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Nanoparticles (NPs) have attracted significant attention as carriers for the delivery of drugs, genes, and
macromolecules for biomedical and therapeutic applications. These technologies require NPs to be
delivered to the interior of the cell. However, this translocation is unlikely because of the presence of a
cell membrane composed of phospholipids, cholesterol, proteins, and glycans. The cell membrane
composition can influence its rigidity; thus, membrane composition is a crucial factor in determining the
translocation of NPs across the cell membrane. Here, we focus on cholesterol, which is an essential
component of biological cell membranes, and investigate NP translocation across membranes
containing cholesterol under an applied electric field using a coarse-grained molecular dynamics
simulation. We found that NPs could translocate directly across cholesterol-containing membranes
without irreversible membrane disruption. This unique translocation was induced by two key pheno-
mena. Before NP translocation, a phospholipid-rich/cholesterol-poor domain was formed at the
NP—-membrane contact interface. Second, a smaller transmembrane pore was formed in the cholesterol-
containing membrane during membrane crossing of the NP. Our findings imply that the delivery of NPs to
the cell interior across the cholesterol-containing membrane can be achieved by appropriately controlling
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Introduction

Nanoparticles (NPs) have gained considerable attention as
pivotal materials for next-generation biomedical and therapeu-
tic technologies. Owing to their unique physicochemical prop-
erties resulting from their small size and large specific surface
area, NPs offer various potential applications in drug, gene, and
macromolecule delivery;'”> magnetic hyperthermia; photother-
mal therapy;® radiotherapy;” and bioimaging.®® Furthermore,
the integration of therapeutic and diagnostic techniques using
NPs, known as theranostics, has emerged as an attractive
strategy for treating cancers and tumors.'”'" These techno-
logies require the delivery of NPs into the cell and their
transportation to the target cellular components without dama-
ging the cells. The cell membrane serves as a major biological
barrier during NP delivery and transport. Therefore, it is crucial
to have a fundamental understanding of NP translocation
across the cell membrane and how it can be controlled for
successful biomedical and therapeutic application of NPs.

It has been found that NPs can translocate across the mem-
brane through two main pathways:">"* endocytosis and direct
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the strength of the applied electric field, depending on the cholesterol content in the membrane.

translocation. Endocytosis, recognized as a major translocation
pathway, involves the NP being wrapped and enclosed by a
portion of the cell membrane and then internalized into the
cell by an endocytic vesicle. However, NPs enclosed within a
vesicle often encounter difficulties in escaping from the vesicle,
resulting in uncontrolled cellular trafficking and low delivery
efficiency.'” In contrast, direct translocation is a non-endocytic
pathway in which an NP directly reaches the cytoplasm without
being enclosed by endocytic vesicles, resulting in high delivery
efficiency. However, direct translocation is less likely than
endocytosis.’> Therefore, a key challenge for the success of
biomedical and therapeutic applications of NPs is the develop-
ment of new technologies that can induce direct translocation.

Physical methods in which cells are exposed to external
forces have been used to deliver extracellular objects into cells
via the direct translocation pathway. One of the most com-
monly used physical methods is electroporation, in which a
high-intensity electric field is applied to the cells."® The exter-
nal electric field induces transient defects and pores in the cell
membrane, facilitating the direct translocation of extracellular
objects into the cell. Electroporation has also been used to
deliver NPs, resulting in a significant enhancement in delivery
efficacy.®'® A previous study indicated that electroporation
treatment shifts the dominant pathway of NP intracellular
delivery from endocytosis to direct translocation without
entrapment in an endocytic vesicle.'® However, a notable concern
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with electroporation is the potential risk of high cellular mortality
resulting from the cells being subjected to excess stress from an
external electric field.

