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a  b  s  t  r  a  c  t

Plasma  membrane  internalization  of  nanoparticles  (NPs)  is  important  for their  biomedical  applications
such  as drug-delivery  carriers.  On  one  hand,  in order  to improve  their  half-life  in circulation,  PEGylation
has  been  widely  used.  However,  it  may  hinder  the  NPs’  membrane  internalization  ability.  On  the  other
hand,  higher  temperature  could  enhance  the  membrane  permeability  and  may  affect  the  NPs’ ability
to  enter  into  or  exit  from  cells.  To  make  full use  of  their advantages,  we  systematically  investigated  the
effects  of  temperature  and  PEG  density  on  the translocation  of PEGylated  nanoparticles  across  the  plasma
asymmetric  membrane  of  eukaryotic  cells,  using  near-atom  level  coarse-grained  molecular  dynamics
simulations.  Our  results  showed  that  higher  temperature  could  accelerate  the  translocation  of NPs  across
membranes  by  making  lipids  more  disorder  and faster  diffusion.  On  the  contrary,  steric  hindrance  effects
of PEG  would  inhibit  NPs’  translocation  process  and  promote  lipids  flip-flops.  The  PEG  chains  could
lip-flop
oarse-grained molecular dynamics
imulation

rearrange  themselves  to  minimize  the contacts  between  PEG  and  lipid tails  during  the  translocation,
which  was  similar  to ‘snorkeling  effect’.  Moreover,  lipid  flip-flops  were  affected  by PEGylated  density  as
well as  NPs’  translocation  direction.  Higher  PEG  grafting  density  could  promote  lipid  flip-flops,  but  inhibit
lipid  extraction  from  bilayers.  The  consequence  of  lipid  flip-flop  and extraction  was  that  the  membranes
got  more  symmetric.

© 2017  Published  by  Elsevier  B.V.
. Introduction

Understanding the interactions between nanoparticles (NPs)
nd cell membranes is important for improving NPs’ biomedical
pplications in diagnosis/treatment and avoiding NPs’ poten-
ial nanotoxicity. Biological effects of NPs caused by size [1],
ydrophobictiy [2], shape [3,4], surface charge density [5,6], sur-

ace modification [7–9] and multi-particle cooperation [10] have
een widely explored by simulations and experiments. Some sim-
lation about these factors were summarized systematically in the

eview of Ding et al. and they pointed out it was better to con-
ider all the aspects when designing functional nanomaterials [11].
Ps’ translocation ability across the biomembranes is one of crit-
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ical parameters for their biomedical applications [10,12]. Higher
NP translocation efficiency and lower membrane disruption are
two important factors for this purpose. Results showed that the
transition from partly to fully wrapped states of a single NP was
determined by the balance between the contact energy of adhesion
and curvature energy of membrane [13,14].

It is well-known that the transmembrane distribution of lipids
is inherently asymmetric in most animal cells [15]. Some previous
studies have researched the translocation of NPs across the asym-
metric membranes [1,16,17]. Phosphatidylcholine (PC) is the most
abundant class of lipids in the outer leaflet, and the inner leaflet
mostly consists of phosphatidylethanolamine (PE) in the plasma
membrane of eukaryotic cells [18]. Several studies [19–21] have
been conducted in atomic-scale computational studies, which con-
firmed that the asymmetric distribution of membrane can cause a
nonzero potential drop from outer leaflet to inner leaflet.
Temperature provides one way to modulate NP translocation
efficiency. On the one hand, properties of NPs’ surface molecules
could be regulated by temperature [22]. Previous papers reported
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Fig. 1. Martini-based snapshots of POPC (A) and POPE (B) molecules. Two  molecules
were composed of amine groups (blue), choline groups (green), phosphate groups
(brown), glycerol groups (pink) and carbon chains (cyan). (C) Snapshot of a coarse-
grained PEG chains including N = 18 monomers and corresponding to a molecular
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eight of 838 Da. (D) Snapshot of a coarse-grained naked NP core whose diameter
as  d≈6 nm.  (For interpretation of the references to colour in this figure legend, the

eader is referred to the web  version of this article.)

ome temperature-sensitive drug-delivery carrier could control the
ellular uptakes [23]. On the other hand, temperature could also
une the membrane properties. For instance, Lin et al. [24] indicated
hat the NPs’ heating can increase the nearby supported lipids’ and
ater’s thermal motions. Some experiments also indicated that
igher temperature could promote cell uptake of NPs [25–27].

