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ABSTRACT

It has been widely accepted that cancer cells are softer than their normal counterparts. This motivates us to propose, as a proof-of-concept, a
method for the efficient delivery of therapeutic agents into cancer cells, while normal cells are less affected. The basic idea of this method is
to use a water jet generated by the collapse of the bubble under shockwaves to perforate pores in the cell membrane. Given a combination of
shockwave and bubble parameters, the cancer membrane is more susceptible to bending, stretching, and perforating than the normal mem-
brane because the bending modulus of the cancer cell membrane is smaller than that of the normal cell membrane. Therefore, the therapeutic
agent delivery into cancer cells is easier than in normal cells. Adopting two well-studied models of the normal and cancer membranes, we
perform shockwave induced bubble collapse molecular dynamics simulations to investigate the difference in the response of two membranes
over a range of shockwave impulse 15-30 mPa s and bubble diameter 4-10 nm. The simulation shows that the presence of bubbles is essential
for generating a water jet, which is required for perforation; otherwise, pores are not formed. Given a set of shockwave impulse and bubble
parameters, the pore area in the cancer membrane is always larger than that in the normal membrane. However, a too strong shockwave
and/or too large bubble results in too fast disruption of membranes, and pore areas are similar between two membrane types. The pore clo-
sure time in the cancer membrane is slower than that in the normal membrane. The implications of our results for applications in real cells are
discussed in some details. Our simulation may be useful for encouraging future experimental work on novel approaches for cancer treatment.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0105675

I. INTRODUCTION of drugs are available for treating cell diseases, only a few drugs

are used if they can cross the cell membrane. Therefore, a num-

The plasma cell membrane regulates the entry and exit of sub-
stances via specific mechanisms. Small substances, such as ions,
sugars, and amino acids, can cross the membrane via ion channels or
protein pumps. Macromolecules must be carried into cells by mem-
brane bound vesicles through the endocytosis mechanism.! These
two mechanisms limit the entry of molecules, which are not natu-
rally needed by cells. As a consequence, although a large number

ber of approaches have been proposed, aimed at enhancing the
transport of drugs through the cell membrane. Two well-known
viral and chemical methods have been developed, but they are still
limited by low efficiency and toxicity. As a remedy, the physical
approach has been recently proposed for a highly efficient drug
delivery with low toxicity. The basic idea of the physical approach
is to create transient pores in the cell membrane, called poration,
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where drugs can penetrate into cells easier. Physical methods include
photoporation, electroporation, magnetoporation, and mechanopo-
ration, which use different kinds of physical forces, such as magnetic,
thermal, mechanical, and electrical forces to open the pore. For an
excellent review of the drug delivery methods, readers are referred
to the recent publication.” Among these methods, mechanopora-
tion using the shockwave force is promising because it can rapidly
deliver large macromolecules into cells in a local, noninvasive, and
cost-effective manner.” For examples, Kodama et al. used shock-
waves to deliver large cytoplasmic molecules into cells. The authors
suggested that the shear force generated by the shockwave temporar-
ily affects the permeability of the membrane, and the impulse of
the shockwave plays an important role in governing the permeabil-
ity. This method can deliver large macromolecules of up to 2 x 10°
molecular weight into cells." Recently, Lopez-Marin et al. have
studied the shockwave induced damage and poration in cell line
HEK293 and tumor-derived cell line MCF-7, and the results from
scanning electron microscopy revealed transient hole-like structures
after shockwave exposure. The authors also showed differences in
the membrane permeability of two cell lines.” Qi et al. showed that
shockwaves can trigger the release of adenosine triphosphate (ATP)
from osteosarcoma U20S cells by increasing the membrane perme-
ability.® The ability of shockwaves to enhance the delivery of very
large molecules suggests that shockwaves should also be a promising
method in gene therapy and protein delivery.”* We should men-
tion that the shockwave has been used in other medical applications.
For example, high energy shockwaves have been used for more than
30 years to disintegrate urolithiasis. Extracorporeal shockwave ther-
apy has been clinically used for many musculoskeletal condi-
tions. It has been suggested that the shockwave accelerates tissues
regeneration, reduces calcification, and inhibits pain receptors.’

To further develop this sensitive method aimed at enhancing
drug delivery into cancer cells, one needs a better understanding
of the mechanism of shockwaves interacting with the cell mem-
brane, especially at the molecular level. Unfortunately, it is very
difficult to experimentally observe the direct interaction between
shockwaves and membranes due to the short time scale on the
order of picoseconds and small length scale of several nanometers.
Therefore, several studies have employed molecular dynamics (MD)
simulations to investigate the molecular mechanism of the shock-
wave induced membrane damages with and without bubbles.'’*’
Koshiyama et al. performed for the first time an all-atom nonequi-
librium MD simulation under a shockwave but without bubbles
and observed the penetration of waters into the hydrophobic region
of the membrane, which was caused by a decrease in membrane
thickness.'” Choubey et al. performed large-scale all-atom MD sim-
ulations of lipid membranes with shockwaves and nanobubbles
and showed that the bubble collapse generates shear flow of water
on membrane leaflets and pressure gradients across them, creating
transient nanochannels through which water molecules translocate
across the membrane.!" Steinhauser and colleagues developed an
advanced large and multi-scales coarse-grained simulation method
using dissipative particle dynamics and applied it to study effects of
shockwaves on 1,2-dipalmitoylphosphatidylcholine (DPPC) mem-
branes. The authors obtained a threshold shock front velocity, below
which the membrane recovers from shockwave induced damage
and above that the membrane could not be recovered.”” " Santo
and Berkowitz employed coarse-grained MD simulation to study
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the impact of shockwaves and bubbles on the damage and recovery
of lipid membranes. Interestingly, they showed that not every lipid
molecule remained in the bilayer after recovery, some lipids moved
out into water and created micelles.'”"” Adhikari et al. showed that
in the absence of bubbles, high intensity shockwaves do not induce
pores on membranes, but weaker impulses can lead to membrane
poration in the presence of bubbles.'® Similarly, Lu et al. performed
MD simulation of the shockwave induced delivery of paclitaxel drug
through a lipid membrane and showed that the paclitaxel molecule
can penetrate the membrane only under the joint effect of the shock-
wave and nanobubble.”’ Sun et al. simulated the shockwave induced
collapse of lipid-shelled nanobubbles, and interestingly, they showed
that compared with the cases of vacuum nanobubbles, the lipid
nanobubbles could weaken the effects of shock waves.'” Nan et al.
performed coarse-grained MD simulation of the shockwave induced
bubble collapse and observed not only membrane perforation but
also the occurrence of nanoscale cavitation during the perforation
process.” Hu et al. analyzed effects produced by the collapse of mul-
tiple nanobubbles in the vicinity of biomembranes in the presence
of an electric field by MD simulation’” and showed that multiple
nanobubbles make it possible to create larger pores on the mem-
brane.”” Very recently, Wei et al. have studied the impact of the
shockwave induced bubble collapse on the damage of cell mem-
branes with different lipid peroxidation levels and have shown that
the pore sizes increase with the peroxidation level.”> One of the
important findings obtained from all these simulation studies is that
the shockwave alone does not have much impact on membranes, but
the presence of gas bubbles, which pre-exist or are nucleated during
the shockwave propagation, plays an essential role in the membrane
poration.