We investigated the translocation of a charged NP across a
phospholipid bilayer (model cell membrane) under an electric
field using molecular dynamics (MD) simulation'®™" and
experiments using a planar bilayer membrane.”> Our MD
simulations revealed that even under a weak external electric
field below the membrane breakdown intensity, the charged NP
was directly translocated across a model cell membrane with-
out membrane disruption.'®>' The applied electric field that
induced this unique direct translocation pathway was signifi-
cantly lower than that used in conventional electroporation.
This unique direct translocation pathway offers a distinct
advantage over translocation pathways induced by conven-
tional electroporation. Our research also revealed that this
direct translocation can be triggered by a locally enhanced
membrane potential induced at the NP-membrane contact
interface.>* We also demonstrated this translocation pathway
in an experiment using an artificial planar bilayer membrane
and an electrophysiological technique.”> However, the NP
translocation pathway has not yet been sufficiently examined.
One less explored aspect is the composition of the cell membrane.
Our previous studies employed a simple cell membrane model
consisting solely of phospholipids, whereas the actual plasma
cell membrane consists of phospholipids and other constituent
molecules such as cholesterol and proteins. Among these
constituent molecules, except for phospholipids, cholesterol
is the most prevalent, accounting for 40-50 mol% of the plasma
cell membrane.”*** Cholesterol is also recognized as an impor-
tant molecule that regulates the fluidity and rigidity of plasma
cell membranes by increasing the packing density of lipid
molecules.>>?°

Understanding the influence of cholesterol on membrane
stability and permeability is important in many fields related
to cell membranes. MD simulation®” and experimental
studies®®*° have reported that cholesterol-containing phospho-
lipid bilayers are more likely to maintain their structure com-
pared to cholesterol-free bilayers, even under a high electric
field. Several MD simulation studies have investigated the
influence of cholesterol on the membrane permeability of drug
molecules and amino acids using thermodynamic analysis.
Yuan and Meng revealed that the translocation of chlorzoxa-
zone across the cell membrane was inhibited at a higher
cholesterol content, which was attributed to the formation of
hydrogen bonds between cholesterol and phospholipoid head
groups.”® Zhang et al. found that the energy required for the
membrane crossing of doxorubicin increased in the presence of
cholesterol, whereas the energy required for the membrane
crossing of ellipticine remained unchanged, even in the presence
of cholesterol.”® This difference was due to the different hydrogen
bonding behaviors between each drug and the lipid molecule.
De Sa et al. reported that the free energy barrier for membrane
crossing of miltefosine was the highest in a DPPC bilayer
containing 30 mol% cholesterol.’> Chen et al. revealed that
an increase in cholesterol content causes a transition in the ion
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permeation mechanism.**> With an increase in membrane
thickness derived from a higher cholesterol content, the ion-
induced defect permeation mechanism, where significant
membrane deformation accompanies ion permeation, shifted
to the solubility-diffusion mechanism, where ions penetrate the
membrane with large associated dehydration energy costs.*?
Gkeka et al. performed MD simulations and investigated the
interactions between anionic NPs and cholesterol-containing
DPPC bilayers when the NPs were artificially inserted into the
bilayer core.*® The results revealed that the inserted NPs
reduced the cholesterol concentration in their vicinity, suggest-
ing that the membrane composition in the vicinity of the NPs
could change. They also suggested that this change in the local
membrane composition could alter the membrane permeabil-
ity of NPs.

In the aforementioned studies, the permeability of small
substances and anionic NPs through cholesterol-containing
membranes was computationally investigated from a thermo-
dynamic perspective. However, the previous MD simulation
studies were performed with “biased” MD simulations, where
substances or NPs were artificially forced to translocate across
the membrane. However, this approach does not reflect
the actual NP dynamics of direct translocation across the
membrane. Furthermore, previous studies have not investi-
gated membrane permeability in the presence of an external
electric field.

In this study, with an “unbiased”” MD simulation, we investi-
gated for the first time the direct translocation of a cationic NP
across a cholesterol-containing lipid bilayer under an external
electric field. First, the influence of cholesterol content on the
critical applied electric potential for membrane breakdown was
investigated using MD simulations. Second, the translocation
of the NP across the cholesterol-containing membrane was
investigated under various cholesterol contents and intensities
of applied membrane potential, and the influence of choles-
terol content on the membrane-crossing behavior of the NP was
discussed. Finally, the lipid composition at the NP-membrane
contact interface and the size of the transmembrane pore
during NP translocation were analyzed as key phenomena in
NP translocation.

