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Poration of lipid bilayers by shock-induced nanobubble collapse
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We investigate molecular mechanisms of poration in lipid bilayers due to shock-induced collapse of
nanobubbles. Our multimillion-atom molecular dynamics simulations reveal dynamics of
nanobubble shrinkage and collapse, leading to the formation and penetration of nanojets into lipid
bilayers. The nanojet impact generates shear flow of water on bilayer leaflets and pressure gradients
across them, which transiently enhance the bilayer permeability by creating nanopores through
which water molecules translocate rapidly across the bilayer. Effects of nanobubble size and
temperature on the porosity of lipid bilayers are examined. © 2011 American Institute of Physics.

[doi:10.1063/1.3518472]

In recent years, noninvasive drug- and gene-delivery ap-
proaches have garnered significant interest because of direct
applications in cancer treatment and gene therapy. Much of
the experimental effort is focused on designing a targeted
approach that has both spatial and temporal specificities. Re-
search in this area relies mainly on the use of electric fields
or pressure waves to enhance the permeability of cell mem-
branes. In one of the most commonly used techniques known
as electroporation,1 electric fields are applied across the cell
to increase the cell-membrane permeability. Reversible elec-
troporation, in which the cell permeability is enhanced tem-
porarily, is used for drug delivery and gene therapy. Electric
fields applied over a sufficiently long time can kill the cell
because of temperature elevation resulting from Joule heat-
ing. This irreversible electroporation process is commonly
used in the food industry to inactivate microbes and also in
minimally invasive treatment of cancerous tissues.

Sonoporation is another promising DNA-, protein-, and
drug-delivery approach.2 To achieve high efficiency in so-
noporation, in vivo gas bubbles are used in conjunction with
diagnostic level ultrasound exposures.3 Sonoporation experi-
ments show that the collapse of bubbles by ultrasound gen-
erates water jets4 whose impact on the cell membrane in-
creases the permeability, thereby allowing the intracellular
delivery of drug/gene payload.5 Shock waves in tandem with
nanobubbles provide another promising approach to targeted
delivery of drugs and genes. Shock-wave phenomena,6 such
as extracorporeal shock-wave lithotripsy, have been used in
living tissues.

The present work focuses on poration of lipid bilayers
by the interaction of shock waves with nanobubbles. We
have performed molecular dynamics (MD) simulations to
study the impact of shock waves on nanobubbles in the vi-
cinity of a dipalmitoylphosphatidylcholine (DPPC) phospho-
lipid bilayer embedded in water. We use GROMACS (Ref. 7)
to simulate the simple point charge (SPC) model for water®
and DPPC bilayer. In our MD simulations, a nanobubble is
created close to the lipid bilayer by removing water mol-
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ecules within a sphere of diameter D. The simulations were
done for D=10,20,40 nm, and these systems contain about
1.9 X 10°, 6.2 10°, and 30.8 X 10° atoms, respectively; the
dimensions of the corresponding MD cells are 19X 19 X 61,
34%x34%82, and 64X64%X92 nm?. The parameters for
bonded and nonbonded interactions as well as partial charges
on atoms in the DPPC bilayer system are taken from Refs. 9
and 10. The force field for DPPC molecule is validated
against experimental data for area per lipid and order
parameter.g’11 Bending modulus and gel to liquid-crystalline
phase transition temperature obtained from MD simulation
are also in good agreement with experiments.12 The lateral
diffusion coefficient for DPPC molecules in bilayers has
been measured experimentally.13 In the fluid phase the value
ranges between 0.6 X 1077 and 2X 1077 cm?/s, whereas in
the gel phase it ranges between 0.04X10™° and 16
X107 cm?/s. In coarse-grained MD simulations based on
all-atom MD simulation described here, the lateral diffusion
coefficient is between 1X 1077 and 4X 107 cm?/s in the
fluid phase and between 0.5X 107 and 4 X 10~ cm?/s in
the gel phase.14

We checked the validity of the SPC model for water
under shock." First we equilibrated the system for 1 ns using
a time step of 2 fs. To apply shock, we inserted a vacuum
layer of thickness equal to 2 nm at the end of the MD box in
the x direction and moved the system with a constant particle
velocity u, toward a momentum mirror, * i.e., along —x in the
inset of Fig. 1. The mirror reverses the x-component of
atomic velocity if an atom crosses the mirror plane. This
generates a planar shock in the +x direction. The shock ve-
locity ug is determined by monitoring the shock front, i.e.,
discontinuity in pressure or mass density of water at two
instants of time. Figure 1 shows that the MD results for u as
a fur}g:tion of u, are in good agreement with experimental
data.

