previous study [15], which includes the refined united atom force field with AMBER99
force field [19] and single point charge (SPC) model [34]. The partial charges of a DPPC
molecule were obtained from the study by Chiu et al. [33]. Because we are interested in the
dynamical process of a structural change in a bilayer resulting from shock wave irradiation,
it may be better to remove the constraints of molecular bond lengths, angles, and dihedrals.
Therefore, all bonded interactions in DPPC molecules were calculated in the shock wave
simulation. The particle mesh ewald method [36] was used to treat the long-range
electrostatic interactions. Both the real-space Ewald and the van der Waals nonbonded
interactions were cut off at 1.0 nm. The AMBER 8 set of programs [37] was used for

computations.

2.2. Shock wave impulse simulation

As demonstrated in the previous study [15], we modeled a shock wave by its impulse /
defined as the time integral of pressure over the shock-pulse duration [7]. From the
definition of the impulse, the shock impulse / can be regarded as an increment in the
momentum of water divided by an area A on which the shock pressure is exerted. The
momentum increment is numerically implemented by the addition of the average velocity
V to the thermal velocity of water molecules in a slab adjacent to a bilayer. Vis given by

_Ix4

v ;
mN,,

)

where m is the weight of a water molecule and Ny is the number of water molecules in the

water slab.

Because the choice of a water slab is arbitrary, we consider the water slab of Ax L ,

where A =422nm" was the area of the xy plane of the bilayer system and L =40 nm
was the thickness of the water slab. We set /=40 mPa-s and the number of water

molecules in the water slab N, =5423; the applied average velocity ¥ was 10,394 m/s.

Note that ¥ corresponds neither to the sound speed in liquid water nor to the propagation
speed of the shock wave. It just represents the increase in the momentum of water
molecules due to the shock wave.

In the present study, we slightly modified the shock wave model described above to take
account of the incident shock angle. More precisely, the shock wave impulse was divided
into the normal (in the z direction) and tangential (in the x direction) components to the

bilayer plane (see Fig. 1). That is,



I.=Icos@ and I =Isind, )
where I, is the normal component; I, the tangential component; and €, the incident shock

angle. V' was decomposed to the normal component V, =V cosé and the tangential

component V_=Vsin@.

For understanding high-speed and unsteady phenomenon induced by a shock wave
impulse in MD, position and velocity scaling of molecules should not be implemented.
Therefore, we performed constant AVE MD simulation without using the temperature and
pressure controls and bond constraints from the initial configuration. The constant energy
i this MD is the sum of the total energy in the equilibrium state and the kinetic energy
mcrease induced by adding velocity. Periodic boundary conditions were applied in the
three directions. The time step used for the integration of equations of motion was 0.2 fs in
order to avoid the excess approach of molecules with large velocities. Owing to the
periodic boundary conditions, the simulations were terminated at the time when the effect
of the shock impulse reached the boundary at the opposite side of the simulation box in the
z direction. This is the reason why we prepared a thick water layer. The numerical results
shown in the following are the sample averages of 10 production runs for a given 6. From
the results of the previous study and preliminary calculations, the system size and the
simulation time in the present study were determined in order to focus on the analysis of

the essential part of the structural changes in unsteady states.

2.3. Analysis

The changes of hydrophobic chains in the unsteady states can be explained in terms of an
averaged instantaneous chain order parameter .§'CD [15],
Sep == iﬁl@cosz@ -1) 3)
cD 2\ N, 52 i >

where ©, is the angle between the axis of the ith molecular axis and the bilayer normal
(the z axis) and Nc (= 28) is the number of carbons in both su-1 and s»-2 chains. ®, is

evaluated from the instantaneous configurations of lipid molecules. Note that ®, in the

upper layer is calculated with respect to the bilayer director as pointed out in Ref. [31],
because the lipid molecules in the upper layer tilt (see the Results section).

The lateral movement of lipid molecules is characterized by the averaged lateral

7



displacement of the mass center positions of the headgroups of lipid molecules L(¢) defined

by

N,
L= 20 -x 0, @)

L i=l
where x;1s the x coordinate of the mass center position of the headgroup of the ith molecule,

and Ny (= 64) 1s the number of DPPC molecules in the upper or lower layer.

