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Abstract

The use of ultrasound in combination with liposomes is a promising approach to

improve drug delivery. To achieve an optimal drug release rate, it is important to un-

derstand how ultrasound induces pathways on the liposome surface where drugs can be
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released from the liposome. To this end, we carry out large scale ultrasound induced

molecular dynamics simulations for three single lipid component liposomes formed from

the commonly used phospholipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dipalmitoylphosphatidylcholine (DPPC) or phosphatidylcholine (POPC). The re-

sults show that ultrasound induces the detachment of two leaflets of the DOPC surface,

suggesting that the drug release pathway may be through the low lipid packing areas

on the stretched surface. In contrast, ultrasound induces pore formation on the surface

of the DPPC and DOPC, where drugs could escape from the liposomes. While the

leaflet detachment and transient pore formation are the mechanisms of the DOPC and

DPPC, respectively, in both liquid-ordered and liquid-disordered phases, the leaflet de-

tachment mechanism is switched to the transient pore formation mechanism on going

from the liquid-ordered phase to the liquid-disordered phase in the POPC liposome.

By adding 30% mol cholesterol, the leaflet detachment mechanism is observed in all

liposomes. We found that the molecular origin that determines a mechanism is the

competition between the intra-leaflet and inter-leaflet interacting energy of lipids. The

connection to experimental and theoretical modelling is discussed in some details.

Introduction

In medicine, an administered drug must penetrate many obstacles in the living system before

reaching the desired targets. However, most of drugs are rapidly cleaned from the blood

stream, lacked of targeting and difficult to cross cell membranes, rendering the drug delivery

ineffective. Fortunately, these problems have been solved by the use of nanoparticles (NP),

which play a role as drug carriers.1–5 The basic idea is that NP carry drugs to desired targets,

and then drugs are released from NP by stimuli.6–13 This way offers several advantages,

including improves drug stability, bioavailability,14 highly site specific delivery,15 reduced

toxicity16 and drug release ”on demand” without perturbing surrounding cells.

Currently, liposomes are widely used as carriers because of their high biocompatibil-
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ity and stability.2,3,17 Ultrasound is an efficient stimulus because it can induce locally and

invasively drug release via the thermal and/or cavitation effects.18–22 Therefore, the use of

liposomes in combination with ultrasound should provide an excellent method for drug deliv-

ery. Understanding the molecular pathways by which ultrasound enhances the permeability

of liposomes is therefore of fundamental interest, and essential for safe and effective imple-

mentation of this method. To this end, various ultrasound experiments have been carried

out to measure the rate and identify pathways of released drugs from liposomes.23–28 Vari-

ous mathematical and computational models have also been developed to fit and elucidate

experimental release rates and pathways.23,27,29–34 All together, these studies have suggested

that ultrasound stimulates drug release through (i) destruction of large parts of the bilayer,

(ii) formation of pores on the bilayer, and (iii) diffusion enhanced by stretched bilayer. How-

ever, it is difficult to determine exactly a pathway for a given liposome because it could

be affected by various factors such as membrane structure35 and molecular constituents of

the lipid bilayer.13,23,24,36 Therefore, in this first molecular dynamics (MD) simulation study

in the field, we focus on single lipid component liposomes formed by phospholipids widely

used in the liposome field: 1,2-dipalmitoylphosphatidylcholine (DPPC), phosphatidylcholine

(POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).25,27 DPPC is a high melting

temperature, ∼ 41oC, saturated lipid, while DOPC has a relatively low melting tempera-

ture, ∼ −17oC, and unsaturated acyl chains. POPC has one saturated and one unsaturated

alkyl chain with melting point at ∼ −2oC. This allows us to investigate the effect bilayer

phase behaviour on sensitivity to ultrasound. Experimentally, these liposomes can be well-

prepared by different formulation methods,35 their bilayer phase diagrams were established,

and effects of ultrasound on these phases were also studied.25,27 In drug delivery applica-

tions, cholesterol (CHL) is usually mixed with lipids to increase the stability of liposomes.37

Thus, in this study we also consider three liposomes comprising mixture of cholesterol with

DOPC, DPPC or POPC with a 70:30 ratio, i.e. 70% of lipids and 30% of cholesterol. All

these systems allow us to provide some molecular insights toward the effects of ultrasound
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and membrane phase behaviour on liposome leakage pathways.

