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Abstract In the present study the effects of oblique shoakeas on the lateral diffusion coefficients
of a 1-palmitoyl-2-oleoybkn-glycero-3-phosphocholine (POPC) biological membksainrough molecular
dynamics simulations are being under examinatimmputational simulatiortsave been carried out by
utilising the NPT ensemble with shock impulses wagyrom 0.33mPa s to 100mPa s. The applied intiden
angles vary between 0° and 80° corresponding t@énpendicular and almost tangential case resgdgtiv

It is shown that thenembrane thickness gets thinner under the appitat a shock. The area per lipid is
also reduced, while the volume increases in thénbety of the application of the shock and aftegait
reduces until it gets to the same values that spared to the equilibrium state.

Keywords: Shock wave, biological membrane, molecular dynamitiffusion coefficient, incident angle,

mass transport

1. Introduction

Every year more than 8 million people die
due to cancer, making it a leading cause of
death in the Western World (Ruddon, 2007).
Thus, efforts to establish new methods that
improve drug delivery and efficiency have

1999). A second method applies electric fields
(Ho et al., 1996), ultrasounds (Liet al., 1998;
Miller et al., 1999), or shock waves
(Gambihleret al., 1994; Delius and Adams,
(1999); Lee and Doukas (1999); Zleu al.,
2004).

Experimental procedures when applied to

been increased. Cancer treatment researchmicro and nano scales are usually associated

involves various methods, from the
development of vaccines to the use of
advanced surgical procedures. The

effectiveness of the treatment lies on the
suitability of the pharmacological compound
and its delivery to the desired pathological

area. Therefore, scientists have been
researching techniques to increase drug
absorption into the cell cytoplasm, via

generating transient permeabilisation of the
cell membrane (Kodamat al., 2000). This
transfusion can be induced using two different
methods. The first one alters the composition
of lipids in the lipid bilayer with the
introduction of detergents (Schafet al.,
1987), bacterial toxins (Spillet al., 1998), or
virus-mediated fusogenic lyposomes (Kaneda,

with financial burden and technical difficulties
in  obtaining  accurate = measurements.
Therefore, the scientific community has
embraced computational tool as a viable
approach for performing complementary
studies on biological systems aiming at
establishing ways to enhance drug diffusion
through the cell membrane. A computational
approach that has been applied towards that
direction is Molecular Dynamics (MD).

In the current study, MD is employed to
investigate the effects of shock impulses on
bio-membranes and study the membranes’
responses. A number of properties related to
the membrane are monitored such as
membrane’s thickness, area per lipid, and
lateral diffusion.
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2. Simulation M ethod

MD solves the Newtonian equation of
motion for each atom of the system (Phillgbs
al., 2005):

= 0
Mol o = =

Ut (Fiy.Fy), @=12...N (1)

—

la

where m, is the mass of an atam T , denotes
the position of atonu, and U, Stands for
the total potential energy which depends on
the positions of all atoms thus couples their
motion. The dynamics of all particles is known
for every time step and the potential energy
function is given as part of the force field
functions:

Utotal = Ubond + Uangle + Udihedral + UvdW + UCoqumb (2)

The first three terms express the stretching,

bending, and torsional bonded interactions and

the last two, the non-bonded interactions

between pairs of atoms in the system; the van

der Waal's forces and the electrostatic

interactions.

2.1 Shock wave implementation

For the current study the shock wave’s
strength is provided through its impulse which
is defined as follows (Kodan& al., 2000):

TIp
I=] Pdt  (3)
0

where P is the instant pressure while the
impulse is being applied anﬁ,p, the duration.

The shock waves applied on the POPC

momentum of the upper water layer that was
under the effect of the shocks. The new
velocities that the water molecules of the
upper layer will have are determined by the
incident angle 6, the impulse, and the
thickness of the shock. The velocities of the
molecules are calculated as:

I, x A 4
— (4)

where A is the area in the XY plane of the
membrane,m = 2.99146 * 107%%kg is the

v =
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mass of a water molecule, and, is the
number of water molecules in the water slab
dictated by the thickness of the shock wave
impact, Ty,,. Accordingly, the volume of the
water slab will be:

Vwater stab = Tsw * A (5)
The incident anglef determines the

impulse value which is decomposed into
perpendicular components as shown below:

L= {Ip,y = I, sin6

P ,,=1I,cos0

In the current study the incident angle was
implemented in directions z and .

