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The brain is strictly protected by the blood brain barrier preventing the crossing of therapeutics
to treat brain diseases. The high and low intensity focused ultrasound methods have been used
to open temporarily the blood brain barrier, facilitating the transport of drugs. The methods are
very promising because the opening is transient, localized and noninvasive. However, the molecular
mechanism of the opening is unknown, and this limits the development and application of these
methods. With this in mind, we carry out a molecular dynamics simulation study to understand
the interaction of ultrasound with the cell membrane and the tight junction. Our minimal blood
brain barrier model is composed of two lipid bilayers, mimicking two portions of neighbouring
cells, connected together by a tight junction formed by a pair of two cis-dimers of the claudin-5
protein. Using an experimental ultrasound frequency of 50 MHz, simulations show that at low
intensities, ultrasound does not impact the structure of the cell membranes and tight junction,
implying that the direct interaction of ultrasound with the blood brain barrier is not responsible
for the experimentally observed opening. At high intensities, the ultrasound pulls the monolayers
of individual cell membrane lipid bilayers apart, creating air compartments inside the bilayers. This
reduces the free energy barrier for the translocation of drugs across the lipid bilayer and enhances
drug permeability. At very high intensities, the two monolayers are largely separated, resulting in
cell damage and implying that the blood brain barrier is primarily opened at the experimentally
observed damaged areas.

I. INTRODUCTION

The blood brain barrier (BBB) acts as the permeabil-
ity barrier between the blood capillary and the brain [1].
It is composed of endothelial cells connected together by
junctional complexes consisting of tight junctions and ad-
herens junctions. As a general rule, only small lipid solu-
ble molecules with a molecular mass ≤ 500 Da may cross
the BBB. Otherwise, different molecules may gain ac-
cess to the brain only via certain endogenous transport
systems within the BBB[2, 3]. As a consequence, only
about 5% of ∼ 7000 known potential drugs for the brain
treatment can cross the BBB[4].

As a remedy, several methods have been developed
aimed at enhancing the permeability of drugs through
the BBB[5–9]. Among these methods, the use of fo-
cused ultrasound is very promising as it is truly tran-
sient, localized and noninvasive for temporarily opening
the BBB[10–14]. The very first study was carried out
in 1955 by Barnard et al. to study the BBB permeabil-
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ity following high intensity focused ultrasound (HIFU)
irradiation[15]. They showed that blood vessels were not
altered morphologically by ultrasound. The following
study by Bakay et al. showed that the BBB appeared
to be altered, made easily permeable within the area
damaged by HIFU[16]. Later, Patrick et al. noted that
the BBB is also disrupted at the periphery of the HIFU-
induced lesions[17]. Ballantine et al. used a high-power
defocused ultrasonic beam and showed, for the first time,
that it may be possible to select ultrasound parameters
that allow for a BBB disruption without risk of produc-
ing lesions[18]. In the next step, Vykhodtseva et al. used
a variety of short burst durations and pulse repetition
frequencies of HIFU to visualise effects in rabbit brains,
and observed sometimes BBB opening without apparent
damage to the brain parenchyma[19]. However, the ultra-
sound parameters that could produce this effect consis-
tently were not found. Finally, Mesiwala et al. reported
results in the rat brain showing that HIFU sometimes
produces BBB disruption without visible damage to the
brain parenchyma. They suggested that opening of the
tight junctions could be the mechanism of the BBB dis-
ruption. However, no tracer molecules were used in this
study to prove this mechanism passage[11]. Taken to-
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gether, after many decades, the induced-HIFU molecular
mechanism of BBB opening is still unclear.