Methods

Construction of liposomes

In this work, we consider three single component liposomes, composed of DOPC, DPPC or

POPC lipids, and three DOPC/CHL, DPPC/CHL, POPC/CHL liposomes, each is mixed

of 70% lipid and 30% CHL. A single component liposome is constructed by distributing

uniformly lipids on the surface of a sphere having diameter of 80 nm. Given the value of the

area per lipid of ∼ 0.46 nm2 at 290 K,38 this results in ∼ 63000 lipids for each liposome.

For a mixed liposome, we randomly replace 30% of lipids of the single component liposome

by cholesterol molecules. Each liposome is solvated in a water box consisting of ∼ 16 331

931 waters. The initial dimensions of the unit cell are (Lx, Ly, Lz) = (129, 129, 129) nm.

The coarse-grained MARTINI 2.2 force field39,40 is employed to describe the membrane and

water. We also construct a smaller DOPC liposome with a diameter of 20 nm, and use

the all-atom CHARMM36 force field41 together with the TIP3P water model to describe

the lipid and water, respectively. As an example, an initial structure of the coarse-grained

DPPC liposome is shown in Fig.1. An equilibrium MD simulation is carried out for 500 ns for

each system in the NPT ensemble with the pressure P = 1 bar and temperature T = 300 K

employing the GROMACS simulation package.42 The last five structures are used as initial

structures for the ultrasound simulations.

Ultrasound molecular dynamics simulation

In a conventional simulation, the pressure of the system is maintained at a desired value P0

by using a barostat, which couples the global pressure of the system to the pressure of bath

4



Figure 1: (Top) Initial structure of the DPPC liposome. (Middle) The selected snapshots
at various moments of the coarse-grained DOPC, DPPC and POPC liposomes. (Bottom)
The selected snapshots of the all-atom DOPC liposome (denoted as DOPC∗). Shown are
results obtained from simulations using the ultrasound frequency of 20 MHz and intensity
of 640 bar for the DOPC, DOPC∗ liposomes, 550 bar for the DPPC liposome and 580 bar
for the POPC liposomes. For all liposomes, the inner and outer leaflets are coloured in red
and green, respectively.
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by rescaling periodically the lengths of the system43

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 ∆t, P (t), β and τp are integration time step, the instantaneous pressure in the system,

the isothermal compressibility and the temperature coupling constant, respectively. The

lengths of the system are scaled through Eq. 1, and the system volume becomes V →

[1− β∆t
τp

(P (t)−P0)]V . This ways, the instantaneous pressure P (t) always fluctuates around

the desired value P0.

In an ultrasound simulation, the instantaneous pressure of the system will oscillate around

the reference value P0 following the compression and rarefaction 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 factor44

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. In all simulations, ultrasound with frequency ω = 20

MHz is used. The ultrasound amplitude is scanned from 0 to 500 bar with a step of 50 bar.
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Within this range, we do not observe any structural defects in liposomes. Thus, we carry

simulations at a very high intensity of 700 bar, and all liposomes are destroyed immedi-

ately. Having nailed down the possible range, we then carry out simulations with ultrasound

intensity in the range 500-700 bar with an increase of 10 bar. From that, we are able to

determine the intensity thresholds of 640, 580 and 550 bar for DOPC, DPPC and POPC

liposomes, and 670, 630 and 650 bar for DOPC/CHL, DPPC/CHL, POPC/CHL liposomes,

respectively, at which the structural defects begin to occur. The reference pressure, P0 = 1

bar, the isotropic pressure coupling constant, τp = 1 ps and an isothermal compressibility of

4.5 × 10−5 bar−1 are used. To ensure that the damage to the membrane is not due to heat

generated by work done by ultrasound, we couple both liposome and water to the heat bath

at 300 K employing the Berendsen coupling method43 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 5 fs to ensure the stability of the simulations, instead of 20 fs as usually used

in equilibrium simulations. The electrostatic interactions are calculated using the particle

mesh Ewald method and a cutoff of 1.4 nm.45 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.