Our main interest is the application of the shockwave in com-
bination with bubbles in the drug delivery for cancer treatment.
To date, cancer treatments, including surgery, radiotherapy, and
chemotherapy, are widely used. Extensive resection followed by
adjuvant chemo-radiotherapy seems to be the only treatment that
modifies the survival of cancer patients. However, with chemother-
apy, the therapeutic agent affects not only cancer cells but also
normal cells, causing severe side effects. Therefore, novel therapeutic
methods are needed to minimize side effects on the normal cells. Our
core aim is to develop such a method based on the difference in the
mechanical properties of normal and cancer membranes. Recently,
a number of studies have shown that cancer cells from a large num-
ber of different organs are softer than their normal counterparts.”*
Therefore, in recent years, mechanical properties of cancer cells
have been suggested as biomarkers for early cancer diagnosis, tar-
geted for the prediction, treatment, and even prevention of cancer.”
Our research hypothesis is that if cancer cells are softer than nor-
mal cells, then we can choose shockwaves with appropriate impulses
and bubbles with suitable sizes so that under the shockwave induced
bubble collapse, the cancer cell membrane is maximally perforated,
while the normal cell membrane is minimally affected. Therefore,
therapeutic agents are maximally delivered into cancer cells but
minimally into normal cells.

In a previous work, we performed equilibrium MD simulations
to study the elastic properties of normal cell membranes and cancer
cell membranes.?® In our simulation models, normal cell membranes
have a highly asymmetric lipid composition,”” where the extracel-
lular leaflet is mainly composed of phosphatidylcholine (PC) and
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sphingolipids and the intracellular leaflet is mostly composed of
phosphatidylethanolamine (PE) and phosphatidylserine (PS) lipids.
When normal membranes are transformed to cancer membranes,
the concentration of the negatively charged PS lipids is increased
in the extracellular leaflet”*”’ and the cholesterol (CHL) concen-
tration is reduced.”” We calculated the elastic moduli, including
bending, tilt, and twist constants of the normal and cancer mem-
branes. The results showed that at low cholesterol concentrations, all
elastic moduli become smaller, implying that the cancer membrane
is indeed softer than the normal counterpart.

In this work, we carry out nonequilibrium MD simulations of
the shockwave induced bubble collapse of a normal membrane and
a cancer membrane whose structures are known from our previous
work.”® We vary the shockwave impulses and bubble diameters over
a wide range of values to observe the difference in the response of
the normal and cancer membranes. The main finding is that given a
combination of a shockwave and a bubble, the cancer membrane is
more bent, stretched, and perforated than the normal counterpart.

Il. METHODOLOGY
A. The membrane models

In a previous work,”® we carried out all-atom MD simulations
of five normal membrane models and five cancer membrane models.
The cancer membranes took into account the overexpression of PS
lipids in the outer leaflet and the reduction of cholesterol concentra-
tion. Results showed that at the same cholesterol concentration, the
bending moduli of the normal and cancer membranes are very sim-
ilar. This indicates that the overexpression of the PS lipids does not
significantly affect the elasticity of the normal or cancer membranes.
Atlow cholesterol concentrations, all elastic moduli become smaller,
implying that the reduction in cholesterol in cancer membranes
could contribute at least partly to the softening of cancer cells.
Therefore, in this work, we consider only two membrane models
among the ten membrane models used in previous work:*® a normal
membrane model and a cancer membrane model, which differ in
the PS lipid concentration in the outer leaflets and in the cholesterol
concentration. Each model contains four lipid types: 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), sphingomyelin lipids (SM),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine  (DOPE), and
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) lipids. For
each model, we take the last equilibrium membrane structure at 2
ys obtained from previous simulations’® and translate it along the
x and y axis to obtain a doubled size membrane with lengths (x, y)
= (24,24) nm. This guarantees that the new membrane structure
is in the equilibrium state and large enough to accommodate large
bubbles having diameters of ~10 nm. The numbers of lipids and
cholesterol of two membrane models are listed in Table I.

B. Shockwave induced bubble collapse
simulation method

In this work, we employ the shockwave method originally
developed by Koshiyama et al.'’ The sketch of the simulation setup is
shown in Fig. 1. The system is a rectangular prism box composed of
two lipid membranes described above and a bubble, and the whole
system is solvated in water. We are interested in the lower mem-
brane, while the upper membrane is only technically used to prevent
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TABLE I. The total number of each lipid component in the outer and inner leaflets of
the normal and cancer membrane models. The cancer membrane model is obtained
by symmetrizing the number of lipids between the outer and inner leaflets of the
normal membrane model.