Magnetic NPs could be heated via an external alternating
agnetic field. Recent achievements of magnetic hyperthermia

n cancer therapy of clinical trials are very promising [28]. The
easonable range of temperature might be below 70 ◦C in clin-
cal applications and animal experiments according previous
esearches [28–30]. Besides, magnetic NPs have also been widely
tilized as drug carriers to improve localized enrichment [31]. In
rder to reduce the toxicity and overcome the short circulation half-
ife of NPs, polyethylene glycol (PEG) have been extensively used
32]. Previous experiments [33] and simulations [34,35] claimed
hat a steric barrier for NPs provided by PEG molecules can sup-
ress the wrapping of NPs by biomembranes. In the present paper,
e investigated the effects of temperature above 37 ◦C and PEG
ensity on the translocation of NPs across membrane by dynam-

cs simulations to provide insights for the hyperthermia and drug
elivery.

. Model and methods

.1. MARTINI force field

A coarse grained (CG) force field, MARTINI, was employed for
ll simulations in this paper for the larger length-scale and longer
ime-scale system. MARTINI CG force field retained both computa-
ional efficiency and sufficient structural details [36]. More details
f models can be found in the paper of Marrink et al. [37,38]

.2. Model of PEGylated NP
Here, we chose a C1-type bead, which was the same as the tails of
ipids, to construct a hydrophobic NP. 1566 Beads were stacked in a
ace-centered cubic (FCC) manner to form a nearly spherical NP and
he diameter of the NP was d≈6 nm (Fig. 1D). All beads of NP within
Biointerfaces 160 (2017) 92–100 93

1 nm were added with a constraint to maintain a rigid NP [39]. The
next stage was  to modify the naked NPs with the PEG chains (Fig.
S1). Each PEG monomer (O-C-C) consisting of three heavy atoms
was represented as a single bead and all the force field parameters
of PEG followed the researches of Lee et al. [40,41] The length of
a polymeric PEG chain was  denoted by N that was the amount of
monomer groups. A single PEG chain in our configuration included
N≈18 monomers, corresponding to a molecular weight of 838 Da
[35] (Fig. 1C). Surface beads grafted by PEG polymers were ran-
domly selected according to the given the grafting density (�p).
We chose �p≈0.4, 0.8, 1.2 chains nm−2 corresponding to 45, 90 and
135 chains on each NP [34]. Finally, simulations of three PEGylated
NPs for equilibration were performed at 310 K for 100 ns.

2.3. Model of POPC and POPE

In our system, the membrane formed by adjoined POPC and
POPE monolayers were asymmetric, which can mimic  the outer
and inner leaflets of plasma membranes [19–21]. POPE lipid con-
tained a primary amine (Qd bead) instead of a choline moiety (Q0
bead) in POPC (Fig. 1A, B). We  constructed a membrane with 242
lipids in POPC monolayer and 256 lipids in POPE monolayer accord-
ing to the analysis in the Section 2 of supplementary information
(SI). It seemed that their mass density and electrostatic potential
were affected by temperatures (Fig. S3). In consideration of the size
of the PEGylated NPs, we  enlarged the smaller system to four-fold
one (966 POPC molecules and 1024 POPE molecules) which were
large enough for the translocation across membranes.

2.4. System configuration

To facilitate the following description, the mid-plane of the lipid
bilayer was  defined as the x-y plane and the perpendicular direc-
tion to the plane was represented by z-axis [2]. Along the z-axis,
the lipid leaflet with the larger z values was  the upper lipid leaflet
composed of POPC lipids and another one was the lower lipid
leaflet composed of POPE lipids. Our researches mainly focused on
the auxiliary drug delivery during magnetic hyperthermia in can-
cer therapy. There were different opinions on the temperature of
hyperthermia although some clinical trials suggested that 46 ◦C was
sufficient [28]. Other researchers assumed the temperature was  at
least 55 ◦C for clinical applications [29] and heated up to more than
70 ◦C in animal experiments [30]. Therefore, we chose 310 K, 320 K
and 330 K which were under reasonable temperature range in our
researches.

