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ABSTRACT: PEGylated gold nanoparticles are considered suitable nanocarriers for
use in biomedical applications and targeted drug delivery systems. In our previous
investigation with the alkanethiol-functionalized gold nanoparticle, we found that
permeation across a protein-free phospholipid membrane resulted in damaging effects
of lipid displacement and water and ion leakage. In the present study, we carry out a
series of coarse-grained molecular simulations to explore permeation of lipid bilayer
systