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We use a coarse-grained molecular dynamics simulation to investigate the interaction between neutral or
charged nanoparticles (NPs) and a vesicle consisting of neutral and negatively charged lipids. We focus on the
interaction strengths of hydrophilic and hydrophobic attraction and electrostatic interactions between a lipid
molecule and an NP. A neutral NP passes through the lipid membrane when the hydrophobic interaction is
sufficiently strong. As the valence of the positively charged NP increases, the membrane permeation speed of
the NP is increased compared with the neutral NP and charged lipids are accumulated around the charged NP. A
charged NP with a high valence passes through the lipid membrane via a transient channel formed by charged
lipids or transportlike endocytosis. These permeation processes can be classified based on analyses of the density
correlation function. When the nonelectrostatic interaction parameters are large enough, a negatively charged
NP can be adsorbed on the membrane and a neutral lipid-rich region is formed directly below the NP. The NP
is spontaneously incorporated into the vesicle under various conditions and the incorporation is mediated by the
membrane curvature. We reveal how the NP’s behavior depends on the NP valence, size, and the nonelectrostatic

interaction parameters.
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I. INTRODUCTION

Phospholipids, which are typical amphiphilic molecules,
self-assemble into a bilayer structure in the aqueous phase so
as to protect their hydrophobic parts from the aqueous phase.
The bilayer structure is essentially the same as the structure of
the plasma membrane, and thus phospholipid vesicles, which
are spherical closed bilayers, are widely used as a simple
model for cells. Various physicochemical phenomena in lipid
vesicles are deeply related to biocellular functions [1]. In mul-
ticomponent lipid membranes, a compositional heterogeneous
structure emerges spontaneously at lower temperatures [2,3].
This phase separation has attracted great attention in relation
to raft domains in biomembranes [4,5]. Moreover, dynamic
membrane deformation, such as endocytosis and exocytosis,
can be reproduced in some vesicular systems [6].

Biomembranes also contain negatively charged lipids in
addition to zwitterionic lipids. Negatively charged lipids, such
as phosphatidylserine, phosphatidylglycerol, phosphatidyli-
nositol, phosphatidic acid, and cardiolipin, play important
roles in protein adsorption on membranes [7] and channel ac-
tivity [8]. In addition, several studies reported that negatively
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charged lipids greatly affect phase separation and membrane
deformation in artificial lipid membranes. For example, the
suppression of the phase separation in unsaturated charged
lipid-containing membranes was examined, and the addition
of salt made the phase behavior similar to that of neutral
membranes [9—12]. This behavior was explained by theoreti-
cal and numerical studies [13-16]. In addition, decreasing the
temperature spontaneously changed the vesicle morphology
from spherical to disk shape [17]. Thus, electric charges on
lipids play important roles in membrane stability, which is a
crucial factor in the uptake of proteins and drugs into cells.
The interaction between nanoparticles (NPs) and the
plasma membrane is important in NP cytotoxicity in the
development of nanotechnology and drug delivery [18,19].
Moreover, this type of interaction is also relevant to the uptake
of viruses into cells [20]. Many studies using living cells
have been performed to reveal how NPs and nanomaterials
are incorporated into cells and the cytotoxicity caused by
NP incorporation. Various materials, such as fullerene [21],
carbon nanotubes [22], dendrimers [23,24], gold NPs [25],
cobalt oxide particles [26], and quantum dots [27], have been
investigated. Studies using vesicles focus on the interaction
between NPs and lipid membranes and the uptake behavior
of NPs into vesicles [28]. Changes in membrane surface
properties [29,30], membrane protrusion [31], and emergence
of lipid accumulation [32-34] have been observed by NP
and protein adsorption on lipid membranes. Furthermore, the
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uptake behavior of NPs into vesicles has also been studied;
the membrane permeation and endocytic behavior of NPs
or nanoemulsions [35-37] and the effects of phase-separated
domains on NP permeation [38] have been examined
experimentally.

One of the NP uptake behaviors is a passive process.
Passive processes are caused by the interaction between the
NP and membrane without an external energy supply. To
understand NP uptake better, it is important to understand
the passive process mechanism, which is the basic uptake
mechanism [39]. Because it is difficult to observe the dynamic
behavior of NP uptake on the nanometer scale experimen-
tally, numerical simulation studies have been performed. The
hydrophobic interaction between the lipid membrane and
the hydrophobic part of NPs, the specific interaction between
the lipid membrane and ligands grafted onto the surface
of NPs, and the electrostatic interactions between the polar
groups on the lipid headgroups and charged NPs all play
important roles in NP uptake. In the studies of the hydropho-
bic interactions and ligand interactions, the size, shape, and
surface properties of the NPs [39—43] and the cooperative
behavior of multiple NPs [44] have been discussed. In par-
ticular, the receptor-mediated endocytosis of NPs can be
described by the competition between the curvature elastic
energy of lipid membrane and the attractive energy between
lipid membrane and NPs via ligand-receptor binding [39]. The
endocytic motion of larger NPs occurs easily, since the energy
loss by curvature change becomes smaller and the energy
gain by the attractive energy becomes larger. However, the
model is not sufficient because the lipid membrane consists
of a single component and the long-range interaction, such as
electrostatic interaction, is not taken into account.

Although calculations that include the electrostatic inter-
actions usually become complicated due to the long-range
nature of electrostatic interactions, several studies have simu-
lated NP uptake mediated by electrostatic interactions [45,46].
In particular, the interaction between charged NPs and a
mixed membrane consisting of neutral and charged lipids
was investigated to mimic the cellular environment [46—48].
Lipids with charge opposite to NPs are accumulated in the
NP adsorption part [46,47]. As a result, the large adsorp-
tion energy derived from electrostatic interaction is obtained,
which overcomes the curvature energy loss, and endocytic
movement occurs. This picture is essentially the same as the
receptor-mediated endocytosis. However, there are still few
of these studies and most studies use a box-spanning flat
membrane, where the asymmetry between the inner and outer
space is not incorporated, and the vesicular environment with
electrostatic interactions is usually not considered. Further-
more, it is necessary to investigate how NP incorporation into
a vesicle depends on interaction and NP size because the types
of NPs and drugs are diverse.

We have previously conducted a coarse-grained molecular
dynamics (CGMD) simulation to examine the dynamic be-
havior of binary lipid membranes consisting of neutral and
charged lipids [16]. In the present study, we investigate the
dynamic behavior of an NP placed near the outer leaflet of
a charged lipid membrane based on the previous CGMD
simulation. CGMD is suitable for describing the uptake of
NPs into a vesicle while changing the interaction strength. We

systematically change the strengths of hydrophilic, hydropho-
bic, and electrostatic interactions between a lipid molecule
and an NP. The details of the CGMD simulation are intro-
duced in Sec. II. The interaction between a neutral NP and a
charged membrane and the dynamic behavior of a neutral NP
are presented in Sec. IIT A. The interaction and the dynamic
behavior of a charged NP are discussed in Sec. III B. Finally,
we discuss the implications of our work and compare it with
other studies in Sec. I'V.

II. METHODS

Based on our previous CGMD simulation [16], which
was based on the CGMD simulation by Cooke et al. [49],
we calculate the behavior of charged lipid membranes. This
model describes the phase separation and spontaneous mem-
brane morphological change of charged lipid membranes well
[16,17]. In the present study, we calculate the interaction
between a charged lipid vesicle modeled by our previous study
and an NP.