Subsequently, the PEGylated NP was added into an equilibrated
POPC/POPE asymmetric bilayer system and was  initially placed
∼10 nm above the center-of-mass of the membrane. We  considered
this distance would not have significant impact on both PEGy-
lated NP and membranes because they have no direct contact with
each other. After energy minimization, a pre-equilibration run of
150 ns in each system was processed to remove steric conflicts at
310 K, 320 K and 330 K. During the whole equilibrations, a harmonic
potential was applied between the COM of NP and membrane with
a force constant of 1500 kJ mol−1 nm−2 to guarantee the immobile
distance between the NP and the membrane. Finally, a constant
force (f =700 kJ mol−1 nm−1) was  used to pull the PEGylated NP
across the membrane after pre-equilibration simulations to speed
up the process.

All simulations were performed with GROMACS 4.5.4 simula-
tion package [42]. A cutoff of 1.2 nm was  used for van der Waals
interactions. Both Lennard-Jones potential and Coulombic poten-

tial were smoothly shifted to zero between 0.9 nm and 1.2 nm to
reduce the cutoff noise. The default value of relative dielectric con-
stant was  15. Considering the small simulation system, we believe
that the heating of NPs can affect the whole system. Therefore,
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Fig. 2. Effects of the temperature and grafting density on the translocation across
membrane of NPs. (A) The y-axis (dz) represented the distance between the COMs
of  asymmetric membrane and PEGylated NP. Blue, green and red corresponded to
310  K, 320 K and 330 K respectively. Dot, dash and solid styles of the curves denoted
0.4  nm−2, 0.8 nm−2 and 1.2 nm−2 grafting density respectively. (B) The elapsed time
when the distance between the COMs of asymmetric membrane and PEGylated
NP  with different grafting densities reached 15 nm.  At this distance, all of the NPs
can  cross the asymmetric membrane completely. All above each result for different
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emperatures and different grafting densities was  calculated from three indepen-
ent simulations. (For interpretation of the references to colour in this figure legend,
he  reader is referred to the web  version of this article.)

ipids, water and the PEGylated NPs were coupled separately to
erendsen heat baths at T =310 K, 320 K and 330 K, with a coupling
onstant � =1 ps. Berendsen coupling schemes for both pressure
semi-isotropic, coupling constant of 0.2 ps, compressibility in the
-y plane of 3 × 10−5 bar−1 and in the z-axis of zero) were used
o establish a NPT ensemble for imitation of biological condition.
50 ns separated MD  simulations for different temperatures and
ifferent grafting density were carried out three times indepen-
ently with a time step of 10 fs.

. Results and discussion

.1. The effects of temperature and grafting density on the
ranslocation rate of PEGylated NPs
.1.1. The rate of translocation of NPs
The plots in Fig. 2A reflected the variation of distance between

OM of NP and membrane with different time under external force
 Biointerfaces 160 (2017) 92–100

(f =700 kJ mol−1 nm−1). The NPs were placed ∼10 nm above lipid
membranes as the initial configuration, which was corresponding
to ∼–10 nm of vertical coordinate. In addition, we also tried the
external force of f =600 kJ mol−1 nm−1. The results under two dif-
ferent force were similar, but the translocation process was  very
slow for higher grafting density and lower temperature (Fig. S4).
Therefore, the following analysis was based on the results under
external force of f =700 kJ mol−1 nm−1.

Grafting PEG chains on the surface of NPs regulated the
properties from hydrophilicity to hydrophobicity. The interaction
between membrane and polymers was affected by hydropho-
bicity significantly in previous work [43]. At lower PEG density
(0.4 nm−2), enhanced exposure of naked core to the surface would
make the entire NP more hydrophobic. Therefore, when NPs
approached to lipid membranes, the velocity decreased gradu-
ally corresponding to the declined gradient segment of plot in
Fig. 2A. Subsequently, as the NPs moved into lipid membranes,
the attractive force between exposed NP core and tails of lipid
molecules facilitated that NPs enter into the hydrophobic region of
lipid membranes [2]. Similarly, this interaction also inhibited fur-
ther translocation of NPs from hydrophobic region to lower leaflet.
Finally, when NPs separated from lower leaflet to water phase, the
movement speed increased gradually. This was also similar to the
single-walled carbon nanotubes research of Pogodin et al. [44] At
higher PEGylated density (1.2 nm−2), the NP core was almost cov-
ered by hydrophilic PEG chains. The whole process of translocation
only consisted of two  successive segments of obvious deceleration
and acceleration because the effects of hydrophobicity of NP core
on translocation decreased with increasing PEG density.

