




material18�. 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-
taining no lipid molecules. For the bilayer initially in the gel
phase23 at Ti=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 Ti=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
up=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=1 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 up=1.0 km /s and D�10 nm and also for
up=0.7 km /s and D=40 nm; see the movie in the supple-
mentary material.18 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.24

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
material18�.

In summary, multimillion-atom MD simulations reveal
the mechanism of transient poration in lipid bilayers by
shock-induced collapse of nanobubbles. When a planar

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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FIG. 4. �Color� Poration of lipid bilayers by collapsed nanobubbles. Here
up=0.7 km /s and D=40 nm. In �a�, the bilayer was initially in the gel
phase at Ti=300 K, and in �b� it was in the liquid phase at Ti=323 K.
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