Alternatively, the impulse could have been
projected onto axis z and x.

Shock wave
impulsed, | ST
applied at an s

angle &

Centre o fmass of upper

layer
Thickness of 2

lipid bilayer
Centre o f mass of lower
layer

Figure 1. Schematic“ of biological membrane along with
the applied oblique shock wave

2.2 Calculation of lateral diffusion

The diffusion coefficient has been
calculated by first utilising the formula of
Einstein about the mean square displacement
(MSD) of the lipids (Karniadakis, 2004):
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0.33mPa s and 100mPa s, while the

L thicknesses of the impu(d®s were 5A, 7A, 10A,
MSD = (— Z[ri(t) - r,(00]?) (6) and 12A. The incident angle varied between 0°
Ny = and 80°. The simulations have been performed

through the NPT ensemble in order to examine
where N, is the number of lipidsr;(t) the the different response of the membrane to the
position of the lipid at time t, with the symbol  different ensembles.
() denoting an average of the timesteps and/or
particles. 3. Results and Discussion
The diffusion coefficient D is expressed as

the slope of the mean square displacement,  The membrane-water system is initially

which in three dimensions is: minimized and equilibrated for a total time
. ; equal to 50ps. During the first 1ps for the
D = lim; o, = (MSD) (7) minimization procedure(#4kes place followed

by 1ps where the values of temperature

As the current study measures the lateral increase up to 310K, 3ps where values of
diffusion of the lipids in the XY plane, the Pressure increase up to latm and 45ps until the

formula has been modified for the case of two Volume is equilibrated.Figure 2 shows a
dimensions: snapshot of the entire system after

minimization and equilibration.
1,. d
D = lemt_)ooE(MSD) (8)

2.3 Computational Setup

The biological membrane employed
consists of 104 1-palmitoyl-2-oleogh-
glycero-3-phosphocholine (POPC)
phospholipids with 52 lipids on the upper layer
and 52 lipids on the lower one. It is in the
unsaturated form and has been hydrated with
water molecules on top of the hydrophilic
heads of both monolayers. This results to a
total number of 15134 water molecules and
59338 atoms being employed for the modeling
of the complete system.

The computational box spans for 66.2A,
65.0A, and 155.9A across the x, y and z
direction with periodic boundary conditions to
have been applied in each direction
respectively. The system is initially minimized
to the minimum energetic stage and integrated
for 45ps through the NPT ensemble until
equilibration is achieved. The pressure and
temperature remain constant through the
simulation equal to 1atm and 310K. The time-
step used is 1fs with non-bonded interactions
have been -calculated every 2fs and full
electrostatics every 4fs. The total simulation
time is 200ps.

The shock impulse applied varied between

Figure 2. Snapshot of POPC bilagler after minimization
and equilibration



Figure 3. POPC bilayer after the application of a shock
wave impulse of 0.99mPa s and thickness 7A from an
incident angle of 50°

3.1 Shock wave thickness effect

Aiming to study the effect of shock wave
thickness a number of simulations with various
thicknesses and impulses initially for the 0
incidence angle are examined. More
specifically, shock wave thicknesses used span
from 5A to 12 A,
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Figure 4. Kinetic energy of the system for impulse
4mPa s and at various shock wave thicknesses

140

Figure 4 shows the time variation of the

system’s kinetic energy for various values of
shock’s thickness and impulse 4mPa s. A
common element observed is a rapid increase
in the kinetic energy the time that the shock is
introduced to the system (t=25ps). As the
simulation evolves the kinetic energy for all
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values of shock’s thickness decreases through
the NPT integrator's temperature controller
and relaxes almost to the same mean value for
the various thicknesses. The rapid increase to
the system’s energy was expected since
through the application of the shock wave
essentially  additional momentum  and
consequently kinetic energy is introduced to
the system. As the shock’s thickness increases
a small decrease to the maximum kinetic
energy can be identified. The thickness of the
shock does not alter the total momentum
transferred to the system, which is determined
by the impulse, but it mainly affects the
velocity distribution across the water
molecules. To further elaborate, larger
thickness implies that the shock will be
applied to larger number of water molecules
increasing therefore the total mass and as a
consequence a reduced velocity is applied (see
Equation 4).