According to the snapshots of systems (Fig. S5), when the dis-
tance between COM of NP and membrane reached 15 nm,  all of the
NPs were separated from the membranes. Fig. 2B showed the time
of NPs from the initial position to where the NPs were separated
from the membranes. It was proved that heating promoted the
translocation of NPs across membranes, but the increasing graft-
ing density inhibited this process on the contrary. We  also chose
the NP with 0.4 nm−2 grafting density as an example to depict
the PMF  change during the translocation process at 310 K and
330 K as shown in Fig. S6 according to the previous works [7,45].
The lowest energy points of the two profiles were ∼ 0 nm,  which
meant the NPs tended to maintain at the middle of the membranes
instead of translocating across the membranes. The change of the
PMF  was  lighter at 330 K than the change at 310 K. The difference
demonstrated higher temperature could decrease the free energy
barrier of the translocation process. This was  consistent with previ-
ous results of experiments [22,25–27] and simulations [34]. More
intense lateral diffusion and weaker order property were two main
factors to facilitate translocation of NPs across membranes at higher
temperature, and the steric barrier of PEG chains was  the reason for
inhabitation.

3.1.2. Lateral diffusion
To characterize the dynamic properties of phospholipid bilayers,

we focused on the lateral diffusion coefficient DL [46].

DL = lim
t→∞

1
2dt

〈
|r(t) − r(0)|2

〉
(1)

d = 2 and r (t) and r (0) should be projected onto the mem-
brane plane to yield the lateral mean square displacement (LMSD).
Then, the diffusion coefficient was fitting by linear regression of the
LMSD.

Fig. 3 showed the averaged LMSD plots for the COM of POPC and

POPE lipids at different temperature. All curves tended to satisfy
the Einstein Eq. (1). POPE lipids were restrained by the intra- and
intermolecular hydrogen bonds caused by primary amine, which
therefore reduced the motion of the lipids in the bilayer plane. Fur-
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Fig. 3. Average LMSD plots for the COM of POPC and POPE lipids at different tem-
perature. Blue, green and blue represented 310 K, 320 K and 330 K respectively. Solid
a
p
t

t
T
a

e
(
c
M
D
c
d
r
t
[
l
d

3

g

P

w
t
d
b
t
5
T
r
a
l
p
f
w

m
m

nd dash styles of plots were used to distinguish POPC and POPE lipids. (For inter-
retation of the references to colour in this figure legend, the reader is referred to
he web version of this article.)

hermore, the rising temperature resulted in faster change of LMSD.
he difference in LMSD caused by various types of bilayer lipids was

 little weaker than that caused by rising temperature.
With linear fitting the LMSD plots, we calculated the lat-

ral diffusion coefficients DL = (6.564 ± 0.004) × 10−7 cm2 s−1,
7.931 ± 0.002) × 10−7 cm2 s−1 and (9.949 ± 0.001) × 10−7

m2 s−1 for POPC lipids at 310 K, 320 K and 330 K respectively.
eanwhile, the lateral diffusion coefficients for POPE lipids were

L = (5.490 ± 0.005) × 10−7 cm2 s−1, (6.779 ± 0.001) × 10−7

m2 s−1 and (8.519 ± 0.001) × 10−7 cm2 s−1. Generally, the lateral
iffusion coefficients of our simulations were under the rational
ange (1 × 10−7 − 10 × 10−7 cm2 s−1) [47,48] and the increasing
rend with temperatures was consistent with previous results
49]. In our simulations, lateral diffusion coefficients for POPE
ipids were less than POPC lipids at the same temperature, which
enoted that POPE lipids possessed lower fluidity than POPC lipids.