One of the reasons that prevents further development
of the HIFU method is probably due to the fact that
a safer method was latter developed by Hynynen and
colleagues in 2001. In this method, a low intensity fo-
cused ultrasound (LIFU) is used in combination with mi-
crobubbles to open the BBB. Microbubbles concentrate
ultrasound energy to desirable areas, thus low intensity
ultrasound is sufficient to open the BBB, and cell lesions
could therefore be minimised[10]. Since then, a large
number of studies have been carried both in in vitro and
in vivo, focusing on different aspects. One of the im-
portant aspects is the fundamental interaction mecha-
nisms of LIFU with microbubbles, and effects of bubble
cavitation on the BBB[20]. Another aspect is the influ-
ence of ultrasound parameters such as pressure ampli-
tude, frequency, burst length, pulse repetition frequency,
sonication duration, and parameters of microbubbles
such as dose, diameter and type, on the BBB opening
mechanism[21–24]. Also, many works have focused on
the quantification of the permeability of the disrupted
brain tissues[25, 26], test the delivery of new drugs, evalu-
ate and monitor the response of treatments[27–30]. Nev-
ertheless, the exact molecular mechanism of the LIFU
induced BBB opening is still unknown.

Compared to experiments, theoretical studies of the ul-
trasound induced BBB opening are still at their infancy.
Several mathematical models have been developed, which
are essentially composed of coupled partial differential
equations and solved numerically[31–37]. These studies
provide valuable information on the effect of bubbles cav-
itation and ultrasound on the vessel wall. However, re-
lying on continuum mechanics, these models cannot cap-
ture detailed conformational changes of the BBB at the
molecular level. At the molecular level, a number of sim-
ulations employing coarse-grained and atomistic molec-
ular models have been carried out to study the effects
of the bubble inertial cavitation and shock waves on the
cell membranes. These studies have confirmed that in-
ertial cavitation can induce the formation of membrane
pores[38–47]. Recently, a molecular dynamics (MD) sim-
ulation study based on a coarse-grained model explored
the possibility of opening a simple tight junction due to
shock wave induced bubble collapse[48].

The molecular mechanisms of the BBB opening under
HIFU and LIFU irradiations are very complex, because
they results from interaction of ultrasound and bubble
interaction with the cellular membranes and the tight
junctions. To simulate these interactions, in principle
we must have a bubble model, an ultrasound simulation
method and a molecular BBB model. With this in mind,
we have recently developed a bubble model and a fo-
cused ultrasound simulation method[49–51]. This allows
us to study the molecular mechanism of the interaction
between ultrasound with lipid cell membrane, in the pres-
ence of bubble[51] or without bubble[52]. For the molec-
ular BBB model, Nangia and coworkers have recently

obtained the structure of the claudin-5 protein via ho-
mology modelling of the experimental structure of the
claudin-15 protein. Their MD simulations have shown
that claudin-5 monomers embedded in seven membranes
with different lipid compositions readily form stable cis-
dimers, which subsequently form contiguous strands and
high-order assemblies[53]. These cis-dimers are used to
construct the trans interfaces, which are formed when
claudin-5 proteins on adjacent cells interact head-on to
form the tight junction assembly, by using docking meth-
ods in combination with symmetric refinement[54]. Fun-
damental pore features, such as diameter and length of
the pore were characterized in details[55].
As a first attempt to provide more insights into the

ultrasound induced BBB opening molecular mechanism
due to HIFU or LIFU, in this work, based on the above
mentioned achievements, we carry out MD simulations
aimed at understanding the impact of ultrasound alone
on the cell membranes and tight junction using the min-
imal BBB model. In particular, we wish to understand
which part of the BBB model: membrane or tight junc-
tion resists more to the ultrasound. The impacts of the
bubble cavitation, and the construction of more sophis-
ticated BBB models will be carried out in next studies.

II. METHODS

A. The minimal BBB model

The family of claudin proteins forms tight junctions
in endothelial and epithelial cells[56]. Among 27 known
members of the claudin family, the claudin-5 is the key
tight junction protein with an expression level that is
much higher than other claudin proteins[57–59]. Thus,
we use only claudin-5 protein to construct the tight junc-
tion. Our minimal BBB model consists of two lipid bi-
layer membranes connected together by a paracellular
pore formed by two claudin-5 cis-dimers. The molec-
ular structure is shown in Fig.1 and briefly described
here. First, the structure of the claudin-5 monomer is ob-
tained via homology modelling of the experimental struc-
ture of the claudin-15 protein (PDB ID: 4P79). The
claudin-5 protein consists of 218 residues, forming four
transmembrane helix bundles (TM1-4), two extracellular
loops (ECL1, ECL2) and an intracellular loop (ICL). The
structure of a claudin-5 cis-dimer in the phosphatidyl-
choline (POPC) membrane was obtained from previous
MD simulations (model B)[53]. In this structure, two
claudin-5 monomers are mediated by the interaction be-
tween leucine residues 83, 90 of TM2 of one monomer and
residues 124,131 of TM3 of another monomer, and flank-
ing aromatic π-π interactions of Phe127 and Trp138 of
two TM3. Then, a pair of two cis-dimers is used to con-
struct the paracellular pore by using the docking methods
in combination with symmetric refinement. This trans
pair is stablized by hydrogen-bonds and salt bridges be-
tween ECL contacts. This minimal BBB model captures
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A