20 T T T

Shock thickness=7A
Shock thickness=104
Shock thickness=124

Membrane thickness(A)

15.5_|\|||\||\||\\||\\\\lll\\l
0 50 100 150 200

Time(ps)
Figure 5. Thickness of the membrane for impulse 4mPa
s and shock wave thickness 10A
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Figure 5 the time variation of membrane’'s Figure 6. Centre of mass of the membrane for impulse
thickness for impulse 4mPa s and for three 4mPa s and at various shock wave thicknesses
values of shock’s thicknesses is presented. At

the beginning of the simulation after

minimization and equilibration the thickness of T TTTTTTTTTTTE T
of the membrane is the same for the examined i 1
cases and a common trend is noticed with the s ]
membrane’s thickness to decrease until a local I ]
equilibrium is reached. Although, small ~ T ]
differences between the different shocks exist, “g/ o i
it can be observed that towards the end of the £ | 1
simulation the minimum membrane thickness L ]
is obtained for shock length equal to 10 A. I ]
This is mainly linked to the efficiency of the of Sho tidaes=78
momentum transfer across the water i Shock tridmess=124 |
membrane interface. Smaller values of shock’s T R T R R T R

length imply that the mechanism for Time(ps)

momentum exchange is based on larger water Figure7 shows the mean square displacement
velocities and small application time whereas of the lipids in the membrane as function of
larger values of shock’s length mean that a time for different shock’s thicknesses. The
shock with smaller velocity will hit the slope of the MSD is linked with the diffusion
membrane for a longer period of time. of the lipids and larger slopes imply higher

In Figure 6the corresponding movement of lipid mobility within the membrane. For the
membrane’s center of mass for impulse 4mPa specific case larger slope in total is noticed for
s and for various values of shock’s thickness is thickness 10 A and smaller for 7 A. The MSD
presented. As expected for smaller values of slopes and therefore the lipid’s diffusivity are
thickness the center of mass (COM) remains dependent on the efficiency of the momentum
closer to its original position whereas for transferred from the water molecules to the
higher values a larger disparity is noticed. upper layer of the membrane. More efficient
Smaller thickness implies a smaller application momentum transfer implies higher slopes and
time for the shock and therefore the COM consequently larger diffusion coefficients.
remains in the vicinity of its original place.
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Figure 7. MSD of the membrane for impulse 4mPa s
and at various shock wave thicknesses
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Figures summarises the diffusion coefficient
values as function of shock’s thickness for

3rd Micro and Nano Flows Conference
Thessaloniki, Greece, 22-24 August 2011

0.06 T
% 0.05F o) ool -
NE - 7 N E S
0 - / N 7 N
= i / & &
;/0.04 B 7 \ /'/ 5
=] / N
.g N 7 A
i 0.03F 4 VA \ .
T O 7 AN
o B J o g AN ]
o )
) A, > ]
Eo.02f /5,(\\ Sy
% i ///; “““““““““ il 0 ]
8‘5 B &/ : 3 — =3 — Impulse= 0.33mPas
o) 0.01 r 6 - —=f— Impulse= 0.99mPas
- = -O- = Impulse=3mPas
B - Impulse 4mPas i
0 H\IHHIHHIHHIHHIH . L
4 5 6 8 9 10 ll 12 13
Shock thickness(A)

Figure 8. Diffusion coefficient as function of thickness
at various impulses for 0° angle

3.2 Incidence angle effect

Additional computations have been carried
out to study the effects of the incidence angle
of the shock to the membrane system. As the
obligue shock wave is applied momentum
components are introduced to the system not
only perpendicular to the membrane but also
parallel to its surface. Although in absolute
terms the perpendicular component of the
impulse is reduced leading in principle to
small diffusion coefficient values (Drikakit
al., 2009), the parallel component is
anticipated to increase the lateral mobility of
the lipids enhancing therefore the lateral
diffusion.