Simulation method
Coarse-grained MD simulation

The MD simulations were performed using a coarse-grained
(CG) model. The interactions between the CG molecular sites
were modeled using the MARTINI force field.**>*® The MARTINI
force field has been validated in various systems, including
biomembranes.®”° Yesylevskyy et al. compared the MARTINI
force field with an all-atomistic force field in terms of the
critical intensity of the electric field for electroporation and
verifying good agreement.’® Fig. 1a illustrates the initial
configuration of the simulation system used in this study.
The system is mainly composed of double lipid bilayers,
two solvent compartments, and a single NP."*" As for lipid
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Fig. 1 Simulation system used in this study. (a) Initial configuration. Water
molecules are not displayed for clarity. (b) Snapshots of individual CG
molecules. (c) Snapshots of a positively charged 8-amino-1-octanethiol-
coated gold NP.

molecules, coarse-grained DPPC*® (1,2-dipalmitoylphos-
phatidylcholine), DPPG*® (1,2-dipalmitoylphosphatidylgly-
cerol), and cholesterol*® were employed (Fig. 1b). The head
groups of DPPC and DPPG are zwitterionic and anionic,
respectively. Coarse-grained cholesterol is composed of a
non-charged hydroxyl group, a rigid steroid group, and a
hydrocarbon tail. The rigidity of the steroid group was
modeled using virtual interaction sites.*® The phospholipid
bilayer used in this study was negatively charged, mimicking the
negatively charged characteristics of plasma cell membranes.*"
CG sodium and chloride ions®® and a polarizable water model®® in
the MARTINI force field were used as the solvent molecules
(Fig. 1b). For the NP (Fig. 1c), a cationic gold NP coated with
8-amino-1-octanethiol (amino-OT) was used.”’* This NP is typi-
cally used in biomedical and pharmaceutical applications.*>
Amino-OT contains a positively charged amine terminal. The core
gold cluster was composed of 314 gold atoms with an FCC lattice
structure and a truncated octahedral morphology. The binding
sites of the amino-OTs with the core gold cluster were prelimina-
rily calculated using atomistic MD simulations.'® The atomistic
amino-OT-coated gold NP was then coarse-grained according to
the MARTINI force-field in the same manner as in previous
studies.'®**** Force field parameters, which were developed in
previous studies'®**** and compatible with a MARTINI force-
field, were employed for the NP used in this study. After a series of
pre-calculations, the NP coated with 120 amino-OTs was finally
obtained, resulting in a total NP charge of +120e. The diameters and

Table 1 Molecular compositions of the simulation systems in this study
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surface charge densities of the NP were 3.9 nm and 2.51 e nm 2,
respectively. The surface charge density corresponds to an NP
surface potential of 25.7 mV at a Debye length of 154 mM NaCl
(aq), as estimated using Ohshima’s equation.*’

Simulation system

The double-lipid bilayer system used in this study was designed
to provide two independent solvent compartments (Fig. 1a).
The NaCl concentration in each solvent compartment was set to
154 mM, which is equivalent to the concentration of the
isotonic saline solution. The numbers of coarse-grained sites
in the simulation systems used in this study are listed in
Table 1. To offset the negative charge of DPPG and maintain
electroneutrality in each solvent compartment, sodium ions
were added to the base condition (154 mM NacCl aq.). The NP
was then placed in the outer solvent compartment. To offset the
positive charge of the NP (+120 e) and maintain electroneu-
trality in the outer solvent compartment, 120 chloride ions were
also concurrently added to the outer solvent compartment. The
molecular compositions used in this study ensured no ionic
imbalance or osmotic pressure across the lipid bilayers. The
cholesterol content of the membrane was varied from 0 to
50 mol%. This corresponds to the typical cholesterol content in
mammalian cell membranes.>*>* The size of the simulation
system was set as 18 X 18 x 60 nm.