3. Results
3.1. Collapse and rebound of bilayers

The most outstanding change 1n a bilayer by the action of a shock wave is the change in
the bilayer thickness, which is defined as the distance between the phosphorus atoms of

lipid molecules in the upper and lower layers [15]. Figure 2 shows the temporal changes of
the bilayer thickness caused by the shock wave impulses of 40 mPars for € =0, 30°,
and 60°. The bilayer thickness became minimum at 530, 590, and 810 fs for 6 =0, 30°,
and 60°, respectively. The normalized time r* in Fig. 2 is defined such that the minimum
of bilayer thickness occurs at /" =1. That is, the bilayer thickness is decreasing during
0<t <1 (i.e., collapse stage); then, the bilayer thickness starts to increase after ¢ =1
(1.e., rebound stage) regardless of the incident shock angle conditions. In the following the
normalized time /" =1 corresponds to 330, 390, and 810 fs in real time for =0, 30,
and 60", respectively.

In each incident angle condition, the duration of the rebound stage (1<) is longer than

that of the collapse stage (0 <! <1). The rebound stage was not completed within the
present simulation because of the periodic boundary conditions (see the Methods section).
However, the essential points can be clarified as demonstrated below.

The change in the bilayer thickness is expected to be due to the postural changes of lipid
molecules. In Fig. 3, we show a series of snapshots of postural changes of typical lipid
molecules in the upper and lower layers induced by the shock wave with 6 = 60°. By the
action of the shock wave, the hydrophobic chains bend (Figs. 3(a)-(c)) and then slightly
recover (Figs. 3(d) and 3(e)). Figure 4 shows temporal changes of S‘CD for 8 =060,

normalized by those in the initial state (ca. —0.16). The order parameters obviously
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decrease in the collapse stage and gradually recover in the rebound stage. On comparison
with the result in Fig. 2, it is confirmed that the decrease in the bilayer thickness was due to

this chain disorder. This result is consistent with the previous simulation result {15].

3.2 Lateral movement of lipid molecules

The oblique incidence of a shock wave yields unsteady shear on the bilayer surface. In
this simulation, the shear is induced by the tangential momentum change of water
molecules adjacent to the bilayer surface (see the Methods section). In Fig. 3, the effect of
shear appears as the lateral movement of the lipid molecules in the upper layer. Figure 5
shows the time evolution of the averaged lateral displacements in the upper and lower

layers. As pointed out in the previous study [15], the simple shock wave interaction

(6 =0") enhances the lateral displacement. However, the displacement in the upper layer
significantly increases with the incident shock angle from 0 to 60°. In fact, the
displacement induced by the shock wave with 6 =60° becomes 1.5 nm at " =2, which
is ten times larger than that with & =0°. Here, we remark that the lateral displacements of

lipid molecules for 6 =30" and 60° continue to increase even in the rebound stage. On

the other hand, the lateral displacement in the lower layer is one order of magnitude

smaller than that in the upper layer (Fig. 5 inset).

3.3. Tilt of lipid molecules
From the snapshots in Fig. 3, it is clear that the lipid molecule in the upper layer tilts by
the action of incident shock wave. Here, we define the tilt angle as follows: (i) atom

positions of a lipid molecule are projected onto the xz plane; (ii) a straight line is fitted to

these projected positions; (ii1) the tilt angle 6, is obtained from the angle formed between

this straight line and the z axis (see Fig. 3(e)). The tilt angle in the initial state (/" =0)
calculated here has a wide distribution centered around zero degree. which would be
tantamount to that m the equilibrium state of another study [24] although thev used a
different force field and their tilt angle is defined as that between a vector formed by
alternating carbon units along the hpid tails and the bilaver normal axis.

Figure 6(a) shows the tilt angle distributions of the lipid molecules in the upper layer at

1" =2.In the case of 9 =0, the distribution of tilt angles is hardly changed from that in
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the mitial state. On the contrary, the distributions for §=30° and 60° shift to the

positive side. In Fig. 6(b), we show the temporal changes of the tilt angles averaged for all

lipid molecules in the upper layer. Obviously, the averaged tilt angles for 6 =30 and

60° increase with time and reach maximum values at around 7 =2 (21°, and 32°,
respectively). The maximum values are in agreement with those in Ref. [31] on the
interaction of steady shear flows with lipid bilayers. In the present unsteady simulation, the
lipid alignment is completed within " =2 . Thus, the simulation limited to 0 <t <2.0 is .

adequate to analyze the essential part of the structural changes in unsteady states.
Interestingly, whereas the lateral movement of lipid molecules persists as shown in Fig. 5,
their tilts are saturated (Fig. 6(b)). However, this will not be discussed in this paper.