Results

Ultrasound induced defects in liposomes

First, we present the results of single component liposomes. For each system, we run five

trajectories, each 200 ns long, with different ultrasound intensities. During the ultrasound

rarefaction and compression phases, the system is expanded and compressed, respectively,

and this induces harmonic oscillation in the system pressure as shown in Fig.2. We find that

up to the ultrasound intensity of 500 bar, all three liposomes are still very stable. We also

run one long simulation for the DOPC system for 1-microsecond at intensity of 500 bar, and
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Figure 2: Time evolution of the pressure in three liposome systems. The pressures of all sys-
tems are stably increased and decreased under ultrasound intensity of 500 bar (black lines).
At higher ultrasound intensities, the pressures drop to zero when ultrasound amplitude is
maximum around t ∼ τ/2 = 12.5 ns (red lines), indicating that the systems is exploded. A
frequency of 20 MHz is used in all simulations. For clarity, only one ultrasound period is
displayed.

the liposome does not show any structural defects. To find the thresholds at which pathways

are formed, we increase progressively the ultrasound intensity with a step of 10 bar, and

find that each liposome responds differently to the ultrasound. We observe that starting

from intensities A = 640, 550 and 580 bar, the pressures in the DOPC, DPPC and POPC

systems, respectively, are initially negatively increased, but around t ∼ τ/2 = 12.5 ns, when

the ultrasound is negatively maximum, the pressures of the systems are suddenly decreased

to zero, indicating that the systems undergo very large expansions [Fig.2].

To reveal the structural changes, Fig.3 shows the time evolution of the inner and outer

radii of each liposome. A radius is calculated as R(t) = 1
n

∑n
i=1 ri(t), where ri(t) is the

distance between the centre of the liposome to the center of mass of the i-th lipid, and n

is the total number of lipids pertaining to the inner or outer leaflet. Overall, at A = 500

bar, all three liposomes are stably expanded and compressed following the decrease and

increase of the system pressures as shown in Fig.2. For the DOPC liposome, the behaviour

of the inner and outer radius is different: the outer radius oscillates with amplitude ∼ 1 nm
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while the inner radius is almost constant. Both inner and outer radii of the DPPC liposome

oscillate synchronously with large amplitudes of∼ 2 nm. The outer radius of POPC liposome

oscillates synchronously with the inner radius, but amplitudes are relatively small. Overall,

we observe that the expansion amplitude is larger than the compression amplitude. This

is due to the presence of water inside the liposomes that makes the compression is more

difficult.

For the DOPC liposome, at A = 640 bar, the outer radius expands rapidly and ruptures

at 12.22 ns, whereas the inner radius starts to expand at ∼ 12.17 ns and ruptures at ∼12.25

ns. This is also seen from snapshot in Fig.1 which shows that at 12.22 ns the outer leaflet

is largely stretched, whereas the spherical topology of the inner leaflet is still maintained.

This creates a large air compartment in between two leaflets. At 12.5 ns, the outer leaflet

is largely damaged, the inner leaflet is, however, remained its spherical shape though very

stretched. At 550 bar, both inner and outer radii of the DPPC liposome expand and rupture

at around 11.47 ns, whereas burst of both outer and inner radii of the POPC liposome is

at around 580 bar and 12.77 ns. It seems that the DPPC liposome resonates more easily

with ultrasound and burst at lower pressures and shorter times as compared to the DOPC

and POPC liposomes. A visualisation of snapshots, shown in Fig.1, reveals that the overall

size of the DPPC or POPC liposome does not change much, only a pore is formed on the

surface. The burst in the radii shown in Fig.3 is due to the contribution from the expelled

lipids from the pore.

The above results show that the ultrasound induced structural defect depends on the lipid

composition of the liposome. For the DOPC liposome, the possible drug release pathway is

through the enhanced diffusion due to the low lipid packing density induced by stretched

bilayer. In addition, the air compartment between two leaflets also enhances the diffusive

process of drugs across the membrane. We explain this based on the fact that a number

of MD 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 leaflets.46–49 If two
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Table 1: The total potential energy (in kJ/mol) of the inner, outer leaflets and between inner-
outer leaflets of six liposomes. Shown are results obtained from the average of conformations
of 100 ns equilibrium MD trajectories.

