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SUMMARY

This paper presents a computational study of the interaction of a shock wave with a biological membrane.
The membrane model comprises 21 555 atoms which build 66 dalmitoyloleoylphosphatidylcholine (POPC)
lipids forming the bilayer, and 4237 water molecules, with the distance between the layers being set to
fit around the actual membrane thickness (54 A), and the lattice period being set to fit the actual surface
density of lipid molecules. We have employed a molecular dynamics method for solving the Newton
equations of motion numerically thereby providing a strategy to understand the basic physics of the
biological structure at atomistic level. A shock wave has been modelled as an impulse of 40Pas, and
simulations for the interaction of the shock wave with the membrane have been performed for 200 ps to
investigate the different effects of the shock wave on different membrane properties including thickness,
area, volume, order parameter and lateral diffusion. Copyright © 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

According to the currently accepted theory, known as the fluid mosaic model (Figure 1) [1], the
plasma membrane consists of a double layer (bilayer) of lipids, which are oily substances found
in all cells. Most of the lipids in the bilayer can be more precisely described as phospholipids,
i.e. lipids that feature a phosphate group at one end of each molecule. The phospholipids, the
most abundant molecules in the membrane, have a hydrophilic head and a hydrophobic tail. The
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Figure 1. Fluid mosaic model [1].

tails of each lipid layer are in contact inside the cell membrane as the polar heads contact the
extracellular fluid and the intracellular cytoplasm. This structure is fluid, so molecules can move
around within the bilayer. In fact, this is a complex biological system which serves as a barrier
between the extracellular fluid and the intracellular cytoplasm. However, its functions go beyond
that, as it controls the uptake of molecular substances into the cell, and the interactions among the
membrane molecules are crucial in the cellular metabolism.

A biological cell cannot survive as a close system, thereby molecules enter and leave the cell
through the plasma membrane. A molecule or an ion that crosses the membrane (without input
of metabolic energy) is transported passively by moving down a concentration or electrochemical
gradient. This process is also called diffusion and is driven by the kinetic theory of matter. The
kinetic energy of these particles is proportional to their temperature. This diffusion process is
balanced within the system, and the flow of substances across the membrane occurs naturally.
However, an artificial increase of that flow could be desirable for medical purposes including drug
delivery.

In the present study we investigate the effects of a shock wave interacting with a biological
membrane. A shock wave is defined as a sudden change (discontinuity) in pressure, density, particle
velocity and internal energy. The more general term of stress wave has also been used [2]. The
generation of shock waves by short laser pulses followed the invention of the Qswitched laser [3],
while around the same time, the potentially deleterious effects of stress waves generated during
medical applications of pulsed, high-power lasers were also demonstrated [4].

In the past, the effects of stress and shock waves on cells and tissue have been investigated in
connection with ultrasonics, laser shock waves (LSW), acoustic extracorporeal shock waves (ESW)
and laser—tissue interactions [2], and they have been further used in several fields of medicine such
as kidney stone disintegration, orthopaedic surgery, brain neurosurgery and cancer treatment [5].

LSW, ESW, and ultrasound, can render the plasma membrane permeable [6] thus they can be
used to increase the uptake of antibiotic agents into the cells. ESW chemotherapy, specifically,
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has been proposed as a promising method for cancer treatment [5]. LSW [7] also possesses many
optical properties such as spatial and temporal coherency, minimum angular beam divergence,
polarization and monochromaticity can also provide an alternative source of radiant energy of
extremely high instantaneous power.

A number of studies have shown that high-energy shock waves are cytotoxic to tumour cells
[8], enhance drug efficiency [9] and have chemotherapeutic effects in gene therapy and anticancer
drug delivery [10, 11]. However, the detailed mechanism of cell permeabilization due to a shock
wave still remains unknown. As cancer is one of the leading causes of death, finding ways to
improve the effectiveness of anticancer drug delivery is of great interest. Cellular uptake of small
polar molecules has been suggested to have beneficial role, e.g. potentiating the effects of cisplatin
[12] and bleomycin [13] in cancer therapy. Other mechanisms by which shock waves may enhance
chemotherapeutic effects are by increasing apoptosis and decreasing cell proliferation in the tumour
tissue [14].