The tilt angles averaged in the lower layer did not change (data not shown). We
emphasize that this is not due to the restriction of simulation time because the steady

simulation of shear flow also obtained the same result [31].

3.4. Water penetration into the hydrophobic region

In the equihbrium state water molecules hardlv exist in the hyvdrophobic region [18] and
the event of water penetration into the hyvdrophobic region rarely occurs in the time scale of
MD simulations [38, 39]. On the other hand, under the action of shock waves the water
penetration mto the hvdrophobic region was observed in the time scale of picoseconds (See
Fig.3), which is important for subsequent water pore formation in a bilaver [40] and cell

membrane permeabilization [4, 6. 9. 13]. Figure 7 shows the temporal changes of the
number of water molecules delivered into the hydrophobic region for =0, 30°, and

60" . Here, the hydrophobic region is defined as the region between the carbonyl groups in

sn-1 chains in the upper and lower layers [15]. Most of the water molecules penetrated are

from the upper water layer. The water penetration in the intermediate stage of the collapse

stage (0.25 <" < 0.75) is smaller in the larger incident angle condition. By contrast, in the

intermediate stage of the rebound stage (1.25 <" <1.75), the water penetration is larger in

the larger incident angle condition. As a result, the total number of delivered water

molecules amounts to almost 100 for all cases of 6 =0, 30°, and 60", indicating the fact
that the water penetration in 0</" <2.0 is insensitive to the incident angles, at least for
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the case of /=40 mPa-s.

The trend in the collapse stage is clearly a direct consequence of the difference in the
impulse intensity in the normal direction. In the rebound stage, on the other hand, a large
amount of the normal component of the momentum has been transferred through the upper
laver. as shown in the next subsection: instead, the lateral displacements and tilts of lipid
molecules in the upper laver are prominent as demonstrated in Figs. 3, and 6. Therefore,
the penetration of water molecules near the upper laver in the rebound stage mav be

governed by these lipid structural changes [23, 23, 41].

3.5 Momentum transfer across bilayers

It 1s interesting to assess the amount of momentum transferred across the bilayer by the
shock wave because the momentum transfer is related to the transfer characteristics of the
bilayer or a subsequent flow induction. The momentum transfer can be estimated from the

changes of momentum in the lower water layer. In Fig. 8, we show temporal changes of the

normal and tangential components of momentum for ¢ =60 normalized by the

corresponding values initially added to the water slab. Both the components begin to

increase at around ¢ =1.0, and in particular, the normal component attains 60% of its

initial value at ¢ =2.0, while the increase in the tangential component remains very small.

That is, only the normal component of the added oblique momentum is substantially
transferred across the bilayer within the time scale of the order of picoseconds. This
certainly affects the flow induction in the cytoplasm and this will be discussed in detail in

the final section. Note that the rest of the normal component, 40% of its initial value, still

stays inside the bilayer at  =2.0 as can be seen from Fig. 3(¢), where the downward
movement of lipid molecules persists.

The ratio between the sliding force per unit of bilayer area and the velocity difference
between the two leaflets of a bilayer is called the intermonolayer friction coefficient &,
which is one of the measures of the intermonolayer flow behavior [32. 33.42|. 4 is given
by &=F/AAV , where F is the sliding force, 4 is the bilayer area, and AV is the

velocity difference. Usually, b is evaluated in lengthy steady simulations, however, it can

be obtained in an unsteady simulation as follows: F for § =60 was roughly calculated

from the momentum change of the lower layer (17753.06 N-s/mol) divided by the time
11



interval 0 <1 <2.0 (1.56 ps); the sliding force between the lower monolayer and lower

water layer was assumed to be zero because of the very small amount of momentum

transferred to the lower water layer (Fig. 8 inset); the slip velocity was the instantaneous

velocity difference of the mass centers of the upper and lower layers at + =2.0 (571.74

m/s). As a result, we obtained »=8x10° Pam's at 1" =20 in the unsteady state using

the present simulation results. Surprisingly, the intermonolayer friction coefficient in the

present study is almost the same as that obtained in the coarse-grained MD simulations in

Refs. [32, 33] (typically 1x10° Pams) by applying Lees-Edwards boundary conditions,

although the normal component of momentum was not considered in these simulations.