Normal membrane Cancer membrane

Lipid Outer Inner Outer Inner
SM 336 96 216 216
DOPC 368 112 240 240
DOPE 112 368 240 240
DOPS 0 240 120 120
CHL 408 408 204 204

1
\  waters
Y

FIG. 1. Sketches of the shockwave induced bubble collapse simulation method.
The rectangular prism box with lengths (x, y,z) contains two membranes and a
bubble solvated in water. A slab of waters with a volume of x x y x ds is selected
for the shockwave generation. A bubble with a diameter d, is placed at a distance
of dnp above the membrane. The distance between the water slab and the bubble
is dbs-

the shockwave coming back to another side of the lower membrane
due to the periodic boundary condition used in simulation.””” The
distance between the membrane and the bubble is d,,;,, and the dia-
meter of the bubble is d},. To generate a shockwave with an impulse I,
an excess momentum M = I x A is applied to a slab of waters with a
volume of A x ds. Here, A and d; are the area in the (x, y) plane and
the thickness of the water slab, respectively. Initially, the distance
between the slab of water and the bubble is dy;.

The all-atom CHARMM36 force field* and the TIP3P water
model are used to model the lipids and solvent, respectively. The
initial dimensions of the primary unit cell are (x,y,z) = (24,24,54)
nm, consisting of 3.112.724 atoms in total. Starting from the initial
structure of the normal membrane or cancer membrane, an equilib-
rium MD simulation is carried out for 100 ns in the NPT ensemble
at the pressure Py = 1 bar and temperature T = 300 K. Then, we take
the last ten equilibrium structures separated by 100 ps, and for each
structure, we remove water molecules in the spherical region hav-
ing diameter d;, near the lower membrane. This empty water space
mimics a bubble. In this work, we consider four bubble sizes with
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dy = 4,6, 8,10 nm. These membrane/bubble systems are used as ini-
tial structures for shockwave simulations. The shockwave I defined
as the time integral of pressure over the shock pulse duration is
varied from I = 15 mPa s to I = 25 mPa s. The shockwave induced
bubble collapse MD simulation is performed by using the GRO-
MACS simulation package’ in the NVE ensemble. The equations
of motion are integrated using the leapfrog algorithm with a small
time step of 0.5 fs. The small time step is used to ensure the stability
of simulations. The electrostatic interactions are calculated using the
particle mesh Ewald method, and a cutoff of 1.2 nm’* and the forces
switched to zero from 1.0 to 1.2 nm are used for the van der Waals
interactions. The nonbonded pair lists are updated every 5 fs. Each
simulation is run for 50 ps, and the data are saved for every 500 MD
steps (every 0.25 ps) for subsequent analyses.

C. Data analysis

In our simulations, the shockwave moves in the z-direction;
thus, to monitor the propagation, we calculate profiles of the normal
pressure component, P,;(z), and temperature, T(z). To this end, we
discretize the simulation box in thin slabs of width 0.5 nm, which are
oriented parallel to the xy-plane. By computing the average pressure
and temperature in each slab, the propagation of can be monitored
in detail. Here, pressure is calculated by using the method devel-
oped by Ollila et al.,”° and temperature is directly calculated from
the velocity of atoms.

To measure the membrane pore area AS, we place a 2D grid
with the size of each grid square of (0.1 x 0.1) nm? on the (x,y)
membrane surface and count the squares on the grid having zero
lipid atoms.'**’

The order parameters of the lipid acyl chain tails are calcu-
lated as S; = (3 cos” 6; — 1)/2, where 6; is the angle between the ith
C-H bond vector and the bilayer normal,”” and the angular brackets
represent the ensemble average over all lipids.

lll. RESULTS

We have performed MD simulations to investigate the differ-
ence in the response of the normal and cancer cell membranes to
the shockwave induced bubble collapse. There are five parameters
in the simulation setup, including the shockwave impulse I, dia-
meter of bubble dy,, distance from bubble to membrane d;,, distance
from water slap to bubble dy,, and thickness of water slap ds (Fig. 1).
Among these, two physical parameters that can be controlled exper-
imentally are the shockwave impulse I and bubble size dy,. The other
parameters dpb, dbs, ds are merely parameters defined only in sim-
ulation. Thus, in this study, we only choose appropriate values,
dmb =1 nm, dps = 2 nm, and ds = 3 nm, for all simulations, and
values of I and dy, are varied to obtain different responses in the
membranes. We note that two membranes are used in simula-
tions, but as explained above, we are only interested in the lower
membrane (Fig. 1) whose results are presented below. For each sim-
ulation, ten trajectories are carried out starting from different initial
structures, and the results are presented as an ensemble average over
all trajectories.

A. Shockwave induced bubble collapse
and membrane response

To describe the shockwave propagation, the collapse of the
bubble, and the response of the membrane in detail, let us
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consider a representative simulation of the normal membrane using
a shockwave impulse I =21 mPa s and a bubble with diameter
d, = 10 nm. We calculate various quantities, including the vector
field of the velocity of atoms and the profiles of the pressure, kinetic
energy, temperature, and mass density. To provide an intuitive pic-
ture, snapshots are also visualized. These results are shown in Figs. 2
and 3.