B

90 degree

Figure 1: (A) The molecular structure, viewed from two an-
gles, of two claudin-5 cis-dimers (green and orange) forming a
paracellular pore. (B) The molecular structure of our minimal
BBB model where cis-dimers are embed into two lipid mem-
branes of two neighbouring cells. The water is filled between
and outside two lipid bilayers.

the fundamental interactions responsible for the BBB
tight junction assembly[54, 55], and serves as a starting
point for simulating effect of ultrasound on the BBB. We
note that our BBB model is quite similar to that from
Ref.[48], which is composed of a pair of two claudin-15
dimers at the TJ

We use the all-atom CHARMM36 force field[60] to
model the protein and POPC lipid, and the TIP3P wa-
ter model[61] to describe solvent. The whole model is
solvated in a water box consisting of ∼ 180 000 waters.
The initial dimensions of the unit cell are (Lx, Ly, Lz) =
(10, 10, 18) nm. Starting from this structure, an equilib-
rium MD simulation is carried out for 100 ns in the NPT
ensemble with the pressure P0 = 1 bar and tempera-
ture T = 300 K, employing the GROMACS simulation
package[62]. The last structure is used as initial structure
for ultrasound simulations.

B. The ultrasound simulation method

In a conventional simulation, the pressure of the sys-
tem is maintained at a desired value P0 by using a baro-
stat. Currently, the Berendsen barostat is widely used as
it is simple in both theory and implementation. Basically,

it consists of an external bath so that the global pressure
of the system is weakly coupled to this pressure bath by
rescaling periodically the lengths of the system[63]

ri → µri (i = 1 · · ·N) and L → µL, (1)

where N , ri and L are, respectively, the number of atoms
in the system, the coordinate of the i-th atom and the
length of the system box. The scale factor is given by

µ =
[

1−
β∆t

τp
(P (t)− P0)

]1/3

, (2)

where P (t), β, ∆t, and τp are the instantaneous pres-
sure in the system, the isothermal compressibility, the
integration time step and the temperature coupling con-
stant, respectively. After scaling lengths through Eq. 1,
the system volume becomes V → [1− β∆t

τp
(P (t)−P0)]V .

This ways, the instantaneous pressure P (t) always fluc-
tuates around the desired value P0.

In an ultrasound simulation, the instantaneous pres-
sure of the system will be increased and decreased around
the reference value P0 following the compression and rar-
efaction of the sound wave. We take into account this
effect of the ultrasound wave, which has the form

p(t) = A sin(2πωt), (3)

by using a modified scale factor

µ =
[

1−
β∆t

τp
(P (t)− P0 −A sin(2πωt))

]1/3

, (4)

where ω and A are the frequency and amplitude of the
ultrasound. The lengths of the system are then scaled as
usual (Eq.1). This guarantees that the pressure of the
system is always equal to the pressure of the ultrasound.

The GROMACS simulation package[62] coupled to our
code of ultrasound is used for all the simulations. In all
simulations, the ultrasound with frequency ω = 20 MHz
is used, and the amplitude is varied from 100 to 500 bar.
The reference pressure, P0 = 1 bar, the pressure coupling
constant, τp = 1 ps and the isothermal compressibility
β = 4.5× 10−5 bar−1 are used. To ensure that the dam-
age to the membrane is not due to heat generated by work
done by ultrasound, we couple both membrane and water
to the heat bath at 300 K employing the Berendsen cou-
pling method[63] with a temperature coupling constant
of 0.1 ps. The equations of motion are integrated using
the leapfrog algorithm with a small time step of 2 fs. The
electrostatic interactions are calculated using the particle
mesh Ewald method and a cutoff of 1.4 nm [64]. A cutoff
of 1.4 nm is used for the van der Waals interactions. The
nonbonded pair lists are updated every 5 fs. The data is
saved for every 25 ps for subsequent analyses.
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Figure 2: Time evolution of various quantities, including the
ultrasound (A), the system volume (B), the pressure (C),
the potential energy (D) and the temperature (E). Shown
are results obtained with different ultrasound intensities A =
100, 200, 400 and 450 bar. The period of the ultrasound is
τ = 20 ns (50 MHz).