The aim of the present paper is to investigate by means of atomistic simulations the effects of
the interaction of a shock wave with a biological membrane, on different membrane properties
including thickness, area, volume, order parameter and lateral diffusion. The computational model
for a shock wave interacting with a membrane is discussed in Section 2. Section 3 presents the
results of the study and Section 4 summarizes the most important conclusions.

2. MOLECULAR DYNAMICS MODEL

2.1. Biological membrane model

The model is defined by a rectangular lattice of hydrated lipids, which consists of 21 555 atoms
of 66 dalmitoyloleoylphosphatidylcholine (POPC) lipids forming the bilayer, and 4237 water
molecules (Figure 2). The 3-D structure of the lipid molecule is defined by oxygen, nitrogen,
carbon, hydrogen and phosphorous atoms highlighted in red, blue, pale blue, white and yellow
colours, respectively. The same colour code is used for the water molecule, which is much simpler.

The lipid tails, pointing inward, were almost fully extended in order to reduce the required
minimization time in the molecular dynamics (MD) simulations. The lattice period and actual
surface density of lipid molecules were set to fit the distance between the layers and actual
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Figure 2. Molecular structure of the lipid molecule (a) and water (b).
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membrane thickness [15]. Both the parameters can be obtained through experiments [16] and
are used to calculate the potential function of the molecules. The molecules are placed in an
equilibrium position after the minimization process.

In order to generate a structure as realistic as possible, some disorder was introduced by placing
each lipid in random orientation in the membrane plane with truncated Gaussian spread in the
perpendicular direction. A short (1 ps) minimization in vacuum was conducted to eliminate the
steric collisions among the lipid atoms [15].

Water molecules are built around the lipids one by one in order to properly hydrate the lipid
head groups. All molecules outside the lipid dimensions and inside the hydrophobic layer are also
deleted. The characteristics of water molecules are [15]:

1. Irregularly shaped solvent volumes, adapted to a given solute structure.
2. Minimal solute-boundary distance.

3. Disordered (fluid) water, not a grid of water molecules, i.e. ice.

4. Minimization of the positions of all water molecules.

2.2. Molecular dynamics method

In the present study, we have employed NAMD, a parallel MD code [17] designed for
high-performance simulation of large biomolecular systems.i NPT ensemble simulations of the
hydrated lipid bilayer at 310 K have been performed in conjunction with periodic boundary con-
ditions in order to avoid artefacts due to the presence of boundaries [18]. Dynamically adjusting
the size of the unit cell and rescaling all atomic coordinates during the simulation can control the
pressure that can be calculated from individual atoms.

In a system of N particles, the position, velocity and acceleration of the particles at time ¢
are given by the 3-D vectors r;(¢), v;(¢) and a;(t), respectively, where i (i =1,2,..., N) is the
particle index. Newton’s equations in terms of the mass of each particle (m;) and force applied to
them (F;) are written as

6r,~
VS
1
av,- F,' ( )
ai = = —
ot m;

The velocity Verlet integration method [19] is used to advance the positions and velocities of
the atoms in time by solving a 6 N first-order ordinary differential equation system:

r(t+ A =r(0) + At -v(t) + 5 - A? - a(t) + O(AP)

2
v(t + AN =v(t) + L At (a(t) +alt + A) + O(A)

where At is the time step. Computation of the long-range, van der Waals and electrostatic interac-
tions between every non-bonded pair of atoms in the system at every time step is computationally
intensive. The local interactions (bonded, van der Waals and electrostatic interactions within a

INAMD was developed by the Theoretical and Computational Biophysics Group in the Beckman Institute for
Advanced Science and Technology at the University of Illinois at Urbana-Champaign. Information about the code
including validation studies can be found at www.ks.uiuc.edu/Research/namd.
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specified distance) are calculated at each time step, while the long-range interactions (electrostatic
interactions beyond the specified distance) are computed every certain number of time steps thus
reducing the computational cost and increasing the accuracy [11].