By construction, all atoms within the water slab above the
bubble (Fig. 1) are initially assigned to the same high velocity V,
which is calculated as V = (I x A)/(m x N).!"” With the impulse
I =21 mPa s, the area of the water slab A = 576 nm?, the weight of a
water molecule m = 18 g/mol, and the number of water molecules in
that slab N = 58 044, we obtain V ~ 9 km/s with the direction paral-
lel to the z axis and toward the membrane. This results in an excess
high temperature of ~15000 K and a pressure of ~44 GPa in the
water slab at t = 0 ps [Figs. 2(a) and 2(b)]. These water atoms then
move extremely fast toward the membrane as seen from the velocity
vector field in Fig. 3(a). This causes an increase in the water density
profile in the direction of the membrane with the maximum values
of 1532 kg/m” at ¢ ~ 1.25 ps, z ~ 21 nm and 1519 kg/m’ at t ~ 3 ps,
z ~ 15 nm, thus leaving an empty space behind them at the ini-
tial position of water slab (z ~ 30 nm) [Figs. 2(c) and 3(b)]. This
is because the initially equilibrated water molecules at 300 K above
the water slab are not quick enough to occupy the space left by the
water in the slab. As a consequence, the temperature and pressure in
the water slab are reduced significantly from the initial values and
increased quickly in the direction of the membrane, reaching the
maximum values of ~3400 K and 20 GPa, respectively, at t ~ 1.25 ps
and z ~ 21 nm [Figs. 2(a) and 2(b)]. Along the way, a part of water
in the slab enters the empty space of the bubble without any obsta-
cle, mimicking the bubble collapse. At t=1.25 ps, the bubble is
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FIG. 2. The profiles along the z axis of the temperature (a), normal pressure com-
ponent (b), mass density of water (c), and mass density of membrane (d) obtained
at 0 ps (black), 1.25 ps (red), 3 ps (green), and 50 ps (blue). Results obtained from
the simulation of the normal membrane using a shockwave impulse / = 21 mPa s
and a 10 nm bubble are shown.
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FIG. 3. The velocity field (in km/s) of
atoms projected on the (x, z) plan [(a),
(d), and (g)]; the snapshot of the sys-
tem [(b), (e), and (h)]; and the kinetic
energy (in kJ/mol) map of atoms pro-
jected on the (x, y) plan [(c), (f), and
()] Results at 1.25, 3, and 50 ps for
the normal membrane simulated with a
shockwave impulse of 21 mPa and a
10 nm in diameter bubble are shown. In
the snapshots, the water and membrane
are shown in blue and red colors, respec-
tively. The white area in (i) indicates the
pore.
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partially collapsed [Fig. 3(b)], but the membrane has not been
affected yet; thus, the average kinetic energy of the membrane is still
maintained at an equilibrium value of ~4-5 kJ/mol, uniformly dis-
tributed over all lipids [Fig. 3(c)], and the temperature is still around
the initial value of ~300 K [Fig. 2(a)]. In contrast, the propagation
of the part of waters in the slab, which do not enter the bubble, is
slower due to the resistance of the water below the slap. The differ-
ence in the velocity between these two arts of water, i.e., one enters
the bubble and one outside the bubble, produces a high-speed water
jet directed toward the membrane, as shown by the velocity vector
field in Fig. 3(a). After entering the bubble, the water jet continues
to propagate and occupies completely the bubble space at t ~ 3 ps,
mimicking the full collapse of the bubble [Fig. 3(e)]. Then, it hits
the lipid membrane and velocity drops down to ~6 km/s with the
velocity vector field shown in Fig. 3(d). The membrane area located

5 10

just below the bubble receives directly the kinetic energy from the
water jet; thus, its temperature and pressure at the membrane surface
[z ~ 15 nm, Fig. 2(d)] increase to ~1600 K and ~10 GPa, respec-
tively [Figs. 2(a) and 2(b)], and the kinetic energy at the focal point
of the membrane increases to ~40 kJ/mol [Fig. 3(f)]. The kinetic
energy of the remaining part of the membrane is slightly increased
to ~10 kJ/mol. This causes the deformation of the membrane area
just below the bubble [Fig. 3(e)]. After that, the water jet is thermal-
ized and its kinetic energy is redistributed, leading to an increase
in the kinetic energy of ~14 kJ/mol of surrounding water and lipid
molecules. Their velocities are randomly distributed, as shown by
the velocity vector field and kinetic energy map in Figs. 3(g) and
3(i), respectively, at 50 ps. The membrane is now highly stretched,
and pores are formed [Figs. 3(h) and 3(i)]. We note that the mem-
brane is basically not translated under shockwaves as seen from the
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position z of the membrane density profile shown in Fig. 2(d). This
is due to the use of two membrane technique in our simulation as
described above.

We also calculate the average temperature and normal pres-
sure across the membrane surface as a function of time, and the
results are shown in Fig. 4. The temperature remains at the initial
value of ~300 K until the arrives. Upon the arrival, the temperature
increases sharply to maximum values of ~700 K at ~5 ps, and then,
it slowly decreases and reaches ~560 K at 50 ps. Similarly, there is a
sharp increase in pressure from the initial value ~10™* GPa (1 bar)
to the maximum value of 4.2 GPa at ~5 ps, followed by a rapid
decrease of pressure, which reaches a minimum value of ~0.35 GPa
at 13 ps, and then, the pressure rises again toward the final value of
~0.73 GPa at 50 ps. We should mention that the shockwave induced
bubble collapse simulation is carried out in the NVE ensemble, and
the very high initial kinetic energy of the shockwave is redistributed
over all atoms; thus, the temperature and pressure of the membrane
do not relax to the initial values of 300 K and 1 bar, respec-
tively. Of note, we analyzed trajectories simulated with different
shockwave impulses and bubble sizes and found that the mecha-
nism of bubble collapse and membrane response is similar for all
simulations.

It is of interest to compare the targeted impulse I, which is
used to generate the initial shockwave, with the actual pressure
impulse exerted by the shockwave on the membrane. From the
pressure profile P(¢) shown in Fig. 4, the pressure impulse on the
membrane is calculated as I'mem = fotP(T)dT, where t is the time
duration of the positive phase of the shockwave.'” The results are
shown in Table II for simulations using a 10 nm bubble and dif-
ferent targeted impulses I. As seen, the actual pressure impulses
are very close to the targeted counterparts, indicating that the
initial impulses are not dissipated much before hitting the mem-
brane. Therefore, the membrane is indeed impacted by the targeted
impulses.
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FIG. 4. Time dependence of the average temperature (upper panel) and normal
pressure (lower panel) across the membrane surface along the z direction. Results
obtained from the simulation of the normal membrane using a shockwave impulse
I =21 mPa s and a 10 nm bubble are shown.
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TABLE II. A comparison between the targeted impulse / and the actual pressure
impulse Imem exerted on the membrane by the shockwave induced bubble collapse.
vgpab IS the initial velocity assigned to water atoms in the water slab for a given tar-
geted impulse. In all cases, the time duration of the positive phase of the shockwave
t =10 ps is used in the calculation. Results obtained from simulations of the normal
membrane using a 10 nm bubble are shown.