To investigate the influence of cholesterol, phospholipid
bilayer systems with various cholesterol contents were con-
structed. The construction procedure is as follows.*® First, from
a fully equilibrated DPPC-DPPG bilayer system,'®** DPPC and
DPPG molecules were randomly selected and replaced with
cholesterol molecules. In this replacement, the position of the
cholesterol molecules in the in-plane direction of the
membrane was set to match that of the selected DPPC or DPPG,
whereas the position of the OH group of the cholesterol
molecules in the membrane’s normal direction was set to
0.52 nm inside the membrane from the phosphate group of
the selected DPPC or DPPG. The depth (0.52 nm) was deter-
mined from a previous simulation study.*” Second, the orienta-
tion of the inserted cholesterol molecules was optimized. Each
cholesterol molecule was rotated 15° in 24 steps around the
normal membrane axis. For each 15° rotation, the intermole-
cular potential between cholesterol and the adjacent DPPC and
DPPG molecules was calculated. The optimal angle for the

Cholesterol content [mol%] 0 10 20 30 40 50
DPPC 1936 1740 1548 1356 1164 968
DPPG 368 332 296 256 220 184
Cholesterol 0 232 460 692 920 1152
Water 123 586 123 586 123 586 123 586 123 586 123 586
Nanoparticle (NP) 1 1 1 1 1 1
Sodium ion in the inner compartment (with and without NP) 894 876 858 838 820 802
Sodium ion in the outer compartment (with and without NP) 894 876 858 838 820 802
Chloride ion in the inner compartment (with and without NP) 710 710 710 710 710 710
Chloride ion in the outer compartment (without NP) 710 710 710 710 710 710
Chloride ion in the outer compartment (with NP) 830 830 830 830 830 830
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inserted cholesterol molecule was set to the smallest inter-
molecular potential. Finally, MD simulations were performed
to equilibrate the cholesterol-containing membranes. To gra-
dually equilibrate the entire system, an equilibrium simulation
was performed with artificially reduced van der Waals para-
meters of cholesterol.*® Once the system was equilibrated with
the reduced van der Waals parameters in the NPT ensemble at
310 K and 1 bar, stepwise increases in the reduced van der
Waals parameters and the subsequent equilibration calcula-
tions were repeated.*® This procedure was repeated until the
van der Waals parameters reached their original values.

External electric field

To consider the external electric field E in the MD simulation,
the force F. = ¢;E was added to all CG sites with a charge g..**
E was applied downward along the negative z-axis and
perpendicular to the membrane surface, generating an electric
potential difference across the membrane. This resulting
potential difference was defined as the applied membrane
potential Ay,pp1. Alfappi Was calculated as Ayapp = |E|d, where
d is the thickness of the membrane. E was treated as a run
parameter for the CG-MD simulation. d was obtained from our
CG-MD simulation results for the fully equilibrated cholesterol-
containing membranes. Table 2 lists the calculated d. The
increase in d at higher cholesterol contents was attributed to
the condensing effect of cholesterol.*>*® In this study, the
simulations were conducted under a weak Ay, which was
lower than the membrane breakdown potential referred to as

Al,bap]:vl,c'

Simulation conditions

All simulations were performed using the GROMACS 4.0.7
package.’® The simulation results were visualized using the
Visual Molecular Dynamics 1.9.3 package.>® For simulations of
a cholesterol-containing membrane and solvents without NP
and electric field, the MD simulation was performed using the
NPT ensemble. For simulations of a cholesterol-containing
membrane with NP under an electric field, the MD simulations
were performed using the NPzAT ensemble, in which the tem-
perature, membrane area, and pressure along the membrane
normal were maintained constant.'®" The pressure was main-
tained at 1 bar using the Parrinello-Rahman pressure coupling
method,”® with a time constant of 12 ps and a compressibility
of 3 x 10~* bar™'. The temperature was maintained at 310 K
using a velocity rescaling method.>* The electrostatic interac-
tions were calculated using the particle mesh Ewald method
with a real-space cutoff length of 1.2 nm and a fast Fourier-
transform grid spacing of 0.24 nm. The relative dielectric
constant was set to 2.5, which was a requirement of the
polarizable water model*® used in this study. The Lennard-
Jones potentials for the van der Waals interactions were

Table 2 Membrane thickness d as a function of cholesterol content

Cholesterol contents [mol%] 0 10 20 30 40 50
Membrane thickness d [nm] 3.81 3.92 4.03 4.18 4.30 4.35
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calculated within a cutoff length of 1.2 nm. Periodic boundary
conditions were applied in all the directions. In the initial
configuration, the NP was placed above the outer surface of the
upper lipid bilayer. The dynamics of all the molecules and NP
under an applied electric field (E) were then simulated for
200 ns. The lower lipid bilayer was constrained during the
MD simulation to prevent the permeation of water and ions
across it. Five independent simulation runs were performed at
different initial lateral positions of the NP to evaluate the
occurrence probabilities of the NP behavior.