.1.3. Order parameter
The second-rank order parameter [37] for Martini coarse-

rained force field can be derived from:

2 =
〈

1
2

(3cos2� − 1)
〉

(2)

here � was the angle between the direction of the bond and
he bilayer normal. Perfect alignment with the bilayer normal was
enoted by P2 =1, perfect anti-alignment with P2 = −0.5 and P2
etween −0.5 and 1 indicated the random orientation. ≤· · ·≥ meant
he order parameter of each bond was calculated by averaging over
0–150 ns. The order parameters of bonds were displayed in Fig. 4.
he tendencies of our order parameters were very similar to Mar-
ink’s previous simulations [37]. The phosphate-choline/primary
mine bond and the glycerol linkage were predominantly paral-
el to the surface of membrane corresponding to negative order
arameters. For the tails of lipids, the order parameters decreased
rom ∼0.45 at the glycerol-carbon bond to ∼0.1 at the end of tails,

hich was consistent with previous experimental results [50].

The order parameter of phosphate-choline bond in POPC was
uch larger than phosphate-primary amine bond in POPE, which
eant the phosphate-primary amine bond in POPE had a more par-
Biointerfaces 160 (2017) 92–100 95

allel orientation to the membrane. This phenomenon was caused
by the stronger hydrogen bonds between phosphate and primary
amine. The difference of order parameters between POPC and POPE
lipids increased for tails. The probable cause was  the denser con-
formation generates more steric effects. Furthermore, molecular
thermodynamic movement was another important factor affect-
ing the order properties. As shown in Fig. 4, the absolute values of
order parameters decreased slowly when the temperature of sys-
tems rose from 310 K to 330 K. This illustrated that lipid molecular
distributed in more random orientation.

3.1.4. Morphology of PEGylated NPs
The conformation of grafting chains can transit from ‘mush-

room’ regime with lower grafting density to ‘brush’ regime with
higher grafting density, which was  observed in many researches
[51,52]. The continuous change of conformation was also appeared
in our simulations for PEG polymers, although there was not a
sharp boundary between these two  regimes. We  calculated the
particle number density distribution profiles and normalization of
PEG chains in radial direction (the details of algorithm and analysis
were shown in section 7 of SI). Fig. S8 and Fig. S9 showed higher
temperature and higher grafting density led to less PEG atoms con-
centrated near the surface of the naked NPs core and more PEG
atoms extended to water phase. The effect of grafting density was
more significant compared with temperatures. Besides, the peak
value of each number density profile was  at the fixed position
regardless of temperature or grafting density, which was consistent
with previous results [53].

The radius R, which was  defined as the mean distance between
the farthest atom of each PEG chain and the center of the naked NP
core, increased with grafting density and temperature (Table 1).
The average volume occupied by a single chain Vpolymer was calcu-
lated according to the work of Li et al. [34] and we obtained similar
results. Vpolymer decreased with the increment of �p, which indi-
cated more degrees of freedom and less steric barrier. This would
affect the structure of PEG in membranes (more details in later
sections).

The results on grafted chains’ radii of gyration Rg and end-to-
end distance Ree (Fig. S1)  further confirmed our above observations.
Higher grafting density or temperature induced larger Rg and Ree ,
due to stronger steric interaction and molecular thermodynamic
movement respectively. However, the increasing tendency of Ree

had some abnormalities. This might be resulted from that Ree just
be considered as the absolute length between two  end beads in a
single PEG chain and ignored the direction of the chains (Fig. S10A).
Therefore, we proposed a more effective radial projection of end-to-
end distance Ree−project in Fig. S10B. Increasing Ree−project denoted
the PEG chains extended to water phase in radial direction at higher
temperature or more grafted density (Table 1).

3.2. The effects of grafting density on lipid distribution

3.2.1. The structural changes of PEG chains
Gkeka et al. and Van Lehn et al. have reported that the sur-

face of NP coated with ligands which consists of hydrophobic
chains and a negatively charged hydrophilic end groups would
rearrange to form optimal contacts with the lipid bilayer, leading
to the so-called snorkelling effect [54,55]. In our simulations, we
also observed similar snorkelling effect during the translocation
of NP across membranes with lower grafting density (Fig. 5Ad),
though the PEG chains were electroneutral. The mechanism was

that stretching PEG chains toward two  sides of membranes could
maximize hydrophobic contact of NP core with alkane tails of lipids
and hydrophilic contact of PEG chains with water and polar head
group.
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Fig. 4. P2 order parameters of consecutive bonds for POPC and POPE lipids at different temperatures. Blue, green and blue represented 310 K, 320 K and 330 K respectively.
The  shadows on the histograms of POPE lipids were used to distinguish two  different lipids. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web  version of this article.)

