simply take a large value,
which was chosen to be ϵ = 50 kJ/mol in this work.
Our system is shown in Figure 1B. It consists of two

membranes separated at least 24 nm, and both are solvated in
water. Bubble cavitation exerts pressure on the nearby
membrane, but the same pressure also acts on another side
of the membrane due to the periodic boundary conditions in
the MD simulations. The use of two membranes prevents this
artifact,31 and also doubles the statistics because the two
membranes are symmetric. The initial dimensions of the unit
cell were (Lx,Ly,Lz) nm. Starting from this configuration, an
equilibrium MD simulation was carried out for 50 ns in the
NPT ensemble with the pressure P = 1 bar and temperature T
= 300 K, employing the GROMACS simulation package.39

From the last configuration of the NPT equilibration run, a
bubble (with a radius R0 of 8 nm) was formed at the center of
the box by removing water molecules within this sphere. The
resulting system that was used in our simulations consists of
9184 DOPC lipids and 646991 waters.

Frequency of the Bubble Vibration. The typical radius
of a clinically approved bubble for experiments is R0 = 0.5−5
μm. The frequency of the ultrasound is usually tuned to be ω =

Figure 1. Schematic view of the computational model. (A) The
MARTINI coarse-grained DOPC lipid model. (B) The system
consists of two DOPC membranes solvated in water. The bubble is
modeled as an empty spherical cavity with the equilibrium radius R0 =
8 nm, placed at the center of the simulation box. The bubble radius is
allowed to oscillate between Rmin = 4 nm and Rmax = 12 nm.
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0.5−10 MHz (τ = 2−0.1 μs), so that resonance with the
bubble oscillations occurs, and hence, that the bubble absorbs
most of the energy from the ultrasound field. To be
computationally feasible with available computer resources,
our system size and simulation times were chosen to be on the
order of nanometers and nanosecond scales, respectively. This
forces the simulated bubble to be nanometric in radius, and for
it to vibrate with nanosecond periods. To determine the
vibrational frequency for our bubble model, we allowed it to
vibrate with a frequency that is equal to the resonance
frequency of a gas bubble having the same radius. Since the
bubble oscillates freely in the ultrasound field, the resonance
frequency is given by40
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Using a water density of ρ = 103 kg m−3, an ambient water
pressure of P0 = 1 bar, a water−air surface tension of σ = 0.072
kg s−2 at 300 K and 1 bar,41 and a polytropic index of κ ≈ 1, we
obtain from eq 4 a resonance frequency of ω = 230 MHz (τ =
4.3 ns) for a bubble with a radius of R0 = 8 nm. We used this
frequency in all the simulations described in the following
sections.
NEMD Simulations of Induced Bubble Cavitation. The

GROMACS simulation package39 coupled to our bubble
cavitation code was used for all the simulations. An important
question remains regarding the appropriate ensemble for the
NEMD simulations. That is, should the NEMD simulations be
run at constant pressure, at constant temperature, or at
constant energy? To help answer this question, one must recall
that, in MD simulations, the coupling to the pressure bath or
the temperature bath is achieved by rescaling the coordinates
or the velocities of all atoms at every time step, such that the
desired pressure or temperature is maintained.42 In an
ultrasound -induced nonequilibrium experiment, on the other
hand, the bubble expansion and contraction generate a time-
dependent pressure in the system. Coupling the system to the
barostat may artificially suppress the variation in the pressure.
Thus, one may reason that the NEMD simulations should not
be done at constant pressure. Furthermore, bubble cavitation
induces water flow in the system, and the rescaling of the
velocities of atoms in the simulation may artificially suppress
this flow. For this reason, the NEMD simulations should not
be done at constant temperature. If the simulations are done at
constant energy, then heating occurs in the system due to work
done by the bubble cavitation on the water. In the constant
energy simulations, the damage of the membrane may be
simply due to heat. Taking into account these arguments, we
suggest that the appropriate conditions for the NEMD
simulations are constant volume with only the membrane
coupled to the heat bath. This ensures that the damage to the
membrane is not due to heat and that water flow is not
suppressed, since water is not directly coupled to the heat bath.
In the current study, the membrane is coupled to the heat bath
at temperature of 300 K using the Berendsen coupling
method42 with a temperature coupling constant of 0.1 ps.
The equations of motion are integrated using the leapfrog
algorithm with a small time step of 10 fs. The electrostatic
interactions are calculated using the particle mesh Ewald
method and a cutoff of 1.4 nm.43 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 a small time step, a more

frequent update of the pair lists, and a large neighboring list
ensures that temperature of the water is well-maintained.44

During the simulations, the center of the bubble is fixed to the
center of the simulation box.