In this study, MD simulations for NP-membrane inter-
actions under an electric field were performed under the NPzAT
ensemble, in which the membrane area was constant. This was
necessary due to the presence of an electric field to avoid a
major artifact in the simulation that could lead to an unrealistic
change in the membrane area. Nevertheless, this constant-area
treatment raised a concern about whether the interaction
between the NP and the membrane can be simulated without
a change in the membrane area, which can be caused by
the interaction between the NP and the membrane. Thus, we
preliminarily investigated the lateral membrane pressure when
the NP-membrane interaction events (e.g., adhesion, penetra-
tion, and translocation) occurred under the electric field and
NPzAT ensemble. Consequently, the lateral pressure did not
change significantly even when the NP adhered to the
membrane and translocated across the membrane (for details,
please see Fig. S3 in the ESIt). These results indicate that the
influence of the NP-membrane interaction events on the
membrane lateral pressure was almost negligible in the case
of our simulation conditions. Thus, in this study, we consid-
ered that the interaction between the NP and the membrane
can be simulated even with the NPzAT ensemble. We expected
that the influence of NP-membrane interaction events on the
lateral pressure could be significant in the case of much larger
membrane deformation, for example, in the case of membrane
wrapping and vesiculation with a much larger NP.

Results and discussion
Effect of cholesterol on membrane properties

To investigate the effect of cholesterol on the membrane
properties, we conducted MD simulations of an equilibrated
system composed of a cholesterol-containing membrane and
solvents without NP and an electric field. In this investigation,
the NPT ensemble was applied.

To verify the CG-MD simulations in this study, the results
were compared with those of previous all-atomistic MD
simulations.>**> We calculated the area per lipid (Ajipia)**’
to measure the membrane packing density. Ajpiq was the
average surface area occupied by a single lipid molecule in a
membrane. Ajjpig Was calculated as Ajipiq = 4LxLy/Nijpia, where Ly
and L, are the lengths of the simulation system in the x- and
y-directions (in-plane direction), respectively, and Ny;,iq denotes
the total number of molecules comprising the double lipid
bilayers (i.e., DPPC, DPPG, and cholesterol). () denotes the
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Fig. 2 Area per lipid (Ajpig) as a function of cholesterol content in the
membrane. Lipid molecules were DPPC, DPPG, and cholesterol in this
study.

ensemble average of values within (). Fig. 2 shows Ajiq as a
function of cholesterol content. Aj;piq decreased with increasing
cholesterol content, indicating the typical condensing effect of
cholesterol in the lipid bilayer. The Ajpiq values calculated in
this study were in agreement with those calculated in all-
atomistic MD simulations,**** verifying the CG-MD simulation
in this study.

The effect of the cholesterol content on the critical applied
potential for membrane breakdown (Ay/appic) Was then investi-
gated. AYrappic Was defined as the minimum Ay, at which the
membrane was irreversibly disrupted. To determine A,y c, CG-
MD simulations were performed by applying various intensities of
Ao for 200 ns to a simulation system consisting of the
membranes and solvents without NP. The critical Ay, at which
the permanent transmembrane pore emerged, was defined as
A appic- Fig. 3 shows the relationship between the cholesterol
content in the membrane and Ay/qppi.c. AYappic increased as the
cholesterol content increased up to 30 mol%, whereas there was
little change in Ay/app1,c over 30 mol%. This non-monotonic trend
in Ay,pp1,c With respect to the cholesterol content was consistent
with the results of experimental studies.”>>® The increase in
Ay appi,c up to 30 mol% cholesterol was due to the tight packing
of lipid molecules derived from the cholesterol condensing
effect.*”*® This was confirmed by a decrease in Ajpig up to
30 mol% cholesterol, as shown in Fig. 2. However, Ajpiq in
Fig. 2 did not provide a reasonable explanation for the unchanged
AYappic over 30 mol% of cholesterol content, because Ajpiq
decreased even over 30 mol% of the cholesterol content. To
compensate for this gap, the area per phospholipid (Apc:pg) Was
calculated. Apcipg corresponds to the average surface area per
phospholipid (DPPC and DPPG) in the membrane. Apc.pg exhib-
ited only a cholesterol-condensing effect on phospholipid mole-
cules. Apcipg Was calculated using the following equation:*”