III. RESULTS

A. Response of the system to the ultrasound

In all simulations, the ultrasound period τ = 20 ns
(50 MHz) is used, and the amplitude is varied in the
range A = 100 − 500 bar. To obtain a first impression,
Fig.2(A) shows, as an example, the time evolution of the
ultrasound p(t) with amplitude A = 100 bar. The neg-
ative and positive periods are called the rarefaction and
compression phases, respectively. For each ultrasound
amplitude, the simulation is run for 120 ns, i.e. the sys-
tem is excited by five ultrasound pulses, and the response
of the system to the ultrasound is shown in Fig. 2. Let
us first present the results for the case A = 400 bar. Dur-
ing the first rarefaction phase, i.e. p(t) ≤ 0 (t ≤ τ/2),
the system is expanded with an increase in the volume
from the initial value V ∼ 1650 nm3 to V ∼ 1700 nm3

at 5 ns [Fig.2(B)]. As a consequence, the pressure inside
the system becomes negative, and decreases from the ini-
tial equilibrium value of 1 bar to -400 bar [Fig.2(C)]. As
a result, atoms are pulled apart, thus the attractive in-
teractions, including the long-ranged Coulombic and van
der Waals interactions become dominant. Thus the po-
tential energy of the system is decreased from -1.30 ×106

to -1.29 ×106 kJ/mol [Fig.2(D)]. Because the system is
coupled to the heat bath, its temperature is always fluc-
tuating around the reference value of 300 K [Fig.2(E)].
Within the time interval τ/4 ≤ t ≤ τ/2, the ultrasound
intensity is reduced, but still in the rarefaction phase,
thus the system is relaxed, as indicated by the decrease in
the volume, pressure and potential energy, and achieved

the equilibrium state at t = τ/2 = 10 ns. Next, the
ultrasound is in the compression phase, i.e. p(t) ≥ 0
(τ/2 ≤ t ≤ τ), the system is compressed as shown by
the decrease and increase in the volume and pressure,
respectively. The atoms are pushed closely, thus the
short-ranged Coulombic and van der Waals interactions
are dominated, therefore the potential energy of the sys-
tem is increased from -1.30 ×106 to -1.31 ×106 kJ/mol
[Fig.2(D)]. After t ≥ 3τ/4, the ultrasound intensity is
reduced, but still in the compression phase, the system
volume is increased, the pressure is reduced and the po-
tential energy is increased. At t = τ , the ultrasound
is vanished and the system reaches the equilibrium state,
finishing one ultrasound irradiation period. The response
of the system is repeated for the next four ultrasound pe-
riods. As seen from Fig.2, the response of the system to
the weaker ultrasounds with A = 100 or 200 bar, is simi-
lar to that of A = 400 bar, but less intense. However, by
increasing the ultrasound intensity to A = 450 bar, the
system is able to oscillate with the ultrasound within the
first period (t ≤ 20 ns), but then exploded during the
second ultrasound period. That is, at t = 25 ns, when
the ultrasound is fully expanded, the system volume sud-
denly increases to a large value, the pressure is reduced
immediately to zero, and the potential energy becomes
very large because atoms are largely separated apart. Al-
though the system is coupled to the heat bath, as the
expansion takes place very fast, the velocity of atoms are
not rapidly rescaled and the temperature of the system
is significantly increased. Technically, the simulation is
crashed.