A lipid molecule consists of one hydrophilic head bead
and two hydrophobic tail beads. For convenience, we refer
to the hydrophilic bead, the hydrophobic bead in the center
of lipid molecule, and the hydrophobic bead at the end of a
lipid molecule as the a-bead, b-bead, and c-bead, respectively.
These beads are connected linearly through springs. The lipid-
lipid and NP-lipid interactions are indicated by superscripts
LL and NL, respectively. The excluded-volume interaction
between two beads separated by distance r is

b\12 b\0 | 1
Vr(eLL)(r; b) — 41)[(;) - (;) + Z]’ r < Te, (1)
) r>re,

where r. = 2!/6b and v = kgT is the unit of energy, where
kg is the Boltzmann constant and 7 is absolute temperature.
To form a stable bilayer, bpeadhead = Phead.tail = 0.950 and
bl il = o are chosen [16,49]. Here o is the unit of length
corresponding to the cross-sectional diameter of a single lipid
molecule. The stretching and bending potentials of bonds
between connected beads are expressed as

Voond () = Skbona (r — 0)? 2)
and
Voend (0) = S kpena (1 — cos 6)?, 3)

where kpong = 500v is the bonding strength of connected
beads, kpena = 60v is the bending stiffness of a lipid molecule,
and 6 is the angle between adjacent bond vectors. The hy-
drophobic attractive interaction among hydrophobic beads is
expressed as

—0, r<re,
Vi) =1 —veos? [F9] e <r<retwe @)
0, r>r.+ we,

where w, is the cut-off length for the attractive potential. The
electrostatic repulsion between charged hydrophilic beads is
described as the Debye-Hiickel potential

(LL) exp(—r/¢p)
A — )

(r) =vlpz122
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where ¢g = o is the Bjerrum length, z; and z, are the
valencies of the interacting charged headgroups, and {p =
o+/€kpT /noe? is the Debye—Hiickel screening length, which
is related to the bulk salt concentration, ny, where € and e are
the dielectric constant of the solution and elementary charge,
respectively. As a salt, we consider a symmetric monovalent
salt, such as NaCl. Because typical charged headgroups, such
as phosphatidylglycerol, phosphatidylserine, phosphatidyli-
nositol, and phosphatidic acid, have a monovalent charge, we
set 71 =z = —1. We do not set a cutoff for this screened
electrostatic interaction. The modeling so far is the same as
our previous study [16].

Next, the interaction between an NP with diameter d and
lipids is introduced. The potential between an NP and lipid
beads is expressed based on the Lennard-Jones potential,

12 6
%?”u>=4w{(§> -—(?)]. ©6)

We set v, = v, for the hydrophilic beads and v, = vy for
the hydrophobic beads. The electrostatic interaction between
a charged NP and charged beads is written as

{82120
[1+ (o/2ep)1[1 + (d/2¢p)]
o exp{—[r — (o +d)/2]/¢p}
r 9

Vi) = v

(7

where z, is the NP valence. We consider that the electric
charges are distributed on the surface of NP in this potential
[50]. Our simulation implicitly considers the same salt solu-
tion for exterior and interior of the vesicle and the same salt
solution is also present inside the membrane in this modeling
of electrostatic interaction. It should be noted that we do not
consider the presence of water molecules explicitly. Instead,
it is included as electrostatic interaction implicitly. Therefore,
in this calculation, volume change of water phase inside the
vesicle and osmotic pressure are not taken into account.

Each bead and an NP obey the stochastic dynamics de-
scribed by the Langevin equation,

dZI‘i dr,'
"ar T

where m = 1 and n = 1 are the mass and drag coefficients,
respectively. Forces f' are obtained from the derivatives
of the interaction potentials Eqs. (1)-(7) for the beads and
Egs. (6) and (7) for the NPs. Constant T = no2/v is chosen
as the unit for the timescale, and the time increment is set
at dt = 7.5 x 10731, which is sufficiently small to keep the
stability of the calculation. The Brownian force, §;, satisfies
the fluctuation-dissipation theorem

(&:(1)8;(1)) = 6und;;s(t —1'). €))

The calculated lipid membrane is a binary mixture of
A-lipids with a monovalent electric charge at the head
beads, corresponding to charged lipids and neutral lipid
(B-lipid). Charged lipid (A-lipid) is represented by red
(dark in grayscale) hydrophilic bead and green hydrophobic
beads, while neutral lipid (B-lipid) is represented by yellow
(light in grayscale) hydrophilic bead and cyan hydrophobic
beads. A lipid vesicle is composed of 2500 charged lipids
(A-lipids) and 2500 neutral lipids (B-lipids), and the salt

+fi + &, (8)

concentration is 100 mM. The fraction of charged lipids in
plasma membranes is roughly 20-30%. On the other hand,
various compositions have been used in the experiments
with artificial lipid membranes to investigate the effect of
electrostatic interaction [9-12,17]. Hence, we calculate 50%
charged lipid-containing membranes to see the effect of the
electrostatic interaction clearly. We constructed the vesicles
with setting lipids randomly by hand as spheres as shown in
Fig. S1(a) [51] and then started the simulations [17]. Before
we calculate the interaction between an NP and the lipid
membrane, we perform the calculation until # = 10 x 7500t
to relax the lipid membrane structure sufficiently [16].
The cutoff lengths for the attractive interaction among
hydrophobic beads are set to w2 /o = 1.8, w8 /o = 1.7,
and wB /o = 1.575. When the phase separation takes place
at wAB /o = 1.55, the attractive energy among hydrophobic

beads Va([LL) gradually decreases and reaches the plateau after
t =2 x 7500t as shown in Fig. S1(b) [51]. Therefore, the
membrane structure at ¢t = 10 x 7500t can be regarded as a
sufficiently relaxed state, even if the phase separation does
not occur at wAB /o = 1.575. More details of the relaxation
process are shown in Fig. S1 [51]. As the initial state of
the membrane structure, we choose a sufficiently relaxed
membrane att = 10 x 75007. After an NP is put on the outer
leaflet of a vesicle with zero velocity (we reset this time as t =
0 x 75007), we start the calculation for r = 1 x 75007. As
for NP size, it has been reported that NPs less than 3.1 nm can
easily pass through a lipid membrane [38]. Therefore, we use
two sizes of NPs, d /o = 2 and 5 which roughly correspond to
1.4 and 3.5 nm, respectively. We use vy, /kgT = 1, 2, and 3;
un/kgT =1, 2, and 3; and z, = 0, +10, +-50, 4150, +200,
and —50. vy, and vy are related to the phase equilibrium
between adsorbed and dispersed states, where the solubility is
roughly estimated as exp(—v*/kgT) for v* = vy, or vy. The
all parameters are summarized in Table S1 [51]. Calculations
are performed at least three times for each condition to ensure
data reproducibility. We show a representative result in the
calculations we performed. The results shown are almost
identical to the other calculation results, which are shown in
Figs. S6, S7, S8, S9, and S10 [51].