4 _ < 4L, L, > <1 ch) _ < 4L.L, > (1 Vchol )
PC+PG — \ 77 - - 3 15
Npc +PG Vinem N, PC+PG Vsys — Vol

1
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Fig. 3 Critical applied potential for membrane breakdown (Ay,pp1c) as a
function of cholesterol content in the membrane.

where Npcipg is the total number of phospholipid molecules
(DPPC and DPPG). Vcholy Vinem, Veysy and Vo are the volumes of
the whole cholesterol, whole membrane, whole simulation sys-
tem, and whole solvent compartments, respectively. To calculate
Venol, We used a volume of 0.593 nm® per cholesterol molecule*®
and multiplied it by the number of cholesterol molecules.
To calculate Vi, we used the water slab volume obtained from
the CG-MD simulation using the MARTINI force field and the ion
volume from the literature.’® Fig. 4 shows Apc.pg as a function of
cholesterol content. Apcipg decreased as the cholesterol content
increased, whereas Apc.pg remained almost unchanged over
30 mol% cholesterol. This result suggests that the cholesterol-
condensing effect on phospholipid molecules was saturated at a
cholesterol content of over 30 mol%. This saturation led to the
unchanged Ay, ¢ at a cholesterol content of over 30 mol%.

Direct translocation of the NP across a cholesterol-containing
lipid bilayer under an external electric field

Interaction between the NP and the lipid bilayer containing
cholesterols under various applied membrane potentials

300 T T T T

Critical applied potential for
membrane breakdown, Ay ,ppic [MV]

200 1 1 1 1
0 10 20 30 40 50

Cholesterol content in membrane [mol%)]

Fig. 4 Area per phospholipid (Apc+pc) as a function of cholesterol content
in the membrane.
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(AWrapp1) was investigated with a simulation system composed of
the double lipid bilayers, solvents, and NP. The NP behavior
under various conditions can be classified into three modes,
as shown in Fig. 5a: NP adhesion to the outer surface of the
membrane (mode I), NP translocation with self-resealing of the
pore (mode II), and NP translocation with persistent porosity
(mode III). In mode I, the positively charged NP adhered to the
surface of the membrane containing negatively charged DPPG,
and no NP translocation across the membrane was observed.
In mode II, the NP directly translocated across the membrane;

Mode I: Adhesion to membrane surface

DR

Top view

Slde view

View Article Online
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notably, the transient transmembrane pore was immediately
resealed after NP translocation.’®>' Mode 1I is the ideal trans-
location pathway. In mode III, direct translocation of the NP
across the membrane was also observed; however, transmem-
brane pores formed after NP translocation.

Fig. 5b shows the mapping result of the three modes as
a function of cholesterol content (x-axis) and the applied
membrane potential Ay, (y-axis). We mapped the mode of
NP behavior with the highest occurrence probability among five
independent runs. Each mode of the NP behavior is depicted by

Mode II: Translocation with self-resealing

Fig. 5
membrane potential, Ay oo

21234 | Phys. Chem. Chem. Phys., 2024, 26, 21229-21239
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(a) Three-typical modes of NP behaviors. (b) Classification diagram of representative NP behavior with respect to cholesterol content and applied
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different symbols and colors in Fig. 5b. The results revealed
that the NP was able to translocate across the cholesterol-
containing membranes. Here, it was worth noting that the
width of Ay,p, that induced the mode II behavior (circle
symbols in Fig. 5b), which was an ideal translocation pathway,
became wider at a higher cholesterol content. As presented in
the previous section, a higher cholesterol content generally
leads to a more rigid and mechanically stable lipid bilayer,
owing to the cholesterol-condensing effect. Therefore, we
expected that the NP would be unlikely to translocate across
membranes with a higher cholesterol content. However, the
results of the CG-MD simulation contradicted this expectation.