Liposome inner leaflet outer leaflet inner-outer leaflets

DOPC (300 K) -4.84 ×106 -5.34 ×106 -1.20 ×106

DPPC (300 K) -4.57 ×106 -5.07 ×106 -1.41 ×106

POPC (300 K) -4.59 ×106 -5.11 ×106 -1.38 ×106

DOPC/CHL (300 K) -4.97 ×106 -5.53 ×106 -1.15 ×106

DPPC/CHL (300 K) -4.89 ×106 -5.41 ×106 -1.30 ×106

POPC/CHL (300 K) -4.91 ×106 -5.46 ×106 -1.25 ×106

DOPC (255 K) -5.08 ×106 -5.60 ×106 -1.30 ×106

DPPC (314 K) -4.54 ×106 -5.04 ×106 -1.40 ×106

POPC (270 K) -4.96 ×106 -5.47 ×106 -1.35 ×106
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Figure 3: Time evolution of the inner (black lines) and outer (red lines) radii of three
liposomes. All liposomes are stable up to an ultrasound intensity of 500 bar (left panels),
but undergo large changes at higher intensities (right panels). The error bars are estimated
from five trajectories of each system. A frequency of 20 MHz is used in all simulations.

leaflets are separated apart, then the population of drugs between them is increased, i.e.

the free energy barrier is reduced, and therefore the drug permeability is increased. For the

DPPC and DOPC liposomes, the possible drug release pathways are through pores and/or

large damaged sections on the liposome surface.

Both leaflet detachment and pore formation mechanisms can be linked to changes in lipid

packing in the bilayer. For example, Mendelsohn et al. showed that ultrasound disrupts

the packing of the hydrophobic lipid tails in the bilayer core.50 Lawaczeck et al. showed

that ultrasound creates structural defects in liposomes at a temperature below their phase

transition.51 Therefore, to understand the molecular origin that determines the pathway

formation, we first calculate the thickness of the bilayers, and the results of three liposomes

are similar, ∼ 4 nm. This suggests that the bilayer thickness should not be the dominant

parameter that determines the pathways as suggested by theory.32 Next, we calculate the

total potential energy between lipids pertaining to the inner or outer leaflets, and the inner-

outer leaflets interacting energy for each liposome in the equilibrium state; i.e. without
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ultrasound. The results averaged over structures of last 100 ns trajectory are listed in Tab.1.

As seen, the inner-outer leaflets interacting energy of the DOPC liposome is ∼ 2×105 kJ/mol

weaker than that of the DPPC and POPC liposomes, and this explains why two leaflets of

the DOPC liposome tend to be separated apart, but those of the DPPC and POPC are

remained close under ultrasound expansion [Figs.1,3]. In contrast, the potential energy of

individual leaflets of the DOPC liposome is ∼ 3 × 105 kJ/mol stronger than that of the

DPPC and POPC counterparts, meaning that the interaction between lipids inside DOPC

leaflets is stronger than that of the DPPC and POPC counterparts. This explains that

although two leaflets of the DOPC are separated apart but their spherical shape is largely

maintained, while interaction between lipids inside single leaflets of the DPPC and POPC

liposomes tend to be disrupted and lipids are expelled from their surfaces, forming transient

or permanent pores on the surfaces [Fig.1].

Effect of cholesterol

Numerous studies have shown that CHL could increase the packing, stiffening of phospholipid

molecules,52–54 and thus stabilise the lipid bilayer. Therefore, in drug delivery applications,

CHL is usually mixed with lipids to increase the stability of liposomes. It is of interest

to understand the effect of CHL on the molecular mechanism of ultrasound induced struc-

tural defect in liposomes. To this end, we carry out additionally three simulations for three

liposomes DOPC/CHL, DPPC/CHL and POPC/CHL, each contains 30% CHL. This per-

centage is chosen because the most frequently used proportion is a 2:1 ratio (e.g. 2 parts

of lipids and 1 part of cholesterol).37 The same ultrasound frequency of ω = 20 MHz is

used for all simulations. The results show that at the ultrasound intensity thresholds of

single component liposomes (A = 640, 550 and 580 bar for the DOPC, DPPC and POPC

liposomes, respectively), no defects are observed in the CHL mixed liposomes counterparts.