I (mPas) Vglap (km/s) Imem (mPas)
15 6.43 13.18 £ 0.15
17 7.28 16.01 £ 0.21
19 8.14 17.90 + 0.18
21 9.00 19.71 £ 0.23
23 9.85 22.05+0.12
25 10.71 24.56 + 0.26

B. Response of normal and cancer
membranes upon bubble collapse

Having understood the mechanism of shockwave induced bub-
ble collapse, we now wish to investigate the response of the normal
and cancer membranes in detail, focusing on the membrane bend-
ing, lipid ordering, and membrane pore formation. In the previous
simulation, we calculated the elastic moduli of the normal and
cancer membranes in the equilibrium state and obtained the bend-
ing modulus K, =10.5 x 1072 ] for the normal membrane and
K.=81x10"% ] for the cancer membrane.”® This means that the
cancer membrane is softer than the normal membrane. This implies
that under the same water jet, the cancer membrane should be
deformed more than the normal membrane. To confirm this, we
carry out simulations using a 10 nm diameter bubble and a relatively
weak shockwave of 15 mPa s such that only the membrane bend-
ing, but not pore formation, is observed. To obtain a qualitatively
impression, Fig. 5 shows snapshots of the two membranes at t = 3 ps,
and indeed, the cancer membrane is bent more than the normal
membrane, with a bending of 2.0 and 1.2 nm, respectively.

To examine the response of membranes in more detail, we
follow the time-evolution of the order parameters of the lipid
acyl chain tails during the simulation of the normal and can-
cer membranes. For the DOPC, DOPE, and DOPS lipids, each

1.2 nm A

FIG. 5. Snapshots taken at t = 3 ps from the simulation of the normal (a) and
cancer (b) membranes with a bubble having a diameter of 10 nm and a shock-
wave impulse of 15 mPa s. The phosphate atoms of lipids are shown in orange,
and other atoms are shown in cyan. The bending values of the membranes are
indicated.
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tail consists of 17 order parameters (i=1,...,17), and for SM
lipids, each tail consists of 15 order parameters (i = 1,...,15). For
simplicity, we sum all order parameters of each lipid type: Syipia
=);Si. As an example, the time-evolution of the four Syiq in the
normal and cancer membranes is shown in Fig. 6 for the simula-
tions using a 10 nm diameter bubble and a shockwave of 21 mPa s.
As seen, both normal and cancer membranes are initially at equi-
librium, and their order parameters are very similar. At t~ 3 ps,
the bubble is completely collapsed and the water jet hits the mem-
brane. Thus, the membrane is highly disturbed and lipids become
disordered. This is indicated by a largest reduction of ~60% in the
order parameters of all lipid types at 3-4 ps for both membranes.
Then, the intensity of the water jet is reduced because its kinetic
energy is transferred to other degrees of freedom of the membrane
and water. After hitting the lower membrane, the water molecules
bounce back, and the membrane also tends to be pulled back to its
original state as indicated by the increase in all order parameters of
all lipid types from 3 to 18 ps. However, due to the presence of the
upper membrane, the water molecules bounce back toward the lower
membrane again, causing the lipids to become disordered as indi-
cated by the decrease in order parameters at ¢ ~ 18-20 ps. Then, the
kinetic energy of the water molecules is redistributed, and the oscil-
lation of the water flow between the upper and lower membranes
disappears, the membrane is stabilized, and the order parameters
approach horizontal values (see at 50 ps). Importantly, we observe
that the cancer membrane is more disordered than the normal mem-
brane. The order parameters of the cancer membrane are ~14%
lower than those of the normal membrane (Fig. 6).

To see what changes in the structure of the membrane lead to a
decrease in the order parameters S; at ~3 ps seen in Fig. 6, we calcu-
late the distribution of the 8; angle between the ith C-H bond vector
and the bilayer normal for different lipid types. We found that at
equilibrium, these angles are mainly distributed around 0°; thus, S;
are large. Upon hit by the water jet around 3-4 ps, the distributions
of 0; are broader due to the compressed lipids, leading to smaller
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FIG. 6. Time-evolution of the sum lipid order parameter Sy of the normal (black)
and cancer (red) membranes obtained from a simulation using a shockwave
impulse of 21 mPa s and a bubble with a diameter of 10 nm.
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order parameters. Therefore, the reduction in the order parameters
is associated with the reduction in the membrane thickness.

The main aim of the shockwave induced bubble collapse
method is to create pores on the cell membrane where drugs can
be efficiently delivered into the cell. Therefore, the pore area is an
important quantity to validate the efficiency of the method. We cal-
culate the pore area AS (see Sec. II C) in the normal or cancer
membrane at equilibrium and obtain an area of AS ~ 3 nm®. Of
course, there is no well-defined pore in an equilibrium membrane,
and this value is simply the sum of all small empty spaces in the (x, y)
plane of a membrane at equilibrium.

First, we investigate the dependence of the pore area on the
shockwave impulse, given a bubble size. Figure 7 shows, as an exam-
ple, the time evolution of the pore area induced by the collapse of a
10 nm bubble under different shockwave impulses I = 15-25 mPa s
for the normal and cancer membranes. Overall, the same feature of
the time evolution of the pore area is observed for all impulses and
for two membranes. At ¢t = 0 ps, when the water jet has not hit the
membrane yet, both membranes are at equilibrium and AS ~ 3 nm?.
Then, the shockwave induces the collapse of the bubble and the gen-
erated water jet hits the membranes. With I = 15 mPa s, the water jet
is not strong enough to perforate pores in the membrane. The mem-
branes are slightly bent, as seen from Fig. 5, and AS is slightly above
the equilibrium value. With I =17 and 19 mPa s, the pore areas
slowly increase and reach the largest values of 4-4.5 nm* around
t =15 ps. With stronger impulses of I = 21, 23, and 25 mPa s, the
membranes are quickly perforated, and largest pore areas are formed
around t = 7-10 ps. After that, the intensity of the water jet decreases
and the pores tend to close, reflected by the decrease in pore areas.
After 20 ps, the water jet is vanished, and the pores are fully closed
as in the weak shockwave cases I = 15-19 mPa s. However, larger
pores perforated by stronger shockwave impulses I = 21-25 mPa s
are not closed after 50 ps. Clearly, for both membranes, the pore area
increases with the increase of the shockwave impulse. For instance,
at a low impulse intensity of 19 mPa s, the maximum pore area is
around 4.5 nm?, but with an intensity I = 25 mPa s, the pore area is
three times larger, around 13 nm”. We note that in all cases, largest
pores are formed at t ~ 10-15 ps, while the maximum reduction in
the lipid order parameter occurs much faster, around 3-4 ps (Fig. 6).
To explain this, we note that the membrane outer leaflet (facing the
water jet) is affected immediately upon hit by the water jet, while the
inner leaflet has not been affected yet (Fig. 5). Thus, at this moment,
the lipid order parameters, which are calculated for lipids pertaining
in both leaflets, are affected. In contrast, a pore in a bilayer is fully
formed only if pores are formed in both leaflets, and this process is
slow.