Table 1
Effects of grafting density �p (or number of chains M)  and temperature T on the structures of PEGylated NPs a.

�p T M Rb Vpolymer
c Rg

d Ree
e Ree−project

f

(nm−2) (K) (nm) (nm3) (nm) (nm) (nm)

0.4 310 K 45 4.044 ± 0.088 3.652 ± 0.401 2.842 ± 0.019 2.083 ± 0.085 0.298 ± 0.119
320  K 45 4.092 ± 0.082 3.873 ± 0.383 2.857 ± 0.021 2.095 ± 0.107 0.359 ± 0.097
330  K 45 4.118 ± 0.091 3.997 ± 0.433 2.870 ± 0.018 2.073 ± 0.116 0.413 ± 0.108

0.8 310  K 90 4.457 ± 0.060 2.867 ± 0.167 3.213 ± 0.017 2.169 ± 0.067 0.812 ± 0.066
320  K 90 4.502 ± 0.064 2.992 ± 0.183 3.232 ± 0.021 2.222 ± 0.076 0.847 ± 0.067
330  K 90 4.524 ± 0.069 3.055 ± 0.199 3.245 ± 0.020 2.222 ± 0.076 0.878 ± 0.077

1.2 310  K 135 4.750 ± 0.055 2.488 ± 0.115 3.489 ± 0.019 2.308 ± 0.052 1.148 ± 0.070
320  K 135 4.762 ± 0.051 2.515 ± 0.108 3.499 ± 0.016 2.316 ± 0.056 1.161 ± 0.057
330  K 135 4.789 ± 0.048 2.572 ± 0.103 3.522 ± 0.015 2.339 ± 0.051 1.192 ± 0.060

a All above results were calculated by averaging 101 coordinate files uniformly extracted from trajectory files for 50–150 ns.
b The radius of PEGylated NPs.
c The average volume occupied by a single PEG chain.
d Chains’ radii of gyration.
e End-to-end distance of a single PEG chain.
f The radial projection of end-to-end distance.

Fig. 5. Plots of P2 of PEG chains and number of uncoated NPs core surface atoms by PEG chains, and some snapshots of NPs, choline groups, amine groups of membranes. Plots
(A),  (B), (C) corresponded to 0.4 nm−2, 0.8 nm−2 and 1.2 nm−2 grafting density respectively. The x-axis was the distance between COMs of NP and membrane. The snapshots
were  chosen at the beginning (a, e, i), at the end (b, f, j) and at the time when structure of PEG chains (c, g, k) and number of uncoated NPs core surface atoms changed (d, h,
l).  Green and blue beads represented choline groups and amine groups respectively, other parts of lipids were not shown for clarity. (For interpretation of the references to
colour  in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 6. Snapshots of NPs, choline groups, amine groups of membranes and plots of molecular number of angle less 45◦ for POPE lipids or greater 135◦ for POPC lipids with the
z  dimension of bilayers. Snapshots of (A), (B), (C) corresponded to 0.4 nm−2, 0.8 nm−2 and 1.2 nm−2 grafting density. The top of snapshots showed the structure before lipids
flip-flop  occurred. The bottom of snapshots showed the structure when POPC moved to opposite layer. Plots of (D), (E), (F) denoted the number of lipids flip-flops for NPs
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The PEG chains were more perpendicular to x-y plane in mem-
ranes instead of random orientation in water phase because of
norkelling effect. Second-rank order parameter (P2) was also used
o illustrate this process. The red plots represented P2 of PEG chains
ith 0.4 nm−2, 0.8 nm−2 and 1.2 nm−2 grafting density during the

ranslocation at 310 K in Fig. 5A, B and C respectively. Before NPs
ontacted with membranes, all P2 of PEG chains were generally
table at ∼0 corresponding to random orientation in water phase
Fig. 5a, e, i). After NPs touched with membranes, P2 plots obvi-
usly rose with 0.4 nm−2, 0.8 nm−2 grafting density because of
he snorkelling effect. PEG chains became more alignment with
he bilayer normal (Fig. 5c d, g, h). However, the orientation of
Ps with 1.2 nm−2 grafting density had slighter variation. The
ain factor was steric barrier caused by dense distribution of

EG chains inhibited the structural changes. After translocation of
Ps across membranes, P2 fell back to previous values (Fig. 5b, f,