B. Response of the claudin-5 tight junction to the

ultrasound

To understand the effect of ultrasound on the claudin-
5 tight junction, we calculate the root-mean-square dis-
placement (RMSD) of two cis-dimers (each anchored to
each membrane) with respect to the initial structure for
different ultrasound intensities. As seen from Fig.3(A),
the RMSDs undergo small increases of ∼ 0.25 nm com-
pared to the initial structure, despite large variations in
the ultrasound intensities from 100 to 450 bar. Interest-
ingly, although the system is exploded with A = 450 bar
as shown above, but the RMSD does not change much,
indicating that the overall structure of the tight junction
is well-maintained. Fig.3(B) shows the total number of
the intermolecular hydrogen bonds (Hbond) between two
dimers. We observe that the number of Hbond fluctuates
in time, but it does not follow the oscillation of the ul-
trasound pressure. After 120 ns, two dimers are slightly
separated, as indicated by a small reduction in the num-
ber of Hbond from 5 to 3 for A = 400 bar. Even at
450 bar where the system is exploded, there is no large
change in the number of Hbond, indicating that the tight
junction is not disrupted.
Next, we wish to understand the impact of the ultra-
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Figure 3: The time evolution of the RMSD of the claudin-5
tight junction with respect to the initial structure (A), and the
total number of intermolecular Hbonds between two dimers
(B). Shown are results obtained from simulations using ultra-
sound with period of 20 ns and various intensities.
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Figure 4: The time evolution of the population of various
secondary structures. For each structure, shown is the to-
tal populations of four claudin-5 proteins pertaining to the
junction. Shown are results obtained from simulations using
ultrasound with period of 20 ns and various intensities.

sound on the secondary structures of the claudin-5 pro-
teins. To this end, we calculate the population of the
secondary structures of two dimers by using the STRIDE
program[65] and the results are shown in Fig.4. As seen,
the extracellular loops of claudin-5 proteins, which are
mainly in the β structure, contribute initially to ≈ 15%
of the secondary structure population. The transmem-
brane helix bundles contribute to ≈ 65%, and ≈ 20% are
attributed to the turn and coil structures of the linkers
and of the intracellular loops. We observe that the sec-
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Figure 5: Time evolution of the carbon-hydrogen order pa-
rameters of the first sn−1 (upper) and second sn−2 lipid tails,
respectively (lowver). These results are averaged over 15 and
17 order parameters of C-H vectors of the first and second
lipid tails, respectively, and obtained from simulations using
ultrasound with period of 20 ns and various intensities.

ondary structures hardly undergo any changes, irrespec-
tive large variations in the ultrasound intensities, even at
450 bar where the system is exploded.
All these results show that both 3D and 2D structures

of individual claudin-5 proteins, and of the whole tight
junction are largely maintained, and the tight junction is
not disrupted by the ultrasound irradiation.

C. Response of the lipid bilayer membranes to

ultrasound

To investigate the response of the lipid bilayers to the
ultrasound, we first calculate the carbon-hydrogen order
parameters of the lipid tails SCH = 〈3 cos2 θ−1〉/2, where
θ is the angle between a C-H bond vector and the bilayer
normal. The angular brackets represent molecular and
temporal ensemble averages. For a POPC lipid, the num-
ber of C-H vectors in the first, sn−1, and second, sn−2,
tails are 15 and 17, respectively. To obtain an overall pic-
ture on the order of each tail, we simply take the average
of the order parameters of all C-H vectors pertaining to
that tail. The results are shown in Figs.5 for two tails. As
seen, for the ultrasound intensities A = 100, 200 and 400
bar, the order parameters of both tails do not undergo
any oscillation with ultrasounds, indicating that lipids
are quite ordered. However, with A = 450 bar, the order
parameters drop to zeros at t = 25 ns, a moment when
the system is exploded, indicating significantly structural
changes in the membranes. To understand this, we calcu-
late the shortest intra-distance between two monolayers
of each bilayer, and the shortest inter-distance between
two bilayer membranes. The latter measures the gap
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Figure 6: Time evolution of the shortest intra-distances be-
tween two monolayers of the first (A) and second (B) cell
membrane lipid bilayers. The shortest inter-distance between
two lipid bilayer cell membranes is shown in the (C). Shown
are results obtained from simulations using ultrasound with
period of 20 ns and various intensities.