At weak shockwave impulses I = 15-17 mPa s, there is no dif-
ference in AS between the normal and cancer membranes because
in these cases, pores are not really formed. At I =19 mPa s, the
pore area in the cancer membrane is slightly larger than that in
the normal membrane. The difference becomes more obvious with
I = 21-23 mPa s, with the maximum pore areas in the cancer mem-
brane being 19%-23% larger than those in the normal membrane.
Interestingly, with I = 25 mPa s, the pore areas in both membranes
become very similar. This is because if the shockwave is too strong,
then the speed of the water jet is very high; it hits and ruptures
the membrane instantaneously without membrane bending and
stretching; thus, the results do not depend much on the membrane
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FIG. 7. Time evolution of the pore area AS induced by
the collapse of a 10 nm bubble under different shock-
wave impulses [ = 15, . . ., 25 mPa s. Results of the normal
(black lines) and cancer (red lines) membranes are shown.
The average data (over ten trajectories) are shown by the

solid thick lines, and the error bars are shown by the dashed
lines.
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elasticity. Finally, we note that the difference in the average value of
AS between the two membranes is larger than the standard deviation
values, indicating that the cancer membrane is indeed more prone to
perforation than the normal membrane.

Next, we wish to investigate the dependence of the pore area
on the bubble size, given a shockwave impulse. Figure 8 shows the
time evolution of the pore area induced by the collapse of bub-
bles having diameters d}, = 4-10 nm under a shockwave impulse
I =23 mPa s. This impulse is chosen because the difference in the
pore area between the two membranes is most obvious (Fig. 7). We

note that in all cases, the shockwave impulse is the same; thus, the
pressure exerted by the water jet on the membranes should be the
same. However, it is clear that the larger the diameter of the bub-
ble, the larger the diameter of the water jet and therefore the larger
the area of the membrane impacted by the water jet. As a conse-
quence, small bubbles with dy, = 4 and 6 nm induce small pores with
AS ~ 3.5 nm?, while larger bubbles, di, = 8 and 10 nm, create larger
pore areas. Importantly, given a bubble size, the pore area in the
cancer membrane is always larger than that in the normal counter-
part. For example, with an 8 nm bubble, the largest pore areas are

FIG. 8. Time evolution of the pore area induced by the col-

lapse of bubbles with different radius dy, under a shockwave

impulse / = 23 mPa s. Results of the normal (black lines)

and cancer (red lines) membranes are shown. The aver-
age data (over ten trajectories) are shown by the solid thick
lines, and the error bars are shown by the dashed lines.
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4.5 and 6 nm? for the normal and cancer membranes, respectively.
After 50 ps, these areas decrease to ~3 and 4 nm?, indicating that the
pore in the normal membrane is closed, but that is still opened in the
cancer membrane. Similar results are observed for the 10 nm bubble
case (Fig. 8).

In summary, the above results show that (i) given the same
bubble, a stronger shockwave impulse induces a larger pore area in
the membrane; (ii) for a given shockwave impulse, a larger bub-
ble induces a larger pore in the membrane; (iii) for a given set
of the bubble and the shockwave parameters, the pore area in the
cancer membrane is always larger than the pore area in the nor-
mal membrane; and (iv) if the shockwave impulse is too strong,
then the pore areas in the normal and cancer membranes become
similar.

C. Pore closure

As shown above, the pore in a membrane induced by a weak
shockwave impulse or by the collapse of a small bubble is quickly
closed. For example, with a weak impulse of 15 mPa s or a small 4 nm
bubble, the pore area reaches the maximum value ~3.5 nm? and then
quickly decreases to the initial equilibrium value of ~3 nm? (Figs. 5
and 8). However, with stronger impulses and/or bigger bubbles,
the pore areas are large, and the pore closure is very slow as indi-
cated by slow relaxation of pore area to the initial equilibrium values
after 50 ps.

To study the pore closure, we carry out two 100 ns MD simula-
tions under the equilibrium condition with the temperature of 300 K
and the pressure of 1 bar for the normal and cancer membranes,
starting from structures obtained at 50 ps of the shockwave simula-
tions using the shockwave impulse of 25 mPa s and a 10 nm bubble.
The initial pore areas in the normal and cancer membranes are
~6.5nm (Fig. 7). As seen from Fig. 9, the time evolution of these pore
areas under equilibrium condition is quite stable. The pore area in
the normal membrane is decreased by ~10%, from 6.5 to 5.8 nm, and
that in the cancer membrane is decreased by only 3%, from 6.5 to

5 | | | |

0 20 40 60 80 100
time [ns]