).
Furthermore, we also analysed the number of uncoated atoms

y PEG chains on the NPs’ surface. The number of uncoated sur-
ace atoms of NPs maintained at a lower level, when PEG chains
andomly distributed in water. It was obvious that the lower graft-
ng density (∼140 at 0.4 nm−2 in Fig. 5A) would result in much

ore uncoated surface atoms than these at higher density (∼35
t 1.2 nm−2 in Fig. 5C). As NPs crossed into membranes, the yel-
ow plots rose gradually because alignment of PEG chains with the
ilayer normal and more lipid molecules adhering to the surface of
Ps. Similarly, a few changes of PEG structure induced the slight

ncrease of uncoated surface atoms with 1.2 nm−2 grafting den-
ity. However, differently from P2 plot, the number of uncoated
urface atoms of NPs by PEG chains did not fall back to previ-
us level significantly, after NPs were detached from membrane.
e speculated that some atoms of NPs surface were coated by

ipids extracted from membranes instead of PEG chains (Fig. 5b,

, j). Furthermore, the changes of PEG structures and surface atoms
xposed to hydrophobic core of membrane were related to flip-
ops of lipids. This phenomenon would be analysed in the next
ection.
een COMs of NP and membrane. Green and blue beads represented choline groups
pretation of the references to colour in this figure legend, the reader is referred to

3.2.2. The asymmetric transmembrane lipid distribution
The translocation of lipid molecules from one leaflet to another,

which was  called flip-flop, was  tightly associated with maintaining
an asymmetric transmembrane lipid distribution [56]. Exposure of
some intracellular lipids to the outside of the cell was  related to
blood coagulation and apoptosis [57] and the cells can be captured
by phagocytes as a presentation of self-antigens to the immune sys-
tem [58]. Besides, lipid flip-flops can occur with the help of proteins
and ATP [59,60] or transmembrane ion density gradient [56].

We observed the translocation of NPs across membranes can
cause lipid flip-flops but the lipid exchange occurred in a specific
location instead of the whole translocation process. The hydrophilic
PEG chains played an important role to determine when the lipids
crossed toward another side in our simulations. When PEG chains
of NPs with 0.4 nm−2, 0.8 nm−2 grafting density were separated
into two  parts distributed on the two  sides of membrane because
of snorkelling effect, there was  no lipid exchange between POPC
and POPE leaflets though membrane had obvious deformation
(top of Fig. 6A, B). It was  resulted from that uncoated NP core
atoms blocked the translocation of lipids to another side. Lipid flip-
flops would not occur until PEG chains connected upper leaflets
and lower leaflets (bottom of Fig. 6A, B, C). Flip-flops mediated
by hydrophilic atoms in our work were consistent with previous
results [56,61].

Afterwards we  defined a computational method to quantify the
lipids flip-flops in the whole translocation process approximately
(details of calculation were shown in section 9 of SI), though it
was difficult to obtain very accurate results unless the naked eye
[62]. The blue and green plots of Fig. 6D, E, F approximately repre-
sented the number of POPC and POPE flip-flops when the PEGylated
NPs translocated from POPC side to POPE side. It was obvious that
the flip-flops occurred later for NPs with lower grafting density. If
only the distance between COMs of NPs and membranes was just

over ∼0 nm,  some POPC lipids would translocate to lower leaflet
for 1.2 nm−2 grafting density. However, the flip-flop of POPC for
0.4 nm−2 took place at the COMs distance of ∼8 nm where the NP
was about to be detached from membrane. Similar phenomenon
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Fig. 7. Lipid flip-flop (A) and extraction (B) with different grafting density under the translocation of NPs from POPC side to POPE side. (D) and (E) denoted the lipid flip-flop
and  extraction in the opposite direction. Blue and green bars represented that POPC lipids and POPE lipids moved to another leaflet or were pulled out from the membrane
respectively. The proportion of POPC and POPE lipids in two  leaflets of membrane after the translocation of NPs from upper leaflet to lower leaflet (C) and the opposite
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egend,  the reader is referred to the web version of this article.)

as also observed when we reversed direction of the movement of
Ps (Fig. S12). The main reason was that more uncoated NP atoms
xposed to the hydrophobic core of membrane strongly blocked the
ipid flip-flops for lower grafting density. On the contrary, denser
EG chains facilitated the connection between two leaflets, which
ould make flip-flop easier. Besides, the lipids exchanges between

wo sides were not fully simultaneously. Lipid flip-flops of POPE
appened later than POPC, which was consistent with the results of
roskar et al. [62]. It might be caused by that NPs bent the bilayers in

he direction of movement and pulled the POPC lipids to the oppo-
ite side. Besides, we also found if the direction of translocation
hanged, the results were also reverse (Fig. S12).