4. Summary and discussion

This study aimed at investigating the effect of incident shock angles on the structural
changes of a lipid bilayer by using unsteady nonequilibrium MD simulations. The
simulation results revealed that the half of the bilayer directly exposed to shock waves is

sensitive to an incident shock wave; therefore, the lateral displacement and the tilts of lipid

molecules are enhanced with an increase in the incident shock angle from 0° to 60°

within the time scale of the order of picoseconds (Fig. 9(a)). On the other hand, the other
half of the bilayer is found to be insensitive to the change of the incident shock angle. This
difference in sensitivity to the incident shock wave results in the fact that only the normal
component of the applied oblique impulse is transferred across the bilayer.

Finally, we discuss the possible streaming of the cytoplasm induced by shock waves. As
shown in Fig. 8, the normal component of the applied momentum promptly transfers across
the bilayer, whereas the tangential component hardly transfers. Here, let us assume a cell to
be a sphere and a shock wave impulse is applied downward on the surface of the sphere
(Fig. 9(b) left). The intensity of the applied momentum along membrane normal is largest
on the top of the sphere, and it is reduced to zero along the meridian of the sphere.
Accordingly, the momentum distribution has a maximum (Fig. 9(b) right), which will
result in the formation of a jet-lhike streaming in the cytoplasm. In reality, the cell
membrane is usually undulating; hence, several momentum maxima with different
directions may be produced beneath the membrane. Therefore, the streaming in the

cytoplasm caused by the shock wave will be comprised of several jet-like flows emerged
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from several momentum maxima, and the entire flow pattern in the cytoplasm will become
complex. The mixing or homogenization of plasmid [10] and fluorescein [7] throughout

the cell cytoplasm appears to be enhanced by jet-like flows.
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Figure Legends
Figure 1.

Schematic diagram of the interaction of a shock wave with a lipid bilayer, where @ is the



incident angle between the bilayer normal and the direction of shock wave propagation.

Figure 2.
Temporal changes of the bilayer thickness in the simulations for =0, 30", and 60°.
The bilayer thickness is normalized by that in the initial state (ca. 4.0 nm). Note that in the

following figures the normalized time ¢ =1 corresponds to 330, 390, and 810 fs in real

time for @=0", 307, and 60", respectively.

Figure 3.

Snapshots of postural changes of typical lipid molecules in upper and lower layers induced
by the shock wave with & =60". The yellow bars represent the headgroup of a lipid
molecule; the orange bars, the hydrophobic chains; and the red spheres, water molecules.
The yellow arrow in the snapshot of =0 denotes the propagation direction of the

incident shock wave. The other lipid molecules are eliminated for clarity.

Figure 4.
Temporal changes of averaged instantaneous order parameter for & =60°. The order

parameters are normalized by those in the initial state.

Figure 5.
Lateral displacement of the mass center of lipid head groups for ¢ =0°, 30°, and 60° in

the upper layer and that in the lower layer (inset).

Figure 6.

(a) Thlt angle distributions of the lipid molecules in the upper layer for 8 =0°, 30°, and
60° at 1 =2.0. (b) Temporal changes of the averaged tilt angle of lipid molecules in the

upper layer. Note that the average equilibrium angle in the initial stage is taken as 0" in
Fig. 6(b).
Figure 7.

Number of the water molecules delivered into the hydrophobic region of a bilayer induced
by shock wave with § =0, 30", and 60°.

Figure 8.

Temporal élmnges of the momentum of the lower water layer in the z direction (normal
component) and that in the x direction (tangential component, mnset) for 8 = 60°.

Figure 9.
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Schematic diagram of (a) structural changes of cell membranes and (b) expected

momentum transfer across the membrane in a cell by shock waves.
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