FIG. 9. Time evolution of the pore area in the normal (black line) and cancer (red
line) membranes under the equilibrium condition at 300 K and 1 bar. The initial
pores at t = 0 ns were perforated by a shockwave impulse of 25 mPa s and a
10 nm bubble.
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6.3 nm after 100 ns (Fig. 9). This suggests that pore closure is rather
slow, and importantly, the pore in the normal membrane tends to
close more rapidly than the pore in the cancer membrane. To obtain
an impression on the closing speed, we simply fit the data between 20
and 100 ns shown in Fig. 9 to a linear function and obtain the clos-
ing time of ~1.7 and 5.0 ys for the normal and cancer membranes,
respectively. To explain the difference in the timescale of pore clo-
sure, we recall that the equilibrium bending modulus of the cancer
membrane is smaller (K, = 8.1 x 1072° J) than that of the normal
(Ke = 10.5 x 1072° J) membrane.”® Therefore, if two membranes
are stretched by the same pressure exerted by the water jet, the nor-
mal membrane will return to its original state faster than the cancer
membrane, assuming that Hooke’s law is still valid. Furthermore, we
calculate the order parameters, S;, of lipids from 100 ns equilibrium
trajectories after the shockwave excitation and compare results with
those obtained from the equilibrium simulation without the shock-
wave.”® As seen from Fig. 10, the order parameters of lipids in the
normal membrane before and after shockwave excitation are quite
similar. In contrast, there are differences in the order parameters,
especially of the DOPC and DOPE lipids in the cancer membrane
before and after shockwave excitation. This confirms that the can-
cer membrane relaxes to equilibrium more slowly than the normal
membrane.

D. Membrane response under shockwave
but no bubble collapse

Finally, to make contact with other works, we consider the
impact of shockwaves alone, i.e., without the bubble (d, = 0 nm).
To this end, we perform simulations using a relatively strong shock-
wave with the impulse of 23 mPa s. Figures 11(a) and 11(b) show
snapshots of the normal and cancer membranes, respectively, at
t =3 ps when the shockwave just hits the membrane. As seen,
the membranes are hardly affected, i.e., no bending or poration
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FIG. 10. The order parameters averaged over the two tails sn-1 and sn-2 of four
lipid types: DOPC, DOPE, DOPS, and PSM, of the normal (left panels) and cancer
(right panels) membranes. Carbon atom numbers increase in the direction of the
tail termini. Results before (black) and after (red) the shockwave induced bubble
collapse are shown.
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FIG. 11. Snapshots taken at { =3 ps from the simulation of the normal (a)
and cancer (b) membranes without the bubble but with a shockwave impulse of
23 mPa s. The phosphate atoms of lipids are shown in orange, and the other
atoms are shown in cyan.

is observed. We increase the shockwave impulse up to 30 mPa s,
but similar results are obtained. This indicates that the shockwave
alone does not induce significantly structural changes in the mem-
branes, in agreement with previous studies.'”'#?%**%° Furthermore,
the response of the normal and cancer membranes to the shockwave
is similar.

IV. DISCUSSION

We perform MD simulations of the shockwave induced bubble
collapse to investigate the difference in the response of the normal
and cancer cell membranes. These two membranes are different in
the elastic moduli, caused by the difference in the concentration of
the phosphatidylserine lipids in the outer leaflet and the cholesterol
in the bilayer.”

We first discuss the impact of shockwaves alone on two mem-
branes. Under the shockwave excitation, a water flow is generated
and uniformly directed toward the membrane, exerting a uniform
pressure across all locations on the membrane; therefore, the mem-
brane is simply compressed but not perforated. Indeed, Berkowitz
and colleagues performed shockwave induced bubble collapse sim-
ulations of a DPPC lipid membrane using the MARTINI coarse-
grained lipid model and showed that a high intensity shockwave with
an impulse of 18 mPa s does not induce pores in the membrane.'®
Similarly, the simulation of Wei et al. for a single-component DOPC
lipid membrane using the MARTINI force field showed slight com-
pression of the membrane and no pores formation.”’ Lu et al.”’ and
Wang et al.” studied DPPC lipid membranes using the all-atom
GROMOS force field” and showed that the membranes are not
perforated under the shockwave alone. Our simulations of multi-
component lipid membranes using the all-atom CHARMM36 force
field show that shockwaves alone do not induce pore formation, con-
firming previous studies using different lipid models, compositions,
and force fields. """ However, all these results contradict the
result of Espinosa et al. who showed that a shockwave alone with
an impulse of ~0.45 mPa s could damage the membrane to an unre-
coverable state.”® This could be due to the very small size membrane
studied by Espinosa et al.*®

The presence of a bubble is essential for pore formation because
it focuses the uniform water flow generated by the shockwave into a
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water jet, which hits the membrane at a focal area. The peak pres-
sure values at this area are very high, for example, up to 4.2 GPa
in the simulation with I = 21 mPa s and 10 nm bubble, which can
perforate pores at the focal area. Using the piston method to gener-
ate the shockwave,*! Adhikari et al. showed that the peak pressure at
the membrane is ~0.55 GPa in a simulation using a piston velocity of
1 km/s and a 60 nm bubble.'® Ganzenmueller et al. performed large
scale coarse-grained simulations with a piston velocity of 4.73 km/s
but without a bubble and showed that the peak pressure is ~3 GPa.'?
In all these studies, although the peak pressure values are very high
but the durations of the shockwaves are very short, therefore, the val-
ues of the pressure impulses exerted on the membrane are very small
(Table IT). We should mention that these values are much lower than
an experimentally measured value impulse of 54 Ps s, which is suffi-
cient to deliver calcein molecules into the cell but does not cause the
cell death.*

We then study the response of the membrane as a function
of the shockwave impulse and bubble size in detail. Overall, our
results show that the stronger the shockwave impulse or the larger
the size of the bubble, the larger the pore area. This result is similar
to the earlier simulations of Wei et al.” and Sun et al.”” although the
authors used a different, i.e., momentum mirror method to generate
the shockwave, and moreover, the system sizes, lipid compositions,
and the force fields are different from our simulations.