We investigated the incidences of flip-flops and extraction of
ipids when PEGylated NPs were separated from membranes com-
letely at 310 K (Fig. 7). We  found the number of lipid flip-flops

ncreased with grafting density. This tendency might be caused by
arger size and more hydrophilic surface of NPs. The similar phe-
omenon with symmetric lipid membrane were also observed in
revious researches [62]. Furthermore, we observed the frequency
f POPC flip-flop from upper leaflet to lower leaflet was  much
igher than that of POPE flip-flop (Fig. 7A). It seemed to be con-
ected with the direction of the movement of NPs. Then we changed
he direction and the results were reversed (Fig. 7D).

The hydrophobic properties of NPs can extract lipids from mem-
ranes [63,64]. Similarly, the numbers of extracted POPC and POPE

ipids were affected by the direction of translocation of NPs. When
EGylated NPs moved from POPC side to POPE side, the most lipids

overed on the surface of NPs were POPE (Fig. 7B), but conversely
ere POPC (Fig. 7E). The results were completely in agreement with

he simulation of carbon nanotube [64]. Obviously, with higher
rafting density, less lipids were extracted from the membrane,
 upper leaflet (UL). The shadows on the bars were used to distinguish the values in
t simulations at 310 K. (For interpretation of the references to colour in this figure

which was  caused by smaller hydrophobic area of uncoated NP
core.

The consequence of lipid flip-flop and extraction caused by
PEGylated NP was that the membranes got more symmetric (Fig. 7C
and F). After the translocation of NP from upper leaflet to lower
leaflet, the proportion of POPC in lower leaflet (POPC-LL) and POPE
in upper leaflet (POPE-UL) would increase and the increase of POPC-
LL was much more than that of POPE-UL (Fig. 7C), due to the
direction of translocation of NP. The opposite direction would also
lead to opposite results (Fig. 7F). Besides, we found higher grafting
density would result in more symmetric membranes. It seemed
to be minor changes for one translocation. However, the accumu-
lated effects would be very large after many times translocation.
The results at 320 K and 330 K were similar to above-mentioned
facts (Fig. S13 and Fig. S14). As we  know, higher temperature
could enhance molecules’ thermal motions and thus promote the
lipid flip-flop processes. However, as reported in the experiments
[65], the flip-flop of lipids such as POPC or POPE happened in the
much longer timescale than that of MD simulations. Hence, it was
worth mentioning that the lipid flip-flop events reported here were
mainly occurred during the NPs’ translocation processes, which
was mainly regulated by the Van der Waals interactions between
PEG and lipids rather than by temperature.

4. Conclusions

Hyperthermia with magnetic NPs showed great promises in

tumor treatment, and PEG grafting techniques had been exten-
sively used in drug delivery. Therefore, we investigated the effects
of three different temperatures and PEG densities on translocation
of PEGylated NPs across the asymmetric membranes using Mar-
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ini coarse-grained molecular dynamics simulations. PEG chains
ended to spread along the surface of the NP core at lower temper-
ture instead of to stretch to water phase at higher temperature.
esides, more intense lateral diffusion and weaker order property

acilitated translocation of NPs across membranes. The drug ther-
py and magnetic hyperthermia could be combined to facilitate the
ranslocation of nanocarrier into residual tumor cells to kill them.
urthermore, the local temperature around NPs was higher than
ther area. If we controlled the concentration of NPs to keep the
verall temperature in the safe range, it might be used in the drug
elivery of normal cells. On the other hand, higher steric barrier
ith increasing grafting density would inhibit the translocation

f NPs, weaken the ‘snorkeling effect’ of PEG chains and decrease
ncoated atoms of NP core. Hence, with higher grafting density,
ore lipid flip-flops occurred, while less lipids were extracted from

he bilayer during PEGylated NPs translocation. It was too hard
o solve both problems at once by selecting an appropriate graft-
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