This is probably not surprised as CHL increases the stability of the lipid membranes.52–54

We then increase the ultrasound intensity with a step of 10 bar, and the structural defects
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Figure 4: The selected snapshots at t = 0 ns (left), 10 ns (middle) and 12.5 ns (right) of three
liposomes DOPC/CHL, DPPC/CHL and POPC/CHL obtained from simulations using the
ultrasound intensity of 670 bar, 630 bar and 650 bar, respectively. The frequency of 20 MHz
is used in all simulations. The cholesterol is shown in blue color. The inner and outer leaflets
are shown in red and green, respectively.
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start to appear at intensities A = 670, 630 and 650 bar for the DOPC/CHL, DPPC/CHL

and POPC/CHL liposomes, respectively. Fig.4 shows selected snapshots of three liposomes

during the destruction process. For the DOPC/CHL liposome, the destruction mechanism is

quite similar to that of the pure DOPC liposome, where two leaflets of the membrane surface

are detached [Figs.1,4]. Surprisingly, this mechanism is also observed for the DPPC/CHL

and POPC/CHL liposomes, in contrast to the pore formation mechanism observed in the

pure DPPC and POPC liposomes [Fig.1]. To understand these results, we calculate the

inter-leaflet and intra-leaflet potential energy of these three mixed liposomes and results are

shown in Tab.1. As seen, because CHL increases the packing and stiffening of phospholipid

molecules, therefore the intra-potential energies of both inner and outer leaflets are stronger

than those of the single component liposome counterparts. For example, the potential energy

of the inner leaflet of the DOPC liposome is -4.84 ×106 kJ/mol while it is -4.97 ×106 kJ/mol

for the DOPC/CHL liposome. However, the inter-leaflet potential energy is reduced, ∼ 105

kJ/mol, in all three CHL mixed liposomes. This indicates that cholesterol molecules help

lipids inside leaflets to hold together, but reduce the interaction between lipids between two

leaflets. Therefore, two leaflets of the membrane surface tend to be separated under the ex-

pansion of ultrasound, and this explains the leaflets detachement mechanism shown in Fig.4

for CHL mixed liposomes. In all cases, two leaflets are highly separated when the ultrasound

is fully expanded at t = τ/4 = 12.5 ns. Interestingly, we note that for all liposomes, when

the intra-leaflet energy increases then inter-leaflet energy is decreased and vice versa.

Effect of phase transition

Many studies have shown that the lipid membrane properties are significantly affected by

the phase transition temperature Tc.
55,56 For examples, the thickness, area per lipid, fluidity,

permeability of the bilayer vary greatly around Tc. The lipid membranes of the liposomes

used in this work have different transition temperatures: 314 K for DPPC, 256 K for DOPC

and 271 K for POPC. However, all results presented in previous sections were obtained at
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Figure 5: The initial structure (left) and snapshots of three liposomes DOPC, DPPC and
POPC obtained from simulations at temperatures just above (315 K for DPPC) or just below
(255 K and 270 K for DOPC and POPC, respectively) the phase transition temperatures.
The ultrasound intensity of 720 bar, 500 bar and 650 bar are used for the DOPC, DPPC
and POPC simulations, respectively. The frequency of 20 MHz is used in all simulations.
The inner and outer leaflets are shown in red and green, respectively.
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temperature of 300 K, where DPPC liposome is in the liquid-ordered phase and DOPC and

POPC are in the liquid-disordered phase. Therefore, the question is whether the molecular

mechanism of ultrasound induced structural defect in a liposome will depend on its phase?