The cancer membrane studied in this work has a lower bend-
ing modulus than the normal counterpart. As a consequence, for a
given shockwave impulse and bubble combination, the cancer mem-
brane is more bent and perforated than the normal membrane.
The pore area in the cancer membrane is always larger than the
pore area in the normal membrane. However, we do not observe
extreme cases where the cancer membrane was perforated, while
the normal membrane was not. This is because the bending mod-
ulus of the cancer membrane is only ~22% smaller than that of
the normal membrane; thus, the response of two membranes to the
water jet is not much different. The largest differences of 20%-23%
in the pore areas between the normal and cancer membranes are
observed for the cases with the shockwave impulses of 21-23 mPa s
and a bubble of 10 nm. We observe that increasing the shockwave
impulse and/or bubble size to large values does not increase the dif-
ference in the pore area. This is because the pressure exerted by
the water jet on the membrane is too strong, lipids are immedi-
ately expelled from the membrane, and pores are formed without
much bending of the membrane. This means that in this case, the
difference in the elasticity between the normal and cancer mem-
branes does not really determine the difference in the pore areas.
We show that the pore formed in the cancer membrane is closed
more slowly than the pore in the normal membrane, implying that
once deformed, the cancer membrane takes longer to relax to equi-
librium than the normal cell membrane. Again, this is because the
cancer membrane has a lower bending modulus than the normal
counterpart.

As mentioned, there have been a number of simula-
tion studies on the interaction between the shockwave and
membranes.'”'"'*?** However, to our best knowledge, there is
currently only one simulation of Wei et al. who studied the response
of membranes with different elasticities on the shockwave induced
bubble collapse. In that work, the membrane is a single-component
DOPC lipid bilayer modeled by the coarse-grained MARTINI force
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field. The elasticity of the DOPC membrane is varied by varying the
population of the peroxidized DOPC lipids. The bending modulus
of the 100% peroxide lipid membrane is K, = 4.3 x 10~ 0 J, which
is about half of that of the membrane without peroxide, K, = 8.4
x107%° J. As a consequence, the authors showed that a shockwave
impulse of 127.1 mPa s is required to perforate the 100% peroxide
membrane, while a stronger impulse of 161.3 mPa s is necessary
for the pore formation in the 0% peroxide membrane. This result
together with our result confirms that the shockwave induced bub-
ble collapse damage threshold for low elastic membranes is lower
than that required for high elastic counterparts.

It is instructive to compare the timescale of pore forma-
tion induced by the shockwave induced bubble collapse with that
obtained by other excitation methods. In a previous study, we sim-
ulated the effect of stable bubble cavitation on a lipid bilayer and
showed that the bubble fuses with the membrane and subsequent
cavitation pulls lipid molecules out of the membrane, creating pores
after ~30 ns.>” In another work, we simulated the direct interaction
between focused ultrasound and a lipid membrane and showed that
the spatial pressure gradient between the focused and non-focused
regions causes the pore formation after ~225 ns.** If the pore open-
ing process is slow, then unwanted molecules may be able to enter
the cell together with drugs during the pore opening. In this context,
the shockwave method is preferable because it allows for a rapid drug
delivery into cells.

The simulation does not show large differences in the pore
areas in the normal and cancer membranes because the bending
moduli of two membrane models are not much different. Is this
true for real biological cells? In reality, cancer cells are much softer
than normal cells.”* For example, Lekka et al. used scanning force
microscopy to examine the elasticity of normal and cancer human
bladder cells, and the results show that Young’s modulus, defined
as a measure of cellular deformability, of cancer cells is one order
of magnitude larger as compared to healthy cells."* Using high-
throughput optical tweezers technique, three cell lines were com-
pared: non-tumorigenic breast epithelial MCF10 cells, non-motile,
non-metastatic breast epithelial cancer MCF7 cells, and MCF7 cells
transformed with phorbol ester. The results showed a significant
increase in the deformability in the transformed MCF?7 cells as com-
pared to both non-metastatic MCF10 and non-transformed MCF7
cells.”” Further studies provide a large database of cases, showing
significantly larger deformability of single cancer cells."""** The very
large difference in the elasticity between normal cells and cancer
cells suggests that one can always be able to select a suitable range
of parameters of the shockwave impulse and bubble such that can-
cer cells are maximally perforated, while normal cells are minimally
affected or even unaffected. Even if the normal cell is perforated, the
pores will be closed more quickly; therefore, if drugs are injected
after the pores in the normal cells have closed, then drugs can only
enter the cancer cells where pores are still open, i.e., the normal cells
are safe.

We acknowledge that although this is a proof-of-concept work,
we believe that our proposed method can be realized experimen-
tally. Indeed, shockwaves have been applied to cancer therapy. Some
experimental works have shown that the shockwave can suppress
tumor growth and selectively kill malignant cells."”*’ The tech-
nique that uses a laser-induced shockwave to drive a liquid microjet
at a very speed has also been developed.”’ The gas bubbles have
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been widely used in ultrasound induced bubble cavitation, aimed
at enhancing drug delivery into cells. In this approach, ultrasound
is used to induce the stable cavitation of microbubbles, generating
microstreaming, which exerts shear stresses on the cell membrane,
resulting in pore formation or even disruption of the cell.”! In
this context, the combination of shockwaves and bubbles into an
experimental method to rapidly and selectively perforate cancer cell
membranes for drug delivery is quite doable.

V. CONCLUSION

We have performed MD simulations of the shockwave induced
bubble collapse on normal and cancer membrane models. We
showed that the combination of shockwaves and bubbles is essen-
tial for the pore formation in the membrane. That is, the perforation
is due to the water nanojet generated by a collapse of bubbles under
shockwaves. We showed that given a combination of a shockwave
and a bubble, the cancer membrane is more bent, and the pore area
in the cancer membrane is larger than that in the normal membrane
because the cancer membrane is softer than the normal membrane.
However, the pore areas in the two membrane types become similar
if the shockwave is too strong. Our simulation results could pro-
vide a proof-of-concept for the development of a new method that
uses shockwaves and bubbles to rapidly deliver drugs into cancer
cells, while leaving normal cells less affected. For further develop-
ment, it is important to obtain the pore area as a function of the
bending modulus for various cancer cell membranes, which have
different elastic properties. This could provide a hint for optimiz-
ing the shockwave impulse and bubble size in order to optimize the
drug delivery outcome. Finally, we noted that the cell membranes
considered in this work contain only lipid bilayers. It is necessary
to include other components, such as cytoskeleton, which is respon-
sible for providing structural integrity and mechanical stability. To
model such complex systems, one could resort to advanced mul-
tiscale, coarse-grained approaches.'””"” This is our future research
direction.
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