A smooth splitting function is used to separate a fast varying short-range portion of the elec-
trostatic interaction from a more slowly varying long-range component [20]. As the fastest mo-
tions within the lipid bilayer, including diffusion and orientation correlation of water, occur on a
timescale up to a few picoseconds [19], we have employed a time step equal to 1 femtosecond
(fs). The non-bonded and full electrostatic interactions have been calculated every 2 and 4fs,
respectively.

2.3. Minimization

The minimization process adjusts the coordinates of the system in order to lower the energy. It
is performed to relieve strain in conformations obtained either experimentally or by averaging of
several structures [16]. For macromolecular systems, the number of local minima and the cost of
computations prevent exhaustive search of the energy minimum, however, a local minimum in the
neighbourhood of the X-ray structure can be generally examined.

Before the actual membrane simulations are performed, we carry out a MD simulation for
some time in order to minimize the energy and reach the equilibrium range for all variables.
The default minimizer uses a sophisticated conjugate gradient and line search algorithm [21]. The
method of conjugate gradients is used to select successive search directions (starting with the initial
gradient), which eliminate repeated minimization along the same directions. Along each direction,
a minimum is first computed (rigorously bounded) and then converged upon by either a golden
section search, or, when possible, a quadratically convergent method using gradient information
[21]. This method takes the minimization history into account to determine the next step, while
converges to the minimum energy and can produce larger coordinate shifts (see [16] for more
information). The minimization protocol had been run for 50 ps in three steps:

1. Minimization for 2 ps.
2. Temperature and pressure increment for 3 ps.
3. Volume equilibration for 45 ps.

2.4. Shock wave modelling

Koshiyama et al. [21] suggested that shock waves may provide a way of introducing macro-
molecules and small polar molecules into the cytoplasm, and consequently may find applications
in gene therapy and anticancer drug delivery. In their study each shock wave source generated a
different shock waveform, so it is uncertain precisely which shock wave parameters were important
for uptake of the fluorophore. They concluded that the impulse of the shock wave is defined as

Rt
Ip= fo Pdt 3)

where Rt, the duration of the impulse rather than the peak pressure, is a dominant factor for
increasing the diffusion into living cells and P stands for the instant pressure during the impulse
time.

Therefore, a single shock wave, applied downwards to a part of the water layer, can be charac-
terized by an impulse which can be expressed by a velocity, V,, determined by the change in the
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Figure 4. Kinetic energy variation in time during minimization and simulations corresponding to impulses
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momentum in the upper water layer [21]:

_b

1%
M

A “)
where A and M are the area in the XY plane and the mass of model, respectively. Using (3), two
simulations have been performed corresponding to impulses of 0.0 and 40.0 Pas, respectively. As

expected, the non-zero impulse will result in a jump of the kinetic energy at the beginning of the
simulation (Figure 4).

3. MOLECULAR DYNAMICS SIMULATIONS

Because the stability of lipid bilayer systems is susceptible to initial conditions [22], prior to
carrying out MD simulations (Figure 5) we performed a minimization simulation as discussed,
ensuring that all the variables fluctuate around published values as the integration time increases.
For the case where no shock wave is applied the MD simulations (Figure 6) continue further
for another 200 ps, following the minimization of 50 ps.
In the case where a shock wave is applied, the MD simulation starts using the latest co-ordinates
and velocities of the atoms as obtained by the minimization simulation (Figure 7).

Figure 5. Molecular dynamics minimization: initial condition (a) and following minimization
(b) approximately after 50 ps.
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(a)

(c) (d)

Figure 6. Molecular dynamics simulation without a shock wave: (a) t =0.1 ps; (b) t =25ps; (c) t =50ps;
and (d) t =75 ps after minimization.