To this end, we carry out simulations for the DPPC liposome at 315 K, just above its

transition temperature, and simulations at 255 K and 270 K, just below Tc, of the DOPC

and POPC, respectively. The same ultrasound frequency of ω = 20 MHz is used for all

simulations. The ultrasound intensity is varied around the threshold value of each system

obtained at 300 K (550, 580 and 640 bar for DPPC, POPC and DOPC, respectively). Fig.5

shows selected snapshots of three liposomes during the destruction process at temperatures

just above or below Tc. As seen, for the DOPC liposome, the leaflet detachment mechanism

is still observed in the liquid-ordered phase (T = 255 K) at 720 bar. This mechanism

was already observed in the liquid-disordered phase (T = 300 K) but at a lower ultrasound

intensity of 640 bar [Fig.1]. For the DPPC liposome, the transient pore formation is observed

in both liquid-disordered (T = 315 K, 500 bar) and liquid-ordered (T = 300 K, 550 bar)

phases [Figs.1, 5]. Interestingly, for the POPC liposome, the pore formation mechanism

is observed in the liquid-disordered phase (T = 300 K, 580 bar, Fig.1) but switched to the

leaflet detachment mechanism in the liquid-ordered phase (T = 270 K, 650 bar, Fig.5). In all

cases, the ultrasound intensity required to cause the defect in a liposome in the liquid-ordered

phase is higher than that in the liquid-disordered phase. We then calculate the total potential

energy between lipids pertaining to the inner or outer leaflets, and the inner-outer leaflets

interacting energy in the equilibrium state, i.e. without ultrasound, at temperature of 255,

314 and 270 K for the DOPC, DPPC and POPC liposome, respectively, and results are listed

in Tab.1. For the DOPC liposome, on going from the liquid-disordered phase (300 K) to

liquid-ordered phase (255 K), the intra-leaflet potential energies are increase by ∼ 2.4× 105

kJ/mol, while the increase of the inter-leaflet interaction is weaker, ∼ 1.2 × 105 kJ/mol.

This means that the ultrasound that separates the two leaflets in the liquid-disordered phase

[Fig.1] can also separate the two leaflets in the liquid-ordered phase [Fig.5]. This explains our
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result that the leaflet detachment mechanism is observed in both liquid-ordered and liquid-

disordered phases. For the DPPC liposome, the intra-leaflet and inter-leaflet interactions are

less affected by the transition temperature as seen by small decreases of 3× 104 kJ/mol and

1×104 kJ/mol, respectively. This could explain that the transient pore formation mechanism

seen in the liquid-ordered phase [Fig.1] also observed in the liquid-disordered phase [Fig.5].

For the POPC liposome, we observe a strong increase in the intra-leaflet interaction energy,

3.7×105 kJ/mol, and a much weaker increase in the inter-leaflet interaction, 3×104 kJ/mol,

on going from the liquid-disordered phase (300 K) to the liquid-ordered phase (270 K). The

strong increase in the intra-leaflet interaction prevents the escape of lipids from individual

leaflets, i.e, the transient pore formation mechanism is not favourable. The weak increase

in the inter-leaflet interaction should favour the detachment of two leaflets. Therefore, the

transient pore formation mechanism is switched to the leaflet detachment mechanism on

going from the liquid-disordered phase [Fig.1] to the liquid-ordered phase [Fig.5] as observed.

Discussion

To our best knowledge, there are not many experimental results on the interaction between

ultrasound with liposomes, especially at the molecular level. This could be due to the fact

that the release rate of drugs depends on many factors such as the molecular constituents

of the lipid bilayer, temperature, type of drugs etc, thus difficult to study. Also, resolving

structural defects at the molecular level is very challenge with current experimental methods.

Most experiments determine the rate of ultrasound induced release, and then mathematical

models or computational modelling,27,29,32–34,57,57–59 are used to fit the experimental release

profiles. From this, various release pathways including pore formation on the liposome sur-

face, diffusion through the membrane or liposome destruction have been suggested. However,

details of the ultrasound induced structural defects in the membrane surface of liposomes

are not well-understood, especially at the molecular level.

17



From the theoretical side, our work presents the first ultrasound MD simulation study

in the liposome field, aimed at determining the ultrasound induced structural defects in

liposomes at the molecular level. In particular, we are able to observe directly the pore

formation on the liposome surface or detachment of bilayer leaflets, and explain the molecular

mechanism underlying these structural defects.