III. RESULTS
A. Neutral NP

In this section, we investigate the interaction between a
neutral NP (z, = 0) and a charged vesicle. The nonelectro-
static interaction parameters of the Lennard-Jones potential
VL(FL), Unn/kgT and vy /kg T, are changed from 1 to 3, and the
dynamic behavior of an NP with the diameter d /o = Sor 2 is
examined. To ensure data reproducibility, the results obtained
by the other two calculations are shown in Fig. S6 [51].

Figure 1 shows typical dynamic behavior of an NP for
d/o =5, van/kgT = 2, and vy /kgT = 3, and the NP passes
through the lipid membrane [Fig. 1(a)]. First, the NP is
strongly adsorbed on the outer leaflet [snapshot at r =
0.04 x 75007 in Fig. I(a)], passes through the hydropho-
bic region of the lipid membrane [snapshot at + = 0.07 x
75007 in Fig. 1(a)], and is finally adsorbed on the inner
leaflet [snapshots after + = 0.18 x 75007 in Fig. 1(a)]. The
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FIG. 1. (a) Typical snapshots of the permeation sequence of a neutral NP (z, = 0) for d/o =5, vy /kgT = 2, and v, /kgT = 3. Charged
lipid (A-lipid) is represented by red (dark in grayscale) hydrophilic beads and green hydrophobic beads, while neutral lipid (B-lipid) is
represented by yellow (light in grayscale) hydrophilic beads and cyan hydrophobic beads. (b) Time evolution of the Lennard-Jones potential
between the NP and lipids, VL(FL), for t =1 x 75007. (c) Enlarged graph for time evolution of the Lennard-Jones potential between the NP
and lipids, VL(JNL) until # = 0.1 x 75007. (d) Time evolution of the electrostatic interaction between lipids, Ve(lLL), fort =1 x 7500z. [(e) and
(f)] Density correlation functions of lipids and beads around the NP at r = 0.07 x 75007, respectively. Red and blue lines in (e) indicate the
density correlation functions of A- and B-lipids, respectively. Red, blue, and green lines in (f) indicate the density correlation functions of the
a-, b-, and c-beads, respectively. [(g) and (h)] Density correlation functions of A- and B-lipids in the inner leaflet in (g) and outer leaflet in (h)
around the NP at # = 1 x 75007. Red and blue lines indicate the density correlation functions of A- and B-lipids, respectively.

Lennard-Jones potential between the NP and lipids, VL(?L),
is shown in Fig. 1(b). Figure 1(c) shows the enlarged view
from f = 0 to 0.1 x 75007 in Fig. 1(b). The potential V,}"
is immediately decreased and becomes almost constant until
t ~ 0.05 x 75007. This step indicates the adsorption of the
NP on the lipid membrane. The sudden energy decrease by
the NP adsorption is found in all three calculations as shown in
Fig. 6 [51]. Just after # ~ 0.05 x 75007, the potential V"’
is dramatically decreased again. This process is the perme-
ation of the NP through the lipid membrane. This energy drop
is also found in other two calculations at r = 0.02 x 7500t
and r = 0.07 x 75007 (Fig. S6 [51]), which are almost the
same timescale as # = 0.05 x 75007. For NP passage through
the bilayer membrane, lipids are pushed away by NP. The
displaced lipids return to fill the hole at r = 0.18 x 75007, in
other words, the defect made by NP passage is completely
fixed. The NP that has passed through the membrane is

adsorbed on the inner leaflet. The potential VL(}\IL) gradually

decreases from t = 0.18 x 7500t because the vesicle shape
elongates to fit the NP [Fig. 1(a)]. The electrostatic interaction
between charged lipids, Ve(lLL), is not changed significantly
[Fig. 1(d)]. Therefore, the lipid distribution in the membrane
is not changed by the adsorption or the permeation of the NP.

We note that the timescale of permeation (¢ ~ 0.1 x
75007) is much shorter than that of membrane relaxation (r ~
2 x 75007) as shown in Fig. S1 (b) [51]. From Fig. S1 [51],
the attractive energy V,\"" is decreased from —1.31 x 10%kgT
to —1.33 x 10°kgT and the decrease is 2 x 10°kgT. The
energy difference per lipid is 2 x 10%kgT /5000 = 0.4kgT,
which is smaller than vy, and v,. Therefore, during the
permeation process, the interaction between NP and lipid is
predominant as compared to lipid-lipid interaction, and the
permeation timescale is almost determined only by the NP-
lipid interaction.

We focus on the process of the NP permeation through the
lipid membrane. Att = 0.07 x 75007, the NP passes through
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the lipid membrane. In Fig. 1(e), the density correlation
functions of A- and B-lipids around the NP are indicated by
red and blue lines, respectively. When the distance from the
NP is defined as ry, these lines start from r,, /o = 2.5 located
on the surface of NP and go up to 0.6 immediately. The values
of density correlation functions keep around 0.6. Therefore,
these lines change in the same way, indicating that the A- and
B-lipids are uniformly distributed around the NP. Figure 1(f)
shows the density correlation functions of hydrophilic a-beads
(red line), hydrophobic b-beads located at the center of the
lipid molecules (blue line), and hydrophobic c-beads located
at the end of the lipid molecules (green line) around the NP.
There are more hydrophilic beads near the NP and we can see
the peak value 0.7 at r, /o = 3.5.

Finally, the NP is adsorbed on the inner leaflet and induces
the slight elongation of the vesicle. The NP adsorbed to the in-
ner leaflet tends to deform the lipid membrane and come into
contact with the membrane of a larger area. As a result, the
vesicle is elongated. This is caused by competition between
adsorption energy and curvature energy to bend the lipid
membrane. The angle which determines the adsorption area
is shown in Fig. S11 [51], and it is 213.5 & 1.0° for z, = 0,
vnn/kgT = 2, and vy /kgT = 3. In addition, the density
correlation functions of A- and B-lipids in the inner and
outer leaflets around the NP are shown in Figs. 1(g) and 1(h),
respectively. In the inner leaflet, there is a slight increase in
neutral lipids (B-lipids) near the NP. The inner leaflet near
the NP has a large negative curvature to adsorb to the lipid
membrane, and the charged headgroups are close to each
other. Consequently, it is difficult for charged lipids (A-lipids)
to exist in this region due to the large electrostatic repulsion
between charged lipids (A-lipids). On the other hand, in the
outer leaflet, there are some charged lipids (A-lipids) near
the NP. Because the outer leaflet has a positive curvature, the
electrostatic repulsion is decreased, allowing charged lipids
(A-lipids) to localize in this region. However, the effect of
lipid accumulation induced by the vesicle shape deformation
is limited.

The NP is placed near the outer leaflet and spontaneously
enters the interior of the vesicle. Because the vesicle size is
small, the NP on the inner leaflet can interact with many lipid
beads without large membrane deformation; the curvature
of NP fits the inner membrane easily. The Lennard-Jones
potential in the inner leaflet is smaller than that in the outer
leaflet [Fig. 1(b)], which is the driving force that allows the
NP to enter the vesicle spontaneously.