Fully hydrated lipid bilayers are not close to being in a crystalline state; hence, crystallography
cannot be used to determine the bilayer structure by diffraction. The problem becomes even more
difficult for bilayers which are in a fluid phase where the hydrocarbon chains are disordered in

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2008; 57:677-692
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Figure 7. Molecular dynamics simulation when a shock wave (Ip =40 Pa s) interacts with a lipid membrane:
(a) t=0.1ps; (b) t =25ps; (c) t =50ps; and (d) t =75 ps after minimization.

contrast to nearly fully extended lipid crystals. These differences are expected when there is much
more water in fully hydrated lipid bilayers. Water alters the balance of interaction energies of the
bilayers compared to the nearly dry crystalline state, and also allows bigger fluctuations [23].

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2008; 57:677-692
DOIL: 10.1002/fid



686 J. LECHUGA, D. DRIKAKIS AND S. PAL

42

4 | Hi v |

40 I.I\lll'llj I b di i I
il [ | f|]| |4

Zy I:- { ! | I f lI jl !
! 'I' | !
; Ill'; -N‘H |J| 1 g|| lll I‘l |L
z | ,Iln1l it 'lf J I l M lll I| ". l
1 . |1J'| [ I .,II'1|| | 1.'. I
|I': '.I | I I o \' "u h Jlﬁl 4 ‘I I
S YR NN :l’q‘f' 'r ' | i Ui f ' lfl I
' |1 ! N | i | || | |I h, i al I l|| | |.| H_
E) il u Ul EM I Y I 15-" i | T |
i ! | I I | | | |I;'I |II|:'| l \| \ |'l' ]ﬂll
38 , f .|I ”"l- L3 K |
—Ip=0Pas I Ui I

—Ip=40 Pas 1 Yl W

kL]
50 55 60 65 70 75 BO B5 90 95 100105110 115120 125 130 135 140 145 150 155 160 185 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 150
Time {psh

Figure 8. Lipid bilayer thickness for Ip =40.0 and O Pas.

According to the kinetic theory of matter, all the particles in a model must be in constant
movement. Their positions, calculated by solving the equations previously exposed, change all
along the simulation time, so, starting from a crystal structure, the fluid phase can be simulated
using the MD.

3.1. Membrane thickness

The thickness of the membrane keeps changing all along the simulation as the particles are in
continuous movement and the dimensions of the model vary. Thickness can be measured by
calculating the difference between the maximum, max(7jipia(¢)), and the minimum, min(rjipia(t)),
positions of the lipid phosphorous atoms, i.e. max(rzjipid (t)) — min(rzjipia (¢)).

The simulations show that when applying a shock wave the membrane gets thinner (Figure 8
and Table I).

3.2. Area per lipid and volume of the membrane

The area per lipid is the area of the lipid bilayer in the XY plane, calculated by AreaXY =
[max (rxjipia (1)) — min(rxgipia (£))] - [max (ryjipig (1)) — min(rylipid(t))]; its variation in time is shown
in Figure 9.

Calculating the maximum, minimum, mean value and range of this variable and dividing them
by the number of lipids, gives the values per lipid shown in Table II.
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Table 1. Maximum, minimum and mean values of the
lipid bilayer thickness for Ip =40.0 and OPas.

Impulse (Pas) Ip=0 Ip=40
Maximum 41.54 42.48
Minimum 36.51 34.95
Mean value 38.87 37.30
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Figure 9. Area per lipid for Ip=40.0 and OPas.

Table II. Maximum, minimum and mean values of the area per lipid.

Impulse (Pas) Ip=0 Ip=40
Maximum 61.67 59.57
Minimum 45.36 46.18
Mean value 54.23 53.79

The values for (Ip = 0) are in fair agreement with results from previous studies shown in Table III
assuming that the values shown in the literature are mean values. The values are slightly lower as
the membrane area will keep on increasing along the simulation. Our simulations show that the
shock wave reduces the area in the XY plane.
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Table III. Comparison of structural parameter values of lipid
bilayers taken from previously published computational and
experimental studies [24].