Next, we performed MD simulations to equilibrate initial
configurations of lipid bilayers and water molecules at tem-
peratures 7;=300 and 323 K and pressure P=1 bar using a
time step of 2 fs. After equilibration we created a bubble near
the bilayer (see Fig. S1 in the supplementary material'®) and
applied planar shock as discussed above. A number of simu-
lations were performed for different nanobubble diameters
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FIG. 1. (Color) Shock velocity vs particle velocity. The simulation results
for SPC water are in good agreement with experimental data. The inset
shows the setup for shock simulation. The gray plate is the momentum
mirror.

(D=10, 20, and 40 nm), particle velocities (u,=0.4, 0.7, and
1 km/s), and initial temperatures (7;=300 and 323 K).

When a planar shock front hits the proximal side of a
nanobubble, water molecules from the bubble periphery ac-
celerate toward the center of the bubble and form a nanojet.
The size of the nanojet depends on the particle velocity and
nanobubble diameter. As the particle velocity increases from
0.4 to 1.0 km/s, the number of water molecules in the nanojet
for a fixed value of D increases by an order of magnitude.
Figure 2 displays instantaneous molecular velocities aver-
aged in voxels of dimension 0.5 nm for a bubble of initial
diameter D=40 nm under the impact of a shock front mov-
ing with velocity u,=0.7 km/s. Figure 2(a) shows that ve-
locities of water molecules in the domain of the shrinking
nanobubble are focused in the form of a nanojet. As the
particle velocity increases from 0.4 to 1.0 km/s, the average
x-component of molecular velocities inside the nanojet in-
creases from 2.6 to 3.5 km/s for all simulated nanobubble
sizes. For D=40 nm, we find that the length of the nanojet
li is 57 nm. Our results for other nanobubble sizes and
particle velocities also indicate that the length of the jet
scales as /i, = 1.5D. Surprisingly, the same linear scaling has
been observed in experimental studies of shock-induced col-
lapse of micron-to-millimeter size bubbles.*"

We have performed additional simulations of nano-
bubble collapse in water at a particle velocity of 3 km/s. We
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FIG. 2. (Color) Snapshots of velocity profile for the system with D
=40 nm, T;=300 K, and u,=0.7 km/s. Arrows show the direction of av-
erage molecular velocities and the velocity magnitudes are color-coded. (a)
shows a nanojet in the system at =20 ps. The white vertical region is the
bilayer. (b) shows a spreading flow at =24 ps resulting from the impact of
the nanojet on the lipid bilayer.
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FIG. 3. (Color) (a) and (b) are snapshots of the density of water at r=20 and
28 ps. Here D=40 nm, 7;=300 K, and u,=0.7 km/s. The central blue
region is the lipid bilayer. (a) shows the nanojet traveling toward the distal
side of the nanobubble. (b) shows the deformed bilayer and water-hammer
shock.

find the bubble collapse times to be 0.9, 1.2, and 1.5 ps for
bubble diameters of 6, 8, and 10 nm, respectively. Using the
Rayleigh formula (7=0.45D+\p/AP, where p is the mass
density and AP is the pressure difference across the bubble
surface), we obtain 7to be 0.8, 1.1, and 1.3 ps for the three
bubble sizes. The differences between our calculation and the
estimates from the Rayleigh formula arise from the facts that
(1) in Rayleigh collapse it is assumed that the bubble col-
lapses within a fluid of uniform pressure and density,
whereas in our simulations pressure and density become
nonuniform due to the shock front; and (2) the Rayleigh
equation does not include viscosity and surface tension ef-
fects which arise due to interatomic interactions. From the
onset of nanojet formation and disintegration, we have deter-
mined that the persistence time 7, for the jet exceeds the
bubble collapse time by at least 0.2 ps.

In Fig. 2(b) we show the interaction between water mol-
ecules in the nanojet and the DPPC molecules in the bilayer.
Water molecules in the nanojet form a spreading flow after
hitting the leaflet of the DPPC bilayer (see Fig. S2 in the
supplementary materiallg).5 We also observe vortices in the
collapsed bubble when water molecules bouncing back from
the bilayer encounter other water molecules in the incoming
shock wave.