We summarize the dynamic behavior of a neutral NP with
d/o =5 in Fig. 2(a) and with d /o = 2 in Fig. 2(b). Typical
snapshots of the final state at t = 1 x 75007 are shown in
Fig. 2(c). When the interaction parameter between the NP
with d/o = 5 and the hydrophobic beads, vy /kgT, is less
than 2, the NP is adsorbed on the outer leaflet and does not
enter the inside of the membrane or the vesicle [Fig. 2(a)].
At vy /kgT = 3, the NP can disturb the membrane structure
and can remain in or pass through the lipid membrane. On
the other hand, a smaller NP with d/o = 2 is not adsorbed
on the outer leaflet when the interaction parameters are
too small (vy,/kgT = vy /kgT = 1). Because the small NP
interacts with only a few lipid beads, it desorbs from the outer
leaflet. Unlike the larger NP, the smaller NP can adsorb on

(a) dlo=5 (b) dic=2
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“52 o oi ’*52 o oEA
gl gl ----- -EOEA
E F b

1 2 3 1 2 3
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- w 2& /
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x Desorption from
hydrophobic core
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°

FIG. 2. [(a) and (b)] Summary of neutral NP behavior at t =
1 x 7500t for d/o =5 and 2, respectively. Open circles, gray
squares, filled triangles, and the cross indicate adsorption on the outer
leaflet, adsorption on the inner leaflet, localization in the hydrophobic
core, and desorption from the outer leaflet, respectively. Dashed
lines roughly indicate the boundaries of the behaviors. Schematic
illustration of NP behavior is shown in a square box. (c) Typical
snapshots of NP behavior.

the inner leaflet for vy, /kgT = 3 and vy /kgT = 2. Moreover,
the smaller NP tends to localize in the hydrophobic region
of the lipid membrane as it does not disturb the membrane
structure greatly. Some snapshots and density correlation
functions for d /o = 2 are shown in Fig. S3 [51].

B. Charged NP

Next, we place a charged NP (z, # 0) on the outer leaflet.
First, the valence of an NP is set to z, = +50. Typical
dynamics for d/o =5, v /kgT =2, and vy /kgT = 3 are
shown in Fig. 3. The parameters, except for the NP valence,
are the same as for the calculation in Fig. 1. To ensure data
reproducibility, the results obtained by the other two calcula-
tions are shown in Fig. S7 [51]. As shown in the snapshots in
Fig. 3(a), the charged NP passes through the lipid membrane
and is adsorbed on the inner leaflet. This behavior is similar
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FIG. 3. (a) Typical snapshots of the permeation sequence of a charged NP (z, = +50) for d/o =5, v /kgT = 2, and vy /kgT = 3.
Charged lipid (A-lipid) is represented by red (dark in grayscale) hydrophilic beads and green hydrophobic beads, while neutral lipid (B-lipid)
is represented by yellow (light in grayscale) hydrophilic beads and cyan hydrophobic beads. (b) Time evolution of the Lennard-Jones potential
between the NP and lipids, VL(}\IL) (black line), and the electrostatic interaction between the NP and lipids, Ve(lNL) (red line), fort = 1 x 75007.
(c) Time evolution of the electrostatic interaction between lipids Ve(lLL) fort =1 x 75007. [(d) and (e)] Density correlation functions of lipids
and beads around the NP at r = 0.02 x 75007, respectively. Red and blue lines in (d) indicate the density correlation functions of A- and
B-lipids, respectively. Red, blue, and green lines in (e) indicate the density correlation functions of a-, b-, and c-beads, respectively. [(f) and
(g)] Density correlation functions of A- and B-lipids in the inner leaflet in (f) and outer leaflet in (g) around the NP at r = 1 x 75007. Red
and blue lines indicate the density correlation functions of A- and B-lipids, respectively. (h) Snapshots at t = 1 x 75007. [(i) and (j)] Lipid
distribution changes in inner and outer leaflets as functions of distance and time, respectively. Color represents lipid distribution, and positive
and negative values indicate charged lipid (A-lipid)-rich region and neutral lipid (B-lipid)-rich region, respectively.

to that of a neutral NP (Fig. 1). However, the membrane
permeation speed for a charged NP is faster than that for a
neutral NP. For the charged NP, the NP is adsorbed on the
inner leaflet at t = 0.13 x 75007, whereas the NP adsorption
on the inner leaflet is observed from ¢ = 0.18 x 75007 for
the neutral NP. The Lennard-Jones potential between the
NP and lipids, V"’ [black line in Fig. 3(b)], immediately
decreases and the stepwise decrease observed in Fig. 1(b)

does not occur. In contrast to the neutral NP, the electrostatic
interaction between the charged NP and the lipids, Ve(lNL) [red
line in Fig. 3(b)], makes a strong contribution and the energy
is significantly decreased. The fast membrane permeation is
attributed to this electrostatic energy gain.

We show the density correlation functions of A- and B-
lipids around the NP in Fig. 3(d) to investigate the process of
the permeation through the lipid membrane (t = 0.02x75007).
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Since the values of density correlation functions for charged
lipid (A-lipid) and neutral lipid (B-lipid) are about 0.7 and 0.5
at r,/o = 3, respectively, the number of negatively charged
lipids (A-lipids) is larger near the positively charged NP. This
may be caused by the electrostatic attraction between the NP
and charged lipids (A-lipids). Figure 3(e) shows the density
correlation functions of a- to c-beads that make up the lipids
around the NP. There are slightly more hydrophilic beads near
the NP (0.8 at r, /o = 3). This effect is also small, because the
indistinguishable profile is found in the neutral NP (z, = 0)
case as shown in Fig. 1(f). The electrostatic attraction between
the charged NP and charged lipids increases the membrane
permeation speed; however, the permeation process is similar
to that for the neutral NP.

We observe a crucial difference in the lipid distribution in
the membrane between the charged and neutral NPs. There
is a charged lipid (A-lipid)-rich region in the inner leaflet near
the charged NP [enlarged view in Fig. 3(a) and cross-sectional
view in Fig. 3(h)]. Even in the outer leaflet, the charged lipids
are accumulated in the protruding part of the vesicle [snapshot
from the side view in Fig. 3(h)]. In Fig. 3(c), the electrostatic

interaction between charged lipids, Ve(lLL), increases over time.
This result also implies that the lipid distribution becomes
heterogeneous. The lipid accumulation is also indicated by the
density correlation functions of A- and B-lipids in the inner
and outer leaflets [Figs. 3(f) and 3(g)]. In both leaflets, the
charged lipids (A-lipids) accumulate around the charged NP
due to the electrostatic attraction between charged lipids and
the charged NP. Although the electrostatic repulsion between
charged lipids is increased by the charged lipid accumulation,
the system obtains a large energetic gain from the electro-
static attraction between the charged NP and charged lipids.
Because the energy gain shown in Fig. 3(b) overcomes the
energy loss shown in Fig. 3(c), the charged lipids accumulate
near the NP. Moreover, the angle which determines the NP
adsorption area is 273.8 £ 13.3° as shown in Fig. S11 [51].
The angle becomes larger than that for neutral NP due to the
contribution of the electrostatic interaction.