of the tight junction between two cells. The results are
shown in Fig.6. As seen, two monolayers of individual
lipid bilayer membranes are always separated by intra-
distances of ≈ 0.18 nm [Figs.6(A), (B)], and two lipid
bilayer membranes of two adjunct cells are stay intact
at ≈ 0.9 nm for ultrasounds with A = 100, 200 and 400
bar. A visual inspection of a snapshot at 120 ns of the
trajectory with A = 400 bar shown in Fig.7(A) confirms
these results, that is the membranes and the claudin-5
tight junction structures are well-maintained, and simi-
lar to the initial structures shown in Fig.1(B). However,
with A = 450 bar, we observe that the intra-distances
between two monolayers of individual bilayers increase
and become suddenly large at t = 25 ns when the sys-
tem is exploded. At the same time, the inter-distance
between two bilayer membranes is reduced from 0.9 to
0.5 nm. To understand this, we show in Fig.7 two snap-
shots just before collapsing at t = 24.5 and 24.7 ns, and
one snapshot at the collapsed moment at 25 ns. We ob-
serve that when the system is about to explode, the two
monolayers of individual membranes are separated apart,
and this pushes two lipid bilayer membranes of two cells
to each others [Figs.7(B),(C)] . When the system is fully
exploded, two monolayers are highly separated, two cells
get closer, and lipids become disorder. This explains the
reduction in the order parameters shown in Fig.5. Nev-
ertheless, the claudin-5 tight junction is hardly affected,
and still maintained by two monolayers of two adjunct
cells [Fig.7(D)].

IV. DISCUSSION AND CONCLUDING

REMARK

In the HIFU experiments the direct interaction of ul-
trasound with the BBB is the cause of the BBB disrup-
tion. For the LIFU experiments, it is widely believed
that ultrasound induces the stable and/or inertial cav-
itation of bubble, which in turn exerts acoustic shear
forces and/or shockwave on the BBB, leading to the
BBB opening. However, in principle, ultrasound also in-
teracts directly with the cells and tight junction. This
results in complicated BBB opening mechanisms, espe-
cially at the molecular level. Thus, our strategy is to
split this complex problem into simpler tasks. In this
work, our primary aim is to understand how the lipid
bilayer cell membrane and the tight junction respond to
the ultrasound and whether the cell membrane and/or
the claudin-5 junction are affected by ultrasound. Be-
fore discussing the results, the limitations of our study
should be pointed out. First, our BBB model is very
simple, composed of only two lipid bilayers, mimicking
two portions of neighbouring cells. The tight junction is
composed of a paracellular pore formed by two cis-dimers
of claudin-5 proteins. Nevertheless, given the fact that
currently there is no experimental molecular structure
of the BBB, this computational model still can serve as
a starting point for MD simulations, which can provide
some insights into the BBB opening mechanism. Second,
the experimental frequency of the ultrasound is usually
tuned between ω = 0.5−50 MHz, the ultrasound pressure
is in the range 10 - 50 bar for LIFU experiments[66, 67],
and 100 - 1000 bar for HIFU experiments[68]. The ul-
trasound irradiation duration is usually in the second to
minute timescales[66, 67]. To be close to experiments, we
use an ultrasound frequency of 50 MHz for our simula-
tions. To be computationally feasible with current com-
puter technology, the simulation time can only be in the
nanosecond scale. This means that our system is only ir-
radiated by several ultrasound cycles. We use the typical
HIFU intensity in the range 100-500 bar for our simula-
tions, which are strong enough to allow us to obtain re-
sponse of the BBB within the simulation timescales. For
low intensities used in LIFU experiments, the timescale
of simulations would be much longer to obtain any sig-
nificant responses of the BBB, and this is beyond our
current capability.