■ RESULTS AND DISCUSSION
Effect of the Wall Shear Stress on the Formation of a

Membrane Pore. To investigate the role of the bubble
oscillation-induced wall shear stress on the membrane, we
carried out a 800 ns NEMD simulation in which eq 2 includes
only the attractive interaction between the bubble with water
but not with the membrane. The bubble radius was allowed to
vibrate between Rmin = 4 nm and Rmax = 12 nm. with a period
of τ = 4.3 ns. Figure 2A shows the time evolution of the bubble

radius R(t) and the shortest distance D(t) between the bubble
center and the membrane. The bubble was initially at
equilibrium with R0 = 8 nm and D(t) = 12 nm. Then, it was
compressed to its minimum size of Rmin = 4 nm at t = τ/4 =
1.07 ns, which resulted in a slight decrease in D(t), indicating
the bending of the membrane. After that, the bubble expands
to the equilibrium, R0 = 8 nm, and maximum, Rmax = 12 nm,
sizes at t = τ/2 = 2.15 ns and t = 3τ/4 = 3.22 ns, respectively.
During this time, the membrane bends when D increases and
reaches a peak value of ∼13 nm at 3.22 ns. Then, the bubble
was compressed to its equilibrium size, and the membrane
restored to its equilibrium position at t = τ = 4.3 ns, finishing
one cavitation period. During the next 186 cavitation periods
(800 ns trajectory), the membrane was always close to the
bubble when the bubble was fully expanded. However, when
the bubble was compressed, it hardly induced bending in the
membrane as indicated by the stability of D(t). This suggests
that the water flow is not strong enough to pull the membrane
toward the bubble. We calculated the nematic order parameter
P2

45 of the unit vectors connecting GL1-C4A and GL2-C4B
beads (see Figure 1A for schematic), and as seen in Figure 2B,

Figure 2. Time evolution of (A) the bubble radius (black) and the
shortest distance between the bubble’s center to the membrane (red).
(B) The lipid order parameter. The distribution along the z-axis of the
position of lipid bead (black, left axis) and the average water velocity
parallel to the membrane (green, right axis) are shown in (C). The
linear data fit of the velocity is shown in orange. For clarity, the x-axis
in (A) and (B) is shown by log-scale, and only data points up to 280
ns are shown.
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P2 is stable, suggesting that the structure of the membrane is
ordered and hardly affected by the bubble cavitation.
Now, we estimate the wall shear stress on the membrane

caused by water flow. In order to estimate this value, we
calculated, along the z-axis, from configurations in which the
bubble was fully expanded, the average water velocity vxy(z)
component in the direction parallel to the membrane. The
average velocity is shown in Figure 2C, together with the
distribution of the positions of the lipids. As seen, water near
the membrane (z∼ 18 and 42 nm) slows down compared to
the velocity of water near the bubble surface. The gradient in
the water velocity produces a shear stress on the membrane,
which is calculated as46 S = η(dvxy(z)/dz), where η is the water
viscosity, and for the MARTINI water, η = 7 × 10−4 Pa s.36,37

A linear data fit of vxy(z) (Figure 2C) yields a slope of dvxy(z)/
dz = 0.5 × 10−5 ps−1, thus the wall shear stress is S = 3500 Pa.
As a qualitative comparison, we calculated the wall shear

stress employing the theory developed by Nyborg.47 According
to this theory, the maximal shear stress exerted on a rigid plane
by acoustic microstreaming produced by a hemispherical
vibrating bubble attached to the plane is represented as

S R R R2 ( ) ( ) /3/2
0

2 3 1/2
0π ρω η* = − (5)

where (R − R0) is the amplitude of the instantaneous radius of
a vibrating bubble. The method was used to calculate the shear
stress near a cell membrane by considering a cell as a solid
boundary.10,17,48 With the values used in the simulation, ρ =
103 kg m−3, ω = 230 MHz, η = 7 × 10−4 Pa s, and R0 = 8 nm,
we plot in Figure 3A the theoretical shear stress S* as a
function of the bubble’s vibrating amplitude.

As seen in Figure 3, when the bubble reaches its maximum
size of Rmax = 12 nm, corresponding to the R−R0 amplitude of
4 nm, the shear stress is S* ∼ 2000 Pa. Given the rigid
membrane assumption and the linear approximation in the
theory, the agreement between the NEMD simulation and
theoretical shear stresses is quite reasonable. This allows us to
compare our results with that obtained using microscale
parameters used in experiments. Typical experimental values of
the equilibrium bubble radii and ultrasound frequencies are R0
= 0.5−5 μm and ω = 0.5−10 MHz, respectively. Let us

consider an example case with R0 = 1 μm, ω = 5 MHz, and the
bubble oscillates between Rmax = 1.5 μm and Rmin = 0.5 μm.
We assume that living cells are surrounded by whole blood,
thus we take the value of the blood viscosity ηblood = 3 × 10−3

Pa.48 The shear stress induced by this bubble cavitation as a
function of the vibrating amplitude is shown in Figure 3B. This
is an important result that allows us to bridge the gap between
our simulations and experiments. A nanosized bubble vibrating
with a nanosecond period (Figure 3A) produces similar wall
shear stress as a microsized bubble vibrating with a slower
microsecond period (Figure 3B). We should note that our
estimated shear stress values are of the same order of
magnitude as those reported based on complicated continuum
mathematical models.17,49−52 Our simulations show that the
membrane is hardly affected by the wall shear stress of ∼3500
Pa, suggesting that water flow, generated by the bubble
cavitation, may not be what induces the formation of a
membrane pore, at least not at the very beginning of the
ultrasound exposure. Since this shear stress is substantially
above the physiological regime of 2−10 Pa,53 the exper-
imentally observed crossing of drugs from bubbles into cells
may caused by biological processes rather than mechanical
processes. For instance, shear stress may stimulate endocytosis,
and this may be how a cell uptakes drugs bound to its surface.

Effect of the Bubble−Membrane Interaction on the
Membrane Pore Formation. Now, we wish to investigate
the role of the attractive interaction between the bubble and
membrane on the formation of a pore. In order to investigate
this, we carried out a 280 ns NEMD simulation, where eq 2
includes both interactions between the bubble with the
membrane and water. All parameters are kept the same as
those used in the simulation presented previously. Figure 4A
shows the time evolution of the bubble radius R(t) and the
shortest distance D(t) between the bubble center and the
membrane. Their behavior is rather complicated. Initially, R0 =
8 nm, D = 12 nm, i.e, the membrane was ∼4 nm away from the
bubble surface, and there was no direct interaction between
them, as shown by the zero potential energy in Figure 4B.
Following the bubble contraction, water flowed toward the
bubble’s center, inducing a slight bending of the membrane
toward the bubble. When the bubble was fully compressed to
Rmin = 4 nm at t = 1.07 ns, the membrane was still ∼8 nm away
from the bubble surface, thus the potential energy remained
zero. Then, the expansion of the bubble exerted pressure on
the water, which in turn pushed the membrane further away.
At t = 3.22 ns, the bubble was fully expanded with Rmax = 12
nm and close enough to interact directly with the membrane,
as reflected by the decrease in the potential energy (eq 2) from
0 to ∼ − 1.25 × 105 kJ/mol (Figure 4B). Because of this direct
attractive interaction, during the next contraction, the bubble
strongly pulls the membrane toward it. At t∼ 4.22 ns, the
bubble is at equilibrium, and the membrane is significantly
bent with D∼ 7 nm, as seen from a snapshot in Figure 4C.
However, at this state, the membrane elastic potential resists
against the pulling of the bubble. Consequently, in the next
vibrational period, while the bubble continues to be com-
pressed to the minimum size, Rmin = 4 nm at t = 5.29 ns, the
membrane does not follow the bubble, but restores to the
initial position with D ∼ 12 nm. Then, the bubble expands and
gets closer to the membrane, thus the attractive potential
becomes stronger (Figure 4B), pulling and inducing the
bending of the membrane. At t = 6.45 ns, the bubble is at
equilibrium, and D(t) ≈ R0 = 8 nm. This indicates that some

Figure 3. Theoretical wall shear stress as a function of the bubble’s
vibrational amplitude calculated using eq 5. Shown are the results for
bubbles with equilibrium radii of R0 = 8 nm and vibrating with
frequencies of ω = 230 MHz (τ = 4.3 ns) (A), and R0 = 1 μm and
vibrating with a frequency of ω = 5 MHz (τ = 0.2 μs) (B).
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lipids are attached to the bubble surface. Then, the bubble
continued to expand, pushing the membrane back to the initial
position. As this process was repeated over many vibrational
periods, more and more lipids were pulled out of the
membrane and attached to the bubble surface. This is seen
from a decrease in the bubble-membrane potential energy from
−1.25 × 105 to −1.30 × 105 kJ/mol after 30 ns (Figure 4B).
Finally, after a large amount of lipid molecules had been pulled
out of the membrane, a pore was formed, as seen in a
representative snapshot shown in Figure 4C at t = 261 ns.
Figure 5 shows the distribution of the positions of the atoms in
the OXZ plan. As seen, a pore starts to open after around 30

ns, quickly increasing in size, and reaches a diameter of ∼8 nm
after 280 ns.
As seen in Figure 4C at 261 ns, despite the opening of a pore