Neutral lipids (B-lipids) are abundant at r,/o = 7 in the
inner leaflet [Fig. 3(f)], whereas there are fewer charged lipids
(A-lipids). Moreover, there are more neutral lipids (B-lipids)
than charged lipids (A-lipids) around r,/o = 9 in the outer
leaflet [Fig. 3(g)]. This region appears outside the peak of the
charged lipids (A-lipids) because the charged lipids (A-lipids)
accumulate near the NP and are depleted in the outer region.
In particular, the difference between the amounts of charged
and neutral lipids is significant in the outer leaflet. In the outer
leaflet, the outside of the region where the NP is adsorbed to
the membrane, that is, the part constricted by the protrusion
of the vesicle, has a negative curvature, and it is difficult for
charged lipids to localize in this region. Thus, there is a region
that is slightly neutral lipid rich in the constricted part [side-
view snapshot in Fig. 3(h)].

Figures 3(i) and 3(j) show the lipid distribution changes
as functions of distance from the NP r, and time. The
difference in color indicates the difference in the values of
density correlation functions between charged lipid (A-lipid)
and neutral lipid (B-lipid). Therefore, positive and negative
values indicate abundance in charged lipids (A-lipids) and
neutral lipids (B-lipids), respectively. In the inner leaflet, a

charged lipid (A-lipid)-rich region is formed around r, /o = 3
to 4 as shown in Fig. 3(i). As the color in a charged lipid
(A-lipid)-rich region gets darker over time, we can see that
more charged lipids (A-lipids) are accumulated. In addition,
it is found that the charged lipid (A-lipid) is particularly
depleted and the neutral lipid (B-lipid)-rich region is formed
around r,/o0 =6 to 8, which is outside the charged lipid
(A-lipid)-rich region. In the outer leaflet, a charged lipid
(A-lipid)-rich region appears at r,/o0 =3 to 4 att < 0.05 x
75007 as shown in Fig. 3(j). It can be seen that this region
formed in a short time is a charged lipid (A-lipid)-rich region
induced by NP adsorption to the outer leaflet. The region
enriched in charged lipids (A-lipids) moves away from the
NP with the lapse of time. This indicates that the NP passes
through the lipid membrane and moves to the inner leaflet.
Therefore, the region rich in charged lipids (A-lipids) at
ro/o =6 to 7 can clearly be seen after + >~ 0.4 x 75007.
Likewise, a neutral lipid (B-lipid)-rich region is formed along
the outside of this charged lipid (A-lipid)-rich region.

We consider an increase in the NP valence for the charged
NP with z, = +150. In Fig. 4, we show the typical dy-
namic behavior of the charged NP with z, = 4150, d/o =5,
vnn/kgT = 2, and vy /kgT = 3. The parameters, except for
the valence of the NP, are the same as for the calculations
in Figs. 1 and 3. To ensure data reproducibility, the results
obtained by the other two calculations are shown in Fig. S8
[51]. The charged NP permeates through the lipid membrane
and is adsorbed on the inner leaflet [Fig. 4(a)]. This behavior
is similar to the that of the neutral NP (Fig. 1) and that of the
charged NP with z;, = 450 (Fig. 3). Because the valence of
the NP (z, = +150) is larger than that in Fig. 3 (z, = 450),
the permeation speed is also faster. The fast permeation is
mediated by the large electrostatic energy gain by the attrac-
tion between the charged NP and charged lipids [Fig. 4(c)],
although the change in the Lennard-Jones potential, VL(}\IL),
in Fig. 4(b) is similar to that shown in Fig. 3(b). In this
case, there is also a charged lipid-rich region near the NP at
t =1 x 75007 as shown in the enlarged view of Fig. 4(a). In
addition, the NP is completely wrapped by the lipid membrane
at t =1 x 7500t as shown in Fig. 4(a), and the adsorption
angle becomes 360° as shown in Fig. S11 [51].

There is an interesting difference between the permeation
processes for z, = 450 and +150. The density correlation
functions of A- and B-lipids near the NP at = 0.03 x 7500t
are shown in Fig. 4(d). In the snapshot at + = 0.03 x 7500t
[Fig. 4(a)], the NP is just in the middle of the membrane. In
this step, the charged lipids (A-lipids) are accumulated near
the charged NP [Fig. 4(d)] and are depleted outside the peak.
Moreover, the beads closest to the NP are the hydrophilic
a-beads, followed by the hydrophobic b-beads and then the
hydrophobic c-beads [Fig. 4(e)], indicating that lipids are
oriented with their hydrophilic heads toward the NP. These
results suggest that the charged lipids accumulate immediately
near the NP, and the lipids are highly oriented toward the NP.
Therefore, a temporary channel covered with charged lipids is
formed around the NP, the NP passes through the channel as
shown in the enlarged view at t = 0.03 x 75007 of Fig. 4(a),
and the channel disappears att = 0.12 x 7500<.

When the valence of a charged NP is increased to z, =
4200, we observe a different permeation process through the
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FIG. 4. (a) Typical snapshots of the permeation sequence of a
charged NP (z, = +150) through a transient channel for d/o =
5, van/kgT =2, and v, /kgT = 3. Charged lipid (A-lipid) is rep-
resented by red (dark in grayscale) hydrophilic beads and green
hydrophobic beads, while neutral lipid (B-lipid) is represented by
yellow (light in grayscale) hydrophilic beads and cyan hydrophobic
beads. (b) Time evolution of the Lennard-Jones potential between
the NP and lipids, V,'", for # = 1 x 75007. (c) Time evolution of
the electrostatic interaction between the NP and lipids, V", for
t =1 x 75007. [(d) and (e)] Density correlation functions of lipids
and beads around the NP at r = 0.03 x 75007, respectively. Red
and blue lines in (d) indicate the density correlation functions of
the A- and B-lipids, respectively. Red, blue, and green lines in (e)
indicate the density correlation functions of the a-, b-, and c-beads,
respectively.

lipid membrane. The typical dynamic behavior of a charged
NP with z, = 4200, d/o =5, van/kgT = 2, and vy /kgT =
3 is shown in Fig. 5. The parameters, except for the valence
of the NP, are the same for the calculations in Figs. 1, 3,
and 4. To ensure data reproducibility, the results obtained by
the other two calculations are shown in Fig. S9 [51]. As shown
in the snapshots in Fig. 5(a), the NP is adsorbed on the outer

without NP

(©
0
g . S
Nﬁ 1 :3‘ 20
22 = 40
=} f=] s
Z 3 £ -60
= =
2 2
54 -_-80
S ’\5
_50 0.2 0.4 0.6 0.8 1 _100() 0.2 0.4 0.6 0.8 1
time ¢ (units of 75001) time 7 (units of 7500t)
(d) (e
24 24
o =01 ] [ ) 1=0.1
£ /\ I —— Charged lipid (A-lipid; 8 I\ —— Hydrophilic a-bead
= 1.6 N m —— Neutral lipid (B-lipid) = 1.6 : —— Hydrophobic b-bead]
g N 2 \\ | —— Hydrophobic c-bead
S 12 S12 ‘H‘\‘\
=) |
g 08 038 “
5 5 |
204 Q04r |
|
0 0

_
0 2 4 6 8 101214 16 18 20

Distance  (units of &) Distance # (units of 6)

FIG. 5. (a) Typical snapshots of the permeation sequence of
a charged NP (z, = +200) via transportlike endocytosis when
d/o =35, vu/kgT =2, and vy /kgT = 3. Charged lipid (A-lipid) is
represented by red (dark in grayscale) hydrophilic beads and green
hydrophobic beads, while neutral lipid (B-lipid) is represented by
yellow (light in grayscale) hydrophilic beads and cyan hydrophobic
beads. (b) Time evolution of the Lennard-Jones potential between
the NP and lipids, VL(}\IL), for t = 1 x 7500t. (c¢) Time evolution of
the electrostatic interaction between the NP and lipids, Ve(lNL), for
t =1 x 75007. [(d) and (e)] Density correlation functions of lipids
and beads around the NP at # = 0.1 x 75007, respectively. Red and
blue lines in (d) indicate the density correlation functions of A- and
B-lipids, respectively. Red, blue, and green lines in (e) indicate the
density correlation functions of a-, b-, and c-beads, respectively.

leaflet immediately, buried in the membrane at ¢+ = 0.02 x
75007, and covered with the lipids at # = 0.03 x 75007. At
t = 0.1 x 75007, the NP is completely wrapped with the lipid
membrane and the adsorption angle becomes 360° as shown
in Fig. S11 [51]. After t = 0.1 x 75007, the vesicle shape is
elongated to fit the NP, and the bypass bilayer, which is under
the NP, disappears at t = 0.4 x 75007. Finally, the NP is
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adsorbed on the inner leaflet of the membrane and the charged
lipid-rich region is observed near the NP at r = 1 x 75007 as
shown in Fig. 5(a). Because the NP is covered with the lipid
membrane and is transported to the interior of the vesicle, we
call this process transportlike endocytosis.

The Lennard-Jones potential between the NP and lipids,
VY in Fig. 5(b) is similar to those in Figs. 3(b) and 4(b).
There is a significant decrease in the electrostatic interaction
between the NP and charged lipids, Ve(lNL) , in Fig. 5(c). Al-
though the electrostatic interaction, VB(INL), for z, = +150 also
decreases dramatically, almost no transportlike endocytosis is
observed. This is because the energy gain by the electrostatic
interaction, Ve(lNL), does not compensate for the energy loss
induced by the large membrane deformation for endocytic
movement.

Here, we focus on the process of transportlike endocytosis.
From the density correlation functions of the A- and B-lipids
near the NP at + = 0.1 x 75007 in Fig. 5(d), the charged
lipids (A-lipids) are accumulated near the NP by the strong
electrostatic attraction. This result is similar to that for the
transient channel formation (Fig. 4). Figure 5(e) shows the
complicated peak appearance, with the hydrophilic a-beads
beads closest to the NP, followed by the hydrophobic b-beads,
hydrophobic c-beads, hydrophobic b-beads, and hydrophilic
a-beads. This peak pattern indicates bilayer formation around
the NP, and the NP is covered with the lipid bilayer at t =
0.1 x 75007 [Fig. 5(a)].

Finally, we show the dynamic behavior of the charged
NP with z, = —50, which has the same sign as the charged
lipids. Figure 6 shows the typical dynamic behavior of
the charged NP with z, = —50, d/o =5, v /kgT = 2, and
vne/kgT = 3. The parameters, except for the valence of the
NP, are the same as for the calculations in Figs. 1, 3, 4,
and 5. To ensure data reproducibility, the results obtained by
the other two calculations are shown in Fig. S10 [51]. The
NP is adsorbed on the outer leaflet and continues to adhere
until # ~ 0.14 x 75007 [Fig. 6(a)]. After r = 0.14 x 75007,
the NP starts to bury into the membranes and is localized in
the hydrophobic region of the membrane at r = 0.19 x 7500t
[Fig. 6(a)]. The Lennard-Jones potential between the NP and
the lipids, VL(}\H‘), and the electrostatic interaction between
the NP and the lipids, V\"", are shown in Fig. 6(b). The
Lennard-Jones potential, VL(}VL), decreases quickly and the
value remains almost constant until # ~ 0.14 x 75007. This
step indicates the adsorption of the NP on the outer leaflet.
The Lennard-Jones potential decreases again from ¢ = 0.14 to
0.2 x 7500t. This process corresponds to the incorporation of
the NP into the hydrophobic core of the membrane. Because
the charges of the NP and charged lipids (A-lipids) are the
same sign, the electrostatic interaction, Ve(lNL) , has a positive
value. This repulsion tends to prevent the NP adsorption on
the leaflets and the NP permeation through the membrane.

The density correlation functions at ¢+ = 1 x 7500t are
shown in Figs. 6(d) and 6(e). There are many neutral lipids
near the NP due to the electrostatic repulsion between the
NP and the charged lipids [Fig. 6(d)]. Although there is a
slight increase in the number of hydrophilic beads near the
NP [Fig. 6(e)], the effect is small and the result is the same as
that obtained for the neutral NP [Fig. 1(f)]. Therefore, the NP

is in the hydrophobic region of the lipid membrane and the
orientation of the neutral lipids near the NP is not affected by
the NP, and behaviors such as transient channel formation and
transportlike endocytosis are not observed.

While the NP is adsorbed on the outer leaflet (r = 0.03 —
0.14 x 75007), a neutral lipid (B-lipid)-rich region forms just
under the NP [Fig. 6(h)]. This is because the charged lipids
(A-lipids) near the NP are repelled from the region around
the NP by the electrostatic repulsion and the neutral lipids
(B-lipids) are present instead. The concentration of charged
lipids (A-lipids) in the outer region just under the NP hardly
changes, even when the neutral lipid (B-lipid)-rich region is
formed; thus, the electrostatic interaction between charged
lipids (A-lipids), Ve(lu‘), in Fig. 6(c) remains almost constant.
The density correlation functions in the inner and outer leaflets
are shown in Figs. 6(f) and 6(g). In both leaflets, there are
peaks for the neutral lipids near the NP. Because the NP
is adsorbed on the outer leaflet, the difference between the
charged and neutral lipids is greater in the outer leaflet due to
the large electrostatic repulsion.

We calculated the lipid distribution changes as functions
of distance from the NP r, and time as shown in Figs. 6(i)
and 6(j). As in Figs. 3(i) and 3(j), positive and negative
values indicate charged lipid (A-lipid)-rich and neutral lipid
(B-lipid)-rich regions, respectively. Figure 6(i) shows the lipid
distribution change in the inner leaflet. At < 0.15 x 75007,
a region rich in neutral lipids (B-lipids) appears at r,/o = 6
to 8. This formation is caused by the adsorption of NP to
the outer leaflet. The region rich in neutral lipids (B-lipids)
suddenly moves to r, /o = 3 to 5 just beforet = 0.2 x 75007.
This indicates that the NP adsorbed on the membrane surface
entered into the membrane. From the snapshot of Fig. 6(a),
it can be seen that the NP localizes in the lipid membrane
at t = 0.19 x 75007. Because the NP keeps the localization
in the lipid membrane, the neutral lipid (B-lipid)-rich region
does not migrate greatly after + = 0.2 x 75007. The lipid
distribution change in the outer leaflet is shown in Fig. 6(j).
A neutral lipid (B-lipid)-rich region is formed at r,/o =3
to 5, and this region does not migrate during the calculation.
The neutral lipid (B-lipid)-rich region is formed by the NP
adsorption to the outer leaflet or the NP localization in the
lipid membrane. The distances between NP and the outer
leaflet for these two situations are almost the same. Therefore,
it is considered that the position of the neutral lipid (B-lipid)-
rich region is not changed.