With an increase in Ay,pp;, the NP behavior shifted from
mode I to mode II and then to mode III at any cholesterol
content. As seen in Fig. 5b, the broadening of the Ay,pp1-
window for mode II at a higher cholesterol content resulted
from transitions in specific criteria with increasing cholesterol
content. The Ay pp-criterion between modes I and II exhibited
only a slight variation as the cholesterol content increased.
Conversely, the Ay,,p-criterion between modes II and III
increased with a higher cholesterol content. In the next section,
the behaviors of these two Ay ,p-criteria were discussed in
detail by analyzing the simulation results.

To verify the aforementioned transitions of the Ay ppr-criteria
obtained from the MD simulation, the membrane-crossing of NP
across cholesterol-containing lipid bilayer membranes was inves-
tigated experimentally using a planar bilayer lipid membrane with
the electrophysiological technique.*” Details of the experimental
method and results can be seen in the ESI{ (Fig. S1, S2, and
Table S1). The experimental results demonstrated qualitative
agreement with the simulation in terms of the Ay,ppr-criteria
transitions observed in the MD simulation, thereby validating the
simulation results.

Change in lipid composition at the NP-membrane contact
interface

To investigate why the Ay, -criterion between modes I and II
exhibited only a slight variation with increasing cholesterol
content, we focused on changes in lipid composition at the
NP-membrane contact interface.

Fig. 6a shows typical snapshots of mode II. Snapshots were
taken from the side and top (positive z-axis direction) of
the membrane at the onset of NP adhesion to the membrane
core (27.2 ns) and immediately before NP penetration into the
membrane (158.4 ns). DPPC is depicted in transparent gray.
In the top view, the NP is represented by a black circle
corresponding to its projected area. At the onset of NP adhe-
sion, both cholesterol and DPPG were observed within the
black circle, indicating that both cholesterol and DPPG were
present at the NP-membrane contact interface. However, just
before NP penetration, cholesterols existing at the contact
interface were lower, whereas the DPPG-rich domain was
formed at the contact interface. Fig. 6b shows the temporal
change in lipid composition at the NP-membrane contact
interface during NP adhesion to the membrane in mode II.
The shaded areas in Fig. 6b represent periods of NP adhesion to
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Fig. 6 (a) Side and top views of snapshots in mode Il at the onset of NP

adhesion to the membrane and just before NP penetration into the
membrane. The DPPC molecules are depicted in transparent gray, and
the projected area of the NP is denoted by a black circle. Only the outer
leaflet in the upper bilayer is shown in the top views for clarity.
(b) Temporal change in the local lipid composition at the NP-membrane
interface in the case of a 30 mol% cholesterol content and an applied
membrane potential of 165 mV. The region with a red background
indicates the duration during which NP adhered to the membrane, while
the region with a gray background indicates the duration during which NP
penetrated the membrane.

the membrane surface (orange) and NP penetration and trans-
location (light gray). In this study, lipids at the NP-membrane
contact interface refer to lipid molecules within 2.55 nm (NP
radius +0.6 nm) from the center of mass of the NP. Fig. 6b
shows that, during NP adhesion to the membrane surface, the
local content of negatively charged DPPG at the contact inter-
face increased, whereas the cholesterol content decreased.
Furthermore, just before NP penetration, a rapid increase in
the DPPG content and a rapid decrease in the cholesterol
content were observed. The observed result indicates that the
Coulombic force between the positively charged NP and the
negatively charged DPPG induced a change in the local lipid
composition at the NP-membrane contact interface, deviating
from the whole membrane-based lipid composition.
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Fig. 7 Comparison between the local lipid contents at the NP-
membrane contact interface just before NP penetration and those in the
whole membrane. The lipid contents at the contact interface were
calculated in mode Il by time averaging over 5 ns just before the onset
of NP penetration. The time-averaged content was further averaged over
five independent runs with various initial positions of the NP.

Fig. 7 shows the comparison between the local lipid con-
tents (cholesterol, DPPG, and DPPC) at the NP-membrane
contact interface just before NP penetration and the overall
lipid contents in the whole membrane. It was clearly demon-
strated that the DPPG-rich/cholesterol-poor domain (as com-
pared to the lipid contents in the whole membrane) was formed
at the NP-membrane contact interface at any cholesterol
contents. We speculate that this DPPG-rich/cholesterol-
poor domain may be responsible for the observed invariance
(0-40 mol% cholesterol) and a slight increase (40-50 mol%
cholesterol) in the Ay, -criterion between modes I and II with
increasing the cholesterol content. Further theoretical under-
standing and quantitative modeling are required to elucidate
the quantitative relationship between the local content of
ternary lipids and Ay, at the NP-membrane contact inter-
face, which is likely to be a complex nonlinear relationship.
This will be the subject of future work.