in the membrane, the bubble may prevent the transport of
molecules across the pore, i.e., the bubble plays the role of a
lid. However, this is due to the bubble center being fixed
during the simulation. In reality, bubbles always move, thus the
pore is unblocked after the bubble moves to another place or
collapses. To verify, we took the final system configuration at
280 ns, removed the bubble, and carried out an equilibrium
MD simulation in the NPT ensemble at the ambient
conditions of T = 300 K and P = 1 bar for 840 ns. The
Berendsen semi-isotropic pressure coupling method was
employed with the pressure coupling constant of 10 ps.
Figure 6A shows the time-evolution of the water density

inside the spherical cavity with the radius of 8 nm previously

Figure 4. Time evolution of the bubble’s radius (black) and the
shortest distance between the bubble’s center to the membrane (red)
(A), and the interaction potential energy between the bubble and the
membrane (B). The cross section of two selected snapshots before
and after pore formation (C). For clarity, the x-axis in (A) and (B) is
shown by log-scale.

Figure 5. Time evolution of the distribution of positions of the lipid
beads in the OXZ plan.

Figure 6. Time evolution of the water density inside the spherical
cavity with an initial radius of 8 nm (A), and a snapshot of the
membrane at 840 ns. Shown are the results obtained from the
equilibrium simulation without the bubble. The membrane tube with
length of ∼5 nm is indicated.
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occupied by the bubble. As seen, the cavity is stable up to
∼500 ns and then quickly collapses, as indicated by the
increase of the water density to ∼850 kg/m3 at 840 ns.
Interestingly, the pore in the membrane remained open during
this time. We analyzed the pore structure in detail, and the final
snapshot seen in Figure 6B shows that lipids, which were
pulled out of the membrane during bubble contraction, tend to
form a stable membrane tube perpendicular to the membrane.
This tube was found to be ∼5 nm and remained attached to
the membrane. This prevents the assembly of lipids in the
membrane to close the pore. Consequently, the closing of the
pore is expected to take a very long time.
Finally, we should mention, that there is another mechanism

which suggests that gas bubbles are formed within the
membrane due to the nucleation2 or the separation of bilayer
leaflets under ultrasound.54 These bubbles subsequently grow,
expand, and collapse, creating pores in the membrane. Our
mechanism is different, it does not require the intramembrane
bubble nucleation. The fusion of the lipid-coated bubble with
the membrane results in the membrane−bubble complex, and
the stable cavitation of the bubble is sufficient to create a pore
in the membrane.

■ CONCLUDING REMARKS
We have carried out NEMD simulations to investigate the role
of water flow on the wall shear stress and the direct attractive
interaction between the bubble and the membrane on the
formation of pores in a model DOPC lipid bilayer. We show
that both our computational nanobubble, vibrating with a
nanosecond time scale, and experimental microbubbles,
vibrating with microsecond period time scales, produce similar
wall shear stress on the membrane. Since this shear stress,
which is in the order of thousands of Pa, does not induce the
formation of a pore in the membrane, we suggest that it
probably does not play a direct role in the delivery of drugs
across the cell membrane observed in experiments, at least not
in the very early stages. In contrast, the direct interaction
between the bubble’s surface with the membrane pulls lipid
molecules out of the membrane surface upon the compression
of the bubble, creating a membrane pore after many cavitation
periods. We believe that this is a generic mechanism which
plays a dominant role in the bubble cavitation-induced
membrane pore formation. However, the time scale of the
opening process should depend on (i) the bubble surface
material, which specifies both the resonance frequency of the
bubbles and the interaction strength with the cell membrane,
and (ii) the distance between the bubbles and the membrane.
The bubble−membrane attractive interaction in this study is
represented by a mean field potential, whose strength is
described by a single average value. With these bubble and
DOPC membrane models, the pore is formed quickly within
nanosecond time scales when the bubble is placed close to the
membrane. In reality, bubbles are made from different
materials and vibrate with microsecond periods, thus the
opening times could be different. Our simulations suggest that
while a pore in the membrane can be formed by pulling of
lipids out of the membrane by a contracting bubble, these
lipids will form a stable membrane tube that remains attached
to the membrane. This suggests that pore closing may be a
slow process. The pores may remain open long enough for
drugs to cross the cell membrane; however, unwanted toxic
molecules may also enter the cells, causing side effects. When
bubbles are largely compressed or even collapse, then lipids

completely detach from the membrane. In this case, a
membrane tube would not be formed, and the lipids inside
the membrane may quickly rearrange to close the pore. This
suggests experimentalist could optimize various parameters,
such as bubble shell material, size of the bubble shell,
ultrasound frequency, and intensity, such that the opening
and closing of the pore can be controlled. We are currently
running simulations with different frequencies, interaction
strengths, and bubble sizes to find the best combination of
parameters.
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