It is known from experiments that the timescale of drug release is on seconds. However,

due to the limitation of current computer technology, MD simulations can only capture the

processes on the nanosecond-microsecond scales (200 nanoseconds in this work). These are

well-known common gaps in the time- and length-scales between experiments and simula-

tions. In this context, our simulation study cannot be compared directly to experimental

study. However, our results still can indirectly explain some experimental findings. Indeed,

Small and colleagues studied the rate of ultrasound-induced release from liposomes formed

by DOPC/DPPC/CHL25 and POPC/DPPC/CHL.27 The bilayer permeability is obtained

by fitting release kinetics to a two-film mathematical model. The results showed that the

DOPC/DPPC/CHL exhibits a first order phase transition between the liquid-disordered and

the liquid-ordered phases, and the rate was found to be faster in liquid-disordered phase (rich

DOPC) than in liquid-ordered phase (rich DPPC). The authors also showed that the com-

position of DPPC/DOPC bilayers does not affect their thickness, implying that the bilayer

thickness is not responsible for the difference in the rates between two phases. However, the

theoretical modelling of Dan showed that the rate of release is insensitive to bilayer com-

position, but sensitive to the bilayer thickness.32 Our simulation shows that the response

of DOPC and DPPC to ultrasound is different: two leaflets of the bilayer membrane of

DOPC liposome are detached, whereas a pore is created on the lipid membrane of DPPC

liposome [Fig.1]. Therefore, the molecular mechanisms of ultrasound induced drug release

from DOPC and DPPC should be different, and this could explain experimental results

showing that the rate was found to be different between liquid-disordered phase (DOPC)

and liquid-ordered phase (DPPC) liposomes.25 For the POPC/DPPC/cholesterol system,
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the experimental results showed that this system exhibits a continuous phase transition, and

the rate was found to be not sensitive to the type of liquid phase, but rather to the presence

of domain boundaries between the two phases.27 Our simulation results show that although

POPC and DPPC have different melting temperatures, but their responses to ultrasound is

similar: pores are created on the surface of both liposomes [Fig.1]. Therefore, drugs should

be released from these liposomes via the same pore formation mechanism, and this could

explain why the release rate was experimentally found to be not sensitive to the type of

liquid phase.27

Experimental study of Small and colleagues also showed that in general the fraction of

drug release decreases as the cholesterol content increases. In more detail, there are two

distinct groupings of release rates, corresponding low and high CHL fractions.25,27 Our sim-

ulation results show that the ultrasound intensity thresholds, which induce structural defects

in single component liposomes DOPC, DPPC, POPC, are not strong enough to induce struc-

tural defects in CHL mixed liposomes. This implies that for the same ultrasound intensity,

the release rate via ultrasound induced structural defects on the liposome surface will de-

crease for the CHL mixed liposomes, which are less affected by ultrasound, qualitatively in

agreement with experiment. The simulation also shows that cholesterol could switch the

molecular mechanism from pore formation to leaflet detachment as the cholesterol content

increases for the DPPC and POPC liposomes. Switching between two mechanisms may

correspond to two groups of release rates observed by experiment.25,27 However, more sim-

ulations with different CHL contents should be carried out to confirm this finding. This

suggests that the ratio of cholesterol in liposomes can be tuned to control drug release rate.

However, more simulations with different CHL contents should be carried out to confirm

further this finding.

Our simulations show that the phase state of the lipid membrane of a liposome may

influence the liposome-induced defect mechanism by ultrasound. It seems that for low phase

transition temperature membranes such as DOPC, the leaflet detachment mechanism is
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probably the mechanism in both liquid-disordered and the liquid-ordered phases. In con-

trast, the transient pore formation mechanism is the mechanism in both phases of high phase

transition temperature membranes such as DPPC. For the POPC, the mechanism can be

switched from leaflet detachment to transient pore formation on going from liquid-ordered

to liquid-disordered phases. However, more simulations need to be performed with lipid

membranes with different phase transition temperatures to confirm our finding. Neverthe-

less, in all cases, the ultrasound intensity thresholds that induces defects in the liposomes in

the liquid-ordered phase are higher than that in the liquid-disordered phase. This is under-

standable because a low temperature below the phase transition could increase the packing,

stiffening of phospholipid molecules. Indeed, Kudo and colleagues carried out experiments

for five liposomes with different transition temperatures between liquid-crystalline and gel

phases in the range from -22◦C to +55◦C, and showed that liposomes with lipid membranes

in gel phase have higher stability under exposure to ultrasound.60

The present study has some limitations of which we are fully aware. First, our simula-