Size of the pore formed in the membrane during NP
translocation

To investigate why the Ay, -criterion between modes II and
III became higher at a higher cholesterol content, the size of the
pore formed in the membrane during NP translocation was
analyzed. Fig. 8a shows the top view of the pore during NP
translocation across the membrane. The snapshots show that
the gap between the NP and lipid molecules was smaller at
higher cholesterol contents (40 and 50 mol%), indicating that
the NP passed through the pore consisting of more tightly
packed lipid molecules at higher cholesterol contents. Fig. 8b
shows the pore areas for different cholesterol concentrations.
The pore area was defined as the projected area of the lipid-free
region of the membrane in the top view from the positive
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membrane. (b) Pore area formed during NP translocation as a function
of cholesterol content in the membrane under an applied membrane
potential of 165 mV. The dashed line was the projected area of the NP. The
pore area was calculated as the average value of five independent runs
with various initial positions of the NP. The error bars represent its
maximum and minimum values.

direction of the z-axis."”*" It was confirmed that the pore area

at higher cholesterol contents (40 and 50 mol%) was smaller
than that at a lower cholesterol content (30 mol%). The pore
areas at 40 and 50 mol% were almost equivalent to the
projected area of the NP. When the pore formed during NP
translocation is small, it is likely to self-reseal after NP translo-
cation. Therefore, with an increase in cholesterol content, the
membrane becomes more prone to self-resealing after NP
translocation.

In summary, it was found that the NP passed through
smaller transmembrane pores at higher cholesterol contents,
leading to an increase in the Ay/,,p-criterion between modes II
and III at higher cholesterol contents.

Mechanism of NP translocation across a membrane containing
cholesterol

According to the above discussion, the mechanism of NP
translocation across cholesterol-containing membranes is as
follows (Fig. 9). First, the positively charged NP adheres to the
outer surface of the membrane owing to the electrostatic forces
induced by the applied electric field and Coulombic interactions
with the negatively charged membrane (Fig. 9a). Subsequently,
negatively charged DPPG molecules accumulate at the NP-
membrane interface owing to Coulombic attraction between them
and the positively charged NP (Fig. 9b). This accumulation results
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Fig. 9 Schematic of the mechanism of NP translocation across the cholesterol-containing membrane.

in a DPPG-rich/cholesterol-poor domain at the contact interface.
As a result, the cholesterol-condensing effect is locally reduced
at the interface as compared to the whole membrane-based
condensing effect, leading to the direct translocation of the NP
across the membrane, even at the cholesterol-containing
membrane. Furthermore, the transmembrane pore formed
during NP translocation became smaller in the cholesterol-
containing membrane (Fig. 9c). After NP translocation, the
small pore readily reseals, allowing for the self-resealing of
the membrane (Fig. 9d).

Conclusions

In this study, we investigated the direct translocation of an NP
across a cholesterol-containing lipid bilayer under an external
electric field using CG-MD simulations. We found that a
positively charged NP translocated directly across cholesterol-
containing membranes without irreversible membrane disrup-
tion. The range of the applied membrane potential that
induced this unique NP translocation mode became wider in
the cholesterol-containing membranes. Two key phenomena
have been identified to explain the unique effects of choles-
terol. First, before the NP crossed the membrane, a DPPG-rich/
cholesterol-poor domain was formed at the NP-membrane
contact interface because of the Coulombic attraction between
the positively charged NP and negatively charged DPPG lipids.
Second, a higher cholesterol content in the membrane led to
smaller transmembrane pores during NP translocation. These two
key phenomena resulted in the local reduction of the cholesterol
condensing effect at the contact interface and the ease of
membrane self-resealing. As a result, the range of the applied
membrane potential that induced membrane crossing of the NP
without persistent membrane disruption expanded with a higher
cholesterol content.
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