Our simulations show that with weak ultrasound inten-
sities A ≤ 400 bar, the structures of both lipid cell mem-
branes and claudin-5 tight junction are well-maintained.
This implies that for the HIFU experiments, the direct
interaction of ultrasound with BBB does not yield to
the opening neither at the cells nor tight junction. In
the context of the LIFU experiments, where the ultra-
sound intensity is even weaker, this interaction can be
safely excluded in the interpretation of the BBB opening
mechanism, confirming that the interaction of the bubble
cavitation with BBB is the main cause as hypothesised.
With stronger ultrasound intensities, say A = 450 bar,

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
10

66
7



7

A B

C D

Figure 7: Snapshots of the system at 120 ns obtained by using ultrasound intensity of 400 bar (A), and at 24.5, 24.7 and 25
ns obtained by using ultrasound intensity of 450 bar (B, C, D respectively). The ultrasound period of 20 ns is used in all
simulations. While the bilayers are disrupted, the tight junction is well-maintained.

we observe that two monolayers within individual lipid
bilayers are detached following the expansion of the sim-
ulation box during the ultrasound rarefaction phase, and
this could result in the damage of the cell membrane. In
contrast, the tight junction between two cells is hardly
affected. This suggests that the BBB disruption likely
takes place at the cell surface instead of at the cell junc-
tion.

To explain this, we calculate the interaction potential
energy acting on two monolayers M1 and M2 of a bilayer
shown in Fig.8. As seen, the monolayer M1 is stabilised
by potential energy V(M1) which is contributed by four
interactions V(M1) = V(M1-C1) + V(M1-W1) + V(M1-
C2) + V(M1-M2), and the monolayer M2 is stabilised
by three interactions V(M2)=V(M2-C1)+ V(M2-W1) +
V(M2-M1), where V(M1-C1) is the interaction potential
energy between the monolayer M1 and the claudin cis-
dimers C1 embed in M1, V(M1-W1) is the interaction
energy between M1 and waters between two cells, and so
on. Fig.8 shows the time evolution of V(M1) and V(M2)
for an example caseA = 400 bar. As seen, these potential
energies oscillate with the ultrasound, i.e, their values in-
crease and decrease using the ultrasound rarefaction and
compression phases, respectively. However, on average,
V(M1) is ∼ -2000 kJ/mol lower than V(M2), suggesting
that the monolayer M1 is more stable than M2. There-
fore, while the M1 layer is anchored by the tight junction,
the M2 layer moves following the expansion of the system
during the ultrasound rarefaction phase, resulting in the

detachment of the layer M2 from the layer M1.

In the real BBB, the tight junction is much more com-
plicated, composed of many claudin-5 proteins and other
proteins. Of course, this will increase the tightness of
the junction but also increase the interaction between
cell membranes with transmembrane proteins of the tight
junction. The question is then whether the BBB is still
disrupted at the cell membrane position? To this end, we
construct an empirical BBB model whose tight junction
is composed of four pairs of two cis-dimers, each pair is
located on the corner of a square with edge lengths of 10
nm [Fig.9]. This is obtained by translating a pair of two
cis-dimers of the above model [Fig.1] in the membrane
surface for 10 nm along the x and y-axis. We then carry
out simulations using the same parameters as used for
the previous model. Fig.9 shows snapshots after six ul-
trasound irradiation periods, i.e. at 120 ns for A = 400
and 450 bar. Consistent with the results of the single
cis-dimer pair model, the structure of the four cis-dimer
pairs model is well-maintained with A = 400 bar, but
with A = 450 bar, two monolayers of individual bilayer
membranes is detached, suggesting that the BBB is also
damaged at the cell plasma membrane rather than at the
tight junction.

Let us discuss how the separation of monolayers of the
cell membrane results in the enhancement of the drug
permeability. The separation of two monolayers in a bi-
layer results in large spaces at the middle of the lipid
bilayer (Figs.7(B),(C), (D)). This phenomenon has been
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Figure 8: (Upper) A structure of the BBB model where com-
ponents are labeled as M1 and M2 for two monolayers of a
cell membrane bilayer; W1 and W2 for waters between two
bilayers and above the membrane M2, respectively; C1 and
C2 for two claudin-5 dimers embed in two cell membrane lipid
bilayers. (Lower) Time evolution of the potential energy act-
ing on M1 (black) and M2 (red). For clarity, only phosphate
groups of the lipids are shown in beads and waters are not
shown.