Figure 9 shows the kinetic energy of the

different impulse values. It can be seen that for water-membrane system as function of time

all different values of impulse, that

corresponds to different values of momentum,

the lateral diffusion coefficient initially

for different incidence angles and shock’s
impulse and thickness 0.99mPa s and 5A
respectively. Similar to Figure 4, the kinetic

increases as the shock’s thickness is increasedenergy is increased at the time the shock is

until a maximum is achieved. The maximum

introduced and as the simulation evolves any

corresponds to the optimum scenario for the excessive heat generated from the additional
momentum to be transported in the membrane. kinetic energy is dissipated through the applied

Following the maximum and as the shock’s

Nose-Hoover thermostats. The variations of

thickness continuous to increase the efficiency the incidence angle do not alter the total
of momentum transfer drops and the values of kinetic energy introduced but mainly affect the

the diffusion coefficient drop accordingly.

distribution of the energy along the
perpendicular and longitudinal direction. As a
consequence, smaller values of the incidence
angle result in larger parallel to the membrane
velocity components. Due to the presence of
periodic boundary conditions additional time
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is required for the energy to be dissipated

resulting in slightly larger oscillations, around 1 e
the mean kinetic energy, for the smaller angle '
(see Figure 9).

Figure 10 shows the membrane’s thickness
as function of time for incidence angle 20°,
30° and 40°. The same behavior is noticed for
all three incidence angles examined, with the
membrane to shrink after the application of the
oblique shock, with a reduced rate until relaxes
to a local equilibrium state. The trend for the
various angles is almost identical with minor
differences being noticed in the initial decrease i T T DT SO P
rate of the membrane’s thickness. More O Wopmais T P W
specifically, larger decrease rate is noticed for Figure 10. Thickness of the membrane for shock wave
the smaller incidence angle due to the presencethickness. 5A and impulse 0.99mPa s for various
of larger perpendicular to the membrane incidence angles
velocity components.
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Figure 11 shows the positions of the center of
membrane’s mass during the simulating time.
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Figure 9. Kinetic energy of the membrane for shock
wave thickness 5A and impulse 0.99mPa s for various
incidence angles
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Figure 11. Centre of mass of the membrane for shock
wave thickness 5A and impulse 0.99mPa s for various
incidence angles
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Figure 12 shows the mean square displacementand the membrane’s lipids. Furthermore,
of the membrane’s lipids as function of time although the parallel velocity components are
for a shock with thickness B and three expected to continue to enhance the lateral
incidence angles 20°, 30° and 40°. There is a particles’ mobility, the increase rate is
significant dependence of the MSD from the bounded by the effectiveness of the
incidence angle with the MSD slope to momentum transfer across the interface. As a
continuously increasing in a non-linear manner consequence it just compensates any losses
as the angle increases from 20° to 40°. The arising from perpendicular component leading
aforementioned increase to the slope therefore to almost constant values of
corresponds to higher lateral diffusion figures diffusion.

as shown in Figure 13.
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Figure 12. MSD of the membrane as function of time
for shock wave thickness 5A and impulse 0.99mRa s f
various incidence angles

A similar trend is noticed for all three impulses
with the diffusion coefficient initially being
significantly increased as the incidence angle
increases followed by a global maximum and
then entering a decreasing phase with slight
fluctuations around a certain value. As the
oblique shock’s angle initially increases the
parallel to the membrane momentum
components increase enhancing therefore the
lateral mobility of the lipids belonging to the
top layer of the membrane. The increase
mobility of the lipids is reflected to
corresponding increments of the diffusion
coefficient values. However, if the angle of
attack continues to increase the perpendicular
to the membrane shock’s velocity becomes
weaker loosing increasing therefore the time
needed for the wave to hit the membrane and
reducing the amount of direct momentum
transfer between the shock’s water molecules

4. Conclusions

In the present study attention has been
drawn to the effects of oblique shock waves to
the lateral diffusion coefficient of a POPC
membrane. As the incidence angle is
introduced an initial increase to the diffusion is
observed due to the increase of the parallel to
d the wall shock’s velocity components. Another
characteristic of the shock wave that affects
the amount of momentum propagated from the
water molecules to the membrane is the shock
thickness. As the thickness of the shock
becomes larger the diffusion coefficient
initially increases until a maximum value is
obtained followed by a small decay.

In conclusion, additional studies have to be
performed aiming to study the response of



more complicated membrane models where
proteins are also considered. Defining the self
diffusion coefficients of the surface proteins
will have a great contribution towards a better
understanding of mechanisms for optimising
the drug delivery and drug adsorption.
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