Figure 3(a) shows the water density around the DPPC
bilayer (blue region) just before the bilayer is hit by the
water nanojet from a collapsing nanobubble of diameter
equal to 40 nm at u,=0.7 km/s. The curved blue region to
the left of the bilayer indicates that the bubble has not
collapsed completely, and the water density around the
nanobubble is close to the normal density of water. After the
nanojet impact, the DPPC bilayer deforms and becomes sig-
nificantly disordered (see the supplementary material'®). The
water density around the bilayer leaflet closer to the col-
lapsed bubble increases to 1.5 g/cc. Figure 3(b) shows that
the deformed bilayer is hemispherical. In addition, we ob-
serve water-hammer shock when water molecules in the
nanojet hit the distal side of the nanobubble. This secondary
water-hammer shock spreads spherically, and its initial
speed (until 4 ps after formation) is approximately 1.6 km/s.
The amplitude of the secondary shock decreases, but its
velocity increases with time. Secondar;/ water-hammer
shocks have been observed in experiments % and continuum
simulations.”'

The averaged lateral velocity of water molecules in the
vicinity of a lipid bilayer versus the distance from the center
of the bilayer is shown in Fig. S2 (see the supplementary
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FIG. 4. (Color) Poration of lipid bilayers by collapsed nanobubbles. Here
u,=0.7 km/s and D=40 nm. In (a), the bilayer was initially in the gel
phase at 7;=300 K, and in (b) it was in the liquid phase at 7;=323 K.

material'®). The peak in the lateral-flow velocity appears
when the nanojet hits the bilayer. The distance over which
the lateral velocity is larger than the thermal velocity is half
the nanobubble radius. Experiments22 on millimeter size
bubbles in the vicinity of a hard surface indicate that this
distance is of the order of the bubble radius. The differences
between experimental and our MD results are due to the fact
that bubble sizes differ by several orders of magnitude, and
the surfaces are soft in MD simulation and hard in experi-
ments.

The impact of the nanojet causes poration in the lipid
bilayer. Figure 4 shows poration resulting from the impact of
the collapsed nanobubble of initial diameter equal to 40 nm
at up,=0.7 km/s. The poration was calculated by dividing the
impacted region of the bilayer into pixels of size equal to 0.1
nm and determining the area of empty pixels, i.e., those con-
taimn§ no lipid molecules. For the bilayer 1n1t1ally in the gel
phase™ at 7;=300 K, the nanojet impact increases poration
by a factor of 30 over its normal value before the nanojet
impact; see Fig. 4(a). For the bilayer initially in the liquid
phase23 at 7;=323 K the poration increases by another factor
of 5 relative to the poration in the gel phase; see Fig. 4(b). In
the liquid phase at 323 K, the maximum nanopore size is 0.7
nm as compared to 0.4 nm in the gel phase. The poration
varies with the particle velocity and nanobubble diameter. At
u,=0.4 km/s, we do not observe any significant change in
the porosity of the gel phase for the three bubble sizes we
have considered. However, at uP:l km/s the maximum
nanopore size increases to 0.3 nm for D=10 nm, and it in-
creases linearly with the initial diameter of the nanobubble.

In the deformed DPPC bilayer that was initially in the
liquid phase, the pores are large enough (=0.5 nm) to allow
rapid translocation of water molecules. Translocation events
are observed for u,=1.0 km/s and D=10 nm and also for
u,=0.7 km/s and D 40 nm; see the movie in the supple-
mentary material.'® Water molecules can diffuse through the
lipid bilayer in the absence of shock, but the diffusion is
almost four-orders-of-magnitude slower than in bulk water.”
The poration by nanojet impact and the large pressure differ-
ence (~9 GPa) across the bilayer combine to shorten the
average time of passage for water molecules by six orders of
magnitude. The bilayer poration is, however, temporary be-
cause the nanopores disappear and the bilayer heals after the
passage of shock wave (see Fig. S4 in the supplementary
material'®).

In summary, multimillion-atom MD simulations reveal
the mechanism of transient poration in lipid bilayers by
shock-induced collapse of nanobubbles. When a planar
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shock front strikes a nanobubble, water molecules from the
bubble periphery accelerate toward the center of the bubble
to form a nanojet. The length of the nanojet scales linearly
with the initial nanobubble size which, surprisingly, is also
observed in experimental studies of shock-induced collapse
of micron-to-millimeter size bubbles. The MD simulations
reveal that the nanojet impact significantly deforms and thins
the lipid bilayer and water molecules in the nanojet form a
spreading flow pattern after the impact. Deformation and
thinning of bilayers combined with large pressure gradients
across and spreading flow around the bilayers create transient
nanochannels through which water molecules translocate
across the bilayer.
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