observed experimentally, in the context of drug delivery
studies using liposomes. That is, under LIFU irradiation,
gas bubble nuclei may be formed in the hydrophobic re-
gion of the lipid bilayer of the liposomes. These nuclei
grow until they permeate the membrane, forming a tran-
sient pore through which the drug is released[69, 70]. At
the molecular level, the presence of the large spaces alter-
nates the diffusive process of drugs across the membrane.
Indeed, a number of simulations have shown that the free
energy profile for translocation across the lipid bilayer of
drugs usually exhibits a high barrier at the middle of the
two monolayers[71–74]. If two monolayers are separated,
then this leaves a large space in the middle of the bi-
layer, resulting in high population of drugs in this area,
i.e. the free energy barrier is reduced, and therefore the
drug permeability is increased. We find that the molec-
ular mechanism of the ultrasound induced permeability
of BBB is similar to that observed in liposomes, but the
origin of the large spaces formation may be different. It
is expected that considerable heterogeneity exists in the
preparations of liposomes, and it is unlikely that all li-

posomes are unilamellar. Thus, large spaces are likely
formed at the flexible areas of the membrane of lipo-
somes. For the BBB, because the outer layer of the cell
membrane is anchored by the tight junction, but the in-
ner layer is contracted during the rarefaction phase of
the ultrasound, therefore this separation results in large
spaces inside the cell membrane bilayer [Fig.8].

As reviewed earlier in this paper, under HIFU irra-
diation, several experiments observed the BBB disrup-
tion within the damaged areas[16, 17], but other re-
sults showed the BBB disruption without damage of the
brain parenchyma[18, 19]. In both cases, it was unclear
whether the BBB disruption is due the cell damage or
opening of the tight junction[11]. Our simulations could
suggest that the BBB may be disrupted due to the dam-
aged of the cells, but the tight junction is unlikely hap-
pened.

A large body of literature confirms that LIFU-induced
BBB opening involves at least four mechanisms: tran-
scythosis, transendothelial opening, i.e. fenestration and
pore formation, tight junction opening at low ultrasound
intensities, and passage through damaged cell at high
ultrasound intensities[20, 75]. Our simulation study sug-
gests that with low ultrasound intensities used in LIFU
experiments, the impact of the direct interactions of ul-
trasound with cells and with tight junctions can be negli-
gible. Thus, the interaction between bubble and the BBB
plays an essential role. Indeed, it has been suggested that
the acoustic microstreaming generated by stable bub-
ble cavitation stimulates the transcythosis, transendothe-
lial opening, and the inertial cavitation may induce cell
membrane pore formation. The tight junction opening
may due to the volume expansion of microbubbles in
the vessel, which in turn exerts direct mechanical forces
on the BBB. However, at high ultrasound intensity, the
direct interaction of ultrasound with the BBB becomes
significant, leading to the cell damage as observed by
experiments[20, 75], and confirmed by our simulations.

In conclusions, we have performed a molecular dynam-
ics simulation study to understand the molecular impacts
of HIFU and LIFU on the BBB opening. The study
shows that even with a relatively high ultrasound inten-
sity of 400 bar, the structures of the cell membranes and
tight junction were well-maintained, implying that the
direct interaction between LIFU with the BBB is not re-
sponsible for the BBB opening, that has been observed
experimentally. At higher intensities (A ≥ 450 bar), the
rarefaction of ultrasound pulls two monolayers of indi-
vidual cell membrane lipid bilayers apart, creating air
compartments inside the bilayer. This reduces the free
energy barrier for translocation across the lipid bilayer
of drugs, thus enhances the drug permeability. At very
high intensities, two monolayers are largely separated,
resulting in cell damage, implying that the BBB is pri-
marily disrupted at the damaged areas as observed by
experiment. The MD simulations of the full system com-
posed of ultrasound, bubbles and BBB will be carried
out to understand impacts of bubble cavitation on the
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Figure 9: Snapshots of the system whose tight junction is composed of four pairs of claudin-5 cis-dimers at 120 ns obtained
by using ultrasound intensity of 400 bar (left), and at 25 ns obtained by using ultrasound intensity of 450 bar (right). The
ultrasound period is 20 ns in all simulations. Waters are not shown for clarity. The separation of two monolayers is clearly seen
from the snapshot at 450 bar. For clarity, only phosphate groups of the lipids are shown in beads and waters are not shown.

BBB model. Also, more detailed BBB models will be
constructed. These works may open the door of drugs
delivery for Alzheimer’s diseases[76, 77].
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