Area per lipid (A%) Thickness (A)

Simulation 64+ 1 38+ 1
Experiment 63-66 3541
Present 62 (max), 54 (mean) 42 (max), 39 (mean)
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Figure 10. Volume of the membrane model for [p =40.0 and O Pas.

When the shock wave is applied, the volume of the membrane model increases since the velocity
of the particles is affected by the impulse. However, following the transient change, the volume
gradually reduces and eventually returns to an equilibrium state (Figure 10).

3.3. Order parameter

The deuterium-order parameter (Scd) gives a measure of the average methylene group orientation
with respect to the bilayer normal. It can be calculated in MD simulations using

Scd= 1 - (3Cos(f) — 1) (5)

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2008; 57:677-692
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Table IV. Maximum, minimum and mean values for the
absolute value of the order parameter.

Impulse (Pas) Ip=0 Ip=40
Maximum 0.2317 0.2342
Minimum 0.1851 0.1902
Mean value 0.2038 0.2079
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Figure 11. Order parameter variation for Ip=40.0 and O Pas.

where [ is the angle between a vector normal to the bilayer and the plane formed by the carbon and
deuterium atoms. The Scd has been calculated for all lipids along the integration time (Figure 11).
The values obtained for a lipid membrane without applying a shock wave are also in fair
agreement with previous simulation results. Scd = —0.27 £ 0.01 [25].
When applying a shock wave the disorder increases, thereby |Scd| becomes slightly larger
(Table 1V).

3.4. Lateral diffusion

Lateral diffusion in lipid membranes has been extensively studied in the past, however, the mecha-
nism by which lipids diffuse is not yet well understood [26]. The biological cell membrane consists
of a fluid lipid bilayer with the lipids moving through the membrane surface. The centre of mass
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Table V. Calculated diffusion values for Ip=40.0 and OPas.

Impulse (Pas) Ip=0 Ip=40

Diffusion (10~7 cm?2/s) 9.8 12.8
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Figure 12. Mass centre of the lipids trajectory.

of the lipids trajectory in the simulated membrane has been traced and this is plotted in Figure 12
for Ip=40.0 and OPas.

During the simulation, the fluid—lipid membrane can experience motion of the entire bilayer
with respect to the centre of mass of the system (that also includes the water), and even motion of
the two monolayers with respect to each other [27]. This behaviour of the lipids implies a lateral
motion, which can be quantified through the long-time mean square distance coefficient (msd)
yielding a diffusion coefficient D, which is defined by

) 1 d 5
D= lim ——-— - —[ri(t) —ri(0)] (0)
f dr
where dy is the number of dimensions in which the diffusion is measured (dy =2 for lateral
diffusion) and D is the computed diffusion coefficient that is obtained from the slope of msd using

linear regression analysis: msd = Initial msd + slope - time. The diffusion values obtained from
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the above equation are listed in Table V, and for the case Ip =0Pas the diffusion value is of the
same order of magnitude as the ones reported. D =4.5 x 10~7 cm? /s [25]. The results show that
application of the shock wave results in an increase of the membrane’s diffusion coefficient.

4. CONCLUDING REMARKS

We presented molecular dynamics (MD) modelling of a shock wave interacting with a biological
membrane and examined the effects of an impulse on the lipid bilayer membrane system. MD
simulations provide a unique tool to analyse biomembrane properties from an atomistic perspective.

Several properties of the cell membrane, both when applying a shock wave and without a shock
wave being imposed, have been calculated. A fair agreement was found between the present MD
simulations and previously published data for lipid membranes (without a shock wave). When a
shock wave is applied the membrane thickness and area per lipid are slightly reduced; the order
parameter is slightly increased; and most importantly the diffusion coefficient is also increased.
The latter shows that the implementation of a shock wave can make the cell membrane transiently
more permeable.
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