We summarize the dynamic behavior of charged NPs with
d/o =5 and 2 in Fig. 7, and the valences and the diameters
of the NPs (z,, d/o) are (+10, 5) in (a), (+50, 5) in (b),
(+150, 5) in (c), (4200, 5) in (d), (=50, 5) in (e), (410,
2) in (f), (+50, 2) in (g), (+150, 2) in (h), (4200, 2) in (i),
and (=50, 2) in (j). Some snapshots and density correlation
functions for d/o = 2 are shown in Fig. S3 [51]. For the
neutral NP, roughly vy /kgT = 3 is needed to localize in the
membrane or permeate through the membrane [Figs. 2(a)
and 2(b)]. The electrostatic attraction between the NP and
lipids decreases the critical hydrophobic interaction strength
for permeation through the membrane or localization in the
membrane as vy /kgT = 2 [Figs. 7(a) and 7(f)]. For z, =
+10, no charged lipid (A-lipid)-rich region is formed just
under the charged NP, because the electrostatic repulsion
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FIG. 6. (a) Typical snapshots of a negatively charged NP (z, = —50) when d/o =5, v /kgT = 2, and vy /kgT = 3. Charged lipid (A-
lipid) is represented by red (dark in grayscale) hydrophilic beads and green hydrophobic beads, while neutral lipid (B-lipid) is represented
by yellow (light in grayscale) hydrophilic beads and cyan hydrophobic beads. (b) Time evolution of the Lennard-Jones potential between the
NP and lipids, VL(;\IL) (black line), and the electrostatic interaction between the NP and lipids, VE(INL) (red line), for t = 1 x 75007. (c¢) Time
evolution of the electrostatic interaction between lipids, Ve(lLL), for t =1 x 75007. [(d) and (e)] Density correlation functions of lipids and
beads around the NP at = 1 x 75007, respectively. Red and blue lines in (d) indicate the density correlations functions of A- and B-lipids,
respectively. Red, blue, and green lines in (e) indicate the density correlation functions of a-, b-, and c-beads, respectively. [(f) and (g)] Density
correlation functions of A- and B-lipids in the inner leaflet in (f) and outer leaflet in (g) around the NP at# = 0.14 x 75007. Red and blue lines
indicate the density correlation functions of A- and B-lipids, respectively. (h) Snapshots at ¢+ = 0.14 x 75007. [(i) and (j)] Lipid distribution
changes in inner and outer leaflets as functions of distance and time, respectively. Color represents lipid distribution, and positive and negative
values indicate charged lipid (A-lipid)-rich region and neutral lipid (B-lipid)-rich region, respectively.

between the charged lipids when the lipids are accumulated
is larger than the electrostatic attraction between the NP and
lipids due to the low valence of the NP. For z, = 410, the
smaller NP with d/o = 2 is more likely to be present in the
membrane, similarly to the neutral NP. This similarity arises
because the small NP does not disturb the ordering of the
lipids when it is present in the membrane.

When the valence of the NP is z; = +50, the NP passes
through the hydrophobic region of the membrane and is

adsorbed on the inner leaflet, regardless of the values of vy
and vy, [Figs. 7(b) and 7(g)]. Although z, = 450 is too low
to form a transient channel, it is high enough for the NP to
pass through the membrane. In Figs. 7(c) and 7(h), permeation
through the membrane occurs via the transient channel for
zn = +150, except ford /o = 5 and vpn /kgT = vy /kgT = 1.
Atd/o =5 and vy /kgT = vy /kgT = 1, transportlike endo-
cytosis is the most common dynamic behavior. When gz, is in-
creased to +200, transportlike endocytosis occurs under many
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conditions for d /o = 5 [Fig. 7(d)]. Interestingly, transportlike
endocytosis is not observed for z, = 4200 and d/o =2
[Fig. 7()]. This is because the lipid membrane must be curved
sharply to cover the small NP with the lipid membrane in
endocytosis, and the electrostatic attraction between the NP
and lipids cannot compensate for the energy loss arising from
this large deformation.

When vy is small, especially vy, it is difficult for the
negatively charged NP with z, = —50 to be adsorbed on
the outer leaflet by overcoming the electrostatic repulsion
between the NP and charged lipids for d /o = 5 [Fig. 7(e)]. If
the Lennard-Jones potential is strong enough, the negatively
charged NP can be adsorbed on the outer leaflet. For large vy,
the NP can exist in the hydrophobic region of the lipid mem-
brane through the favorable attraction between the NP and
hydrophobic beads. On the other hand, the smaller NP with
d/o = 2 cannot be adsorbed on the outer leaflet [Fig. 7(j)].
Because the number of lipid beads interacting with the NP is
less for the smaller NP, a sufficient attractive interaction is not
achieved and the NP desorbs from the outer leaflet.

IV. DISCUSSION

Several points merit further discussion. Some experimental
studies have reported that cationic dendrimers are internalized
into cells via endocytosis [23,24]. As the charge density of
the dendrimers increased, the dendrimers were more easily
internalized into cell [24]. This result is good agreement with
our results (Fig. 7), and endocytosis is frequently found for the
large NP (d /o = 5) and high charge density NP (z, = +200)
in our simulation.

In evaluating the relationship between experiments and our
results, it is important to consider the behavior of multiple
NPs and their cooperative motion. Membrane protrusion was
observed experimentally when NPs were added to vesicles
[31]. This behavior was explained by the adsorption of NPs on
the outer leaflet. However, we observed membrane protrusion
induced by NP adsorption on the inner leaflet. In our calcula-
tions, NPs are relatively large since the vesicle size is small.
Therefore, the vesicle may be just stretched to fit the NP. Also
in the experiments, it is difficult to identify the location of NPs
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by microscopy due to the optical resolution. It is important to
calculate the interaction between a larger vesicle and multiple
NPs and directly compare experimental results and simulation
results in near future. Moreover, domain formation induced by
protein adsorption has been observed experimentally [32—-34].
Small domain formation has also been reported, and this
is consistent with our findings and other simulation work
[46]. Scheve et al. reported that numerous small domains are
formed by steric repulsion between adsorbed proteins [34].
Calculations with multiple NPs may produce similar domain
formation, which would be confirmed in future work. More-
over, electrostatic repulsion as well as the steric repulsion
between NPs could form positional ordering arrangements,
such as two-dimensional crystals [52].