tion results could support some experimental findings, but because we do not simulate drug

molecules explicitly, thus we cannot obtain any release rates to compare directly with ex-

periments. Nevertheless, the simulation could provide detailed informations on the pore size

and distribution, the diffusion constant through the stretched surface, and the formation of

the air compartments inside the bilayer. These informations may complement experimental

and mathematical modelling results. Second, to be close to experiments, the diameter of our

liposomes, ∼ 80 nm, is similar to that of experimental liposomes (∼ 100 nm). To our best

knowledge, this is the first MD simulation study of such big liposomes. However, current

computer technology only allows simulation durations to be in the nanosecond timescale,

which is much shorter than the second timescale in experiments. Thus, we have to use high

intensity and fast frequency ultrasound in order to observe reasonable ultrasound effects on

reasonable timescales. However, since the formation of pathways is essentially determined

by the molecular interaction between lipids as shown above, we expect that the pathways
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seen in the simulation would also be the pathways obtained in experiment. But, we note

that the rate of release may vary between simulation and experiment because the timescales

of simulations and experiments are different, and proving this is beyond the scope of this

paper. Third, to verify whether the release pathways depend on the use of coarse-grained

MARTINI force field, we carry out a simulation using the all-atom CHARMM36 force field41

for a DOPC liposome. An all-atom system of liposome with a diameter of 80 nm contains

∼ 54 × 106 atoms, including waters which is too large for the simulation. Therefore, to be

feasible, we consider a smaller all-atom liposome with a diameter of 20 nm. We use the

same ultrasound intensity A = 640 bar and frequency ω = 20 MHz as used for the coarse-

grained counterpart. Interestingly, the snapshots shown in Fig.1 indicate that the response

of the all-atom and coarse-grained liposomes are quite similar: two leaflets are detached, and

each leaflet is stretched due to the ultrasound expansion. This suggests that the ultrasound

induced pathways are insensitive to the force fields, and also on the size of the liposome.

Indeed, we should mention that the coarse-grained MARTINI force field has been used in

several nonequilibrium MD simulations to study the interaction between bubble collapse and

shockwave with lipid membranes,61–71 stress propagation in lipid bilayers,72 and pore forma-

tion by external electric field.73 Overall, the results are in good agreement with experiments

or atomistic simulation results. This gives us confidence and we believe that the essential

pathways induced by ultrasound on liposomes shown above are insensitive to the force fields.

Conclusions

We have carried out for the first time large scale MD simulations of single lipid compo-

nent liposomes as well as cholesterol mixed liposomes under ultrasound to identify defects

on the liposome surface where drugs can be released from the liposome. We observe two

type of defects: pore formation on the liposome surface or detachment of bilayer leaflets,

depending on the lipid composition and cholesterol content. We show that the molecular
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origin that determines the formation of defects is the competition between the intra-leaflet

and inter-leaflet interactions of lipids. If the intra-leaflet energy is dominant then the leaflet

detachment is the main mechanism. In contrast, if the inter-leaflet energy is dominant then

the pore formation is the main mechanism. Cholesterol could increase the packing, stiffening

of phospholipid molecules, thus it can switch the pore formation mechanism to the leaflet

detachment mechanism. We show that the phase state of the lipid membrane also influences

the mechanism. For the low phase transition temperature DOPC liposome, the detachment

between the bilayer membrane is the mechanism in both liquid-ordered and liquid-disordered

phases. In contrast, for the high phase transition temperature DPPC liposome, the forma-

tion of the transient pore is the mechanism in both liquid-disordered and liquid-orderred

phases. For the POPC liposome, the detachment between the bilayer membrane mechanism

is observed in the liquid-ordered phase, but the transient pore formation is the mechanism

in the liquid-disordered phase. Our simulation results can support and interpret some ex-

perimental and mathematical modelling studies. In general, the simulation can complement

experiments and mathematical modelling to identify exactly the pathway-rate relationship

and interpret the mechanism at the molecular level. This could help manufactures asses the

specific role of each pathway to design efficient drug-delivery systems that meet user require-

ments. However, to assess the rates, drugs must be considered explicitly in the simulation,

and this work is underway.
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