Liu et al. investigated the interaction between charged
NPs and vesicles consisting of zwitterionic lipids by
CGMD simulations with a MARTINI force field [45].
Although the net charge of the hydrophilic headgroup is
neutral, they considered a headgroup with a dipole, such
as phosphatidylcholine. Charged NPs mainly interact with
the positive charge on the headgroup, which is located near
the membrane surface. Consequently, the behavior of NPs
depends on their charge density, p (e nm~2); localization
in the hydrophobic core is observed for p = —1 and
+1, adsorption is observed for p = —3.58, adsorption or
penetration is observed for p = —7.51, and desorption is
observed for p = +7.15. Based on the charge density of
NPs, our NPs are p = 40.26 for (z,,d/o) = (+10,5), p =
+1.3 for (zn,d/o) = (4+50,5), p =+3.9 for (z,,d/o) =
(+150,5), p =+5.2 for (z,,d/o) = (4+200,5), p =—1.3
for (z,,d/o)=(=50,5), p=+1.6 for (z,,d/o)=
(+10,2), p=+8.1 for (z,,d/o) = (+50,2), p =+24.4
for (z,,d/o)=(+150,2), p=+432.5 for (z,,d/o) =
(4200, 2), and p = —8.1 for (z,,d/o) = (—50,2). These
charge densities are summarized in Table S2 [51]. The
behavior of the NPs summarized in Fig. 7 is mainly consistent
with that reported by Liu ef al. The essential differences
between our study and Liu et al. are that we consider charged
membranes (net charge of membrane is not zero), a more
coarse-grained lipid molecule, and 5000 lipid molecules,
compared with 1182 used by Liu et al. Although we consider
a simple lipid molecule consisting of three beads connected
linearly by a spring, this model is sufficient to consider
the behavior of NPs with a lipid membrane qualitatively.
Our model reproduces the dynamic behavior of NPs with
a charged lipid membrane for a wide range of interaction
parameters and NP valences and sizes.

An NP on an outer leaflet spontaneously passes through the
lipid membrane and is adsorbed on the inner leaflet (Fig. 1)
because the attractive energy between the NP and lipids is
lower when the NP is adsorbed on the inner leaflet [Fig. 1(b)].
This difference in attractive energy between the NP on the
outer and inner leaflets arises from the lipid membrane cur-
vature. To evaluate the effect of the membrane curvature on
the NP uptake behavior, we perform the same calculations
using a smaller vesicle consisting of 1000 lipid molecules.
The vesicle consists of 500 charged lipids (A-lipids) and 500
neutral lipids (B-lipids) and the symmetric monovalent salt
concentration is 100 mM. We also perform the calculation
until # = 10 x 75007 to relax the lipid membrane structure

sufficiently with w2 /o = 1.8, w28 /o = 1.7, and w?B /o =
1.575. The NP behavior is summarized in Fig. S2 [51]. Some
snapshots and density correlation functions are shown in
Figs. S4 and S5 [51]. The neutral NP and charged NPs with
zZn = +10 and —50 pass more easily through the membrane
of the smaller vesicle (Figs. 2, 7, and S2). For z, = +50 and
4150, there is no large difference in NP behavior between the
larger and smaller vesicles because the electrostatic interac-
tion is dominant and the effect of the membrane curvature is
negligible. However, the transportlike endocytosis, which is
seen for z, = 4200, is not observed for the smaller vesicle.
Because of the large membrane curvature, a large membrane
deformation is needed to cover the NP surface for the smaller
vesicle. Because this deformation costs a large amount of
energy, transportlike endocytosis is suppressed.

In this study, the Debye-Hiickel approximation is used as
the electrostatic interaction, and it will be appropriate for low
electric potential and/or high salt concentration. For NPs with
high valence, it is known that such a mean-field theory does
not treat ion-ion correlation correctly. Therefore, the calcula-
tion including the presence of ions explicitly will be important
for future work. Moreover, there is a hydrophobic core in the
center of lipid membrane. Although the electrostatic interac-
tion across the lipid membrane is considered as one of the
important interactions [14,53,54], it is almost decoupled due
to low dielectric constant of the hydrophobic part. Harries and
his coworkers proposed a theoretical model for describing the
endocytosis of charged globular protein [55]. In this model,
they considered that the outer leaflet of the lipid bilayer
membrane wrapping an NP does not electrostatically interact
with the NP. Since we did not consider the low dielectric
nature of hydrophobic core, our simulation overestimates
the electrostatic interaction. However, our CGMD simulation
qualitatively consistent with the theoretical model, where the
endocytosis occurs for charged protein with higher valence
[55]. For further quantitative comparison of our results with
experimental and theoretical studies, we should propose a
model including the ion-ion correlation and the low dielectric
nature of hydrophobic core in future.

In the present study, we examine the vesicle configuration
and the effect of the membrane curvature is different from that
of the flat membrane. For example, NPs are adsorbed onto
inner leaflet under various conditions (Figs. 1, 3, 4, and 5) be-
cause the curvature of NPs and that of inner leaflet fit, and thus
the NPs can interact with more lipid beads in the inner leaflet
without large membrane deformation. Therefore, this uptake
mechanism is mediated by the membrane curvature. Since the
vesicular diameter is on the order of 10 nm and it is much
smaller than the cell size, which is on the micrometer scale.
It is difficult to directly extrapolate the obtained results to the
situation of much larger vesicles or cells. However, the cell
is not completely spherical, and has various local curvatures.
NP uptake mediated by membrane curvature could occur at
the curved parts in the cell. Moreover, Harries et al. indicated
that the inner leaflet composition of the lipid membrane
wrapping an NP should be satisfied with the condition of
charge matching with NP [55]. In our calculation, the number
of lipids which can contact with NP is about 100 ford /o = 5.
Although the condition of charge matching is z, >~ 4100, we
can see the endocytosis from z, = +200. We consider two
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effects to explain this difference. First, the theoretical model
does not take into account the intermediate state between
spherical protein adsorbing state and protein wrapped state.
Since the intermediate state is generally in a very high energy
state, it cannot be discussed just by comparing the energies of
the two stable states. Second, it is considered that NPs in our
calculations are too small to collect the sufficient number of
charged lipids on the NP surface, and it can be difficult to gain
sufficient electrostatic energy that overcomes the deformation
energy for endocytosis. Based on these points, it is also impor-
tant to check the behaviors of larger vesicles, which needs to
increase the speed and scale of calculation. In future work, we
will perform similar calculations in vesicles of different sizes
to reveal more detailed dependence of the NP uptake behavior
on the membrane curvature as well as endocytosis.

V. CONCLUSION

In this paper, we report the interaction between charged
NPs and negatively charged binary lipid vesicles based on a
CGMD simulation. For a neutral NP, the NP can be incorpo-
rated into the membrane hydrophobic region and the interior
of a vesicle when the hydrophobic interaction parameter,
Une, 18 large enough. A positively charged NP can permeate
through the membrane owing to the electrostatic interaction,
even at smaller v,,. Moreover, at higher valences, membrane
permeation can occur easily and the NP is transported via
a transient charged lipid channel or endocytosis. We can
classify the permeation processes as passing through the hy-
drophobic core, transient channel formation, and transportlike

endocytosis based on the density correlation function. When
the NP is small (d /o = 2), transportlike endocytosis does not
occur because a large membrane deformation is necessary.
A negatively charged NP can be adsorbed onto the mem-
brane for the large hydrophilic parameter, vy, region. The
spontaneous uptake into the vesicle is caused by membrane
curvature. Using the CGMD model, we investigated the NP
behavior with a combination of various parameters. Another
interesting phenomenon is that the NP delivered into a cell
via endocytosis is released from the endosome [56]. Based
on our model, the release of NP due to the change in the
electrostatic interaction can be examined by considering the
difference in ionic strengths between inside and outside of
the cell. In future, the cooperative behavior of multiple NPs,
the NP uptake behavior for a phase-separated membrane,
and the NP uptake in larger and smaller vesicles will be
investigated to discuss the mechanism of NP uptake into cells
and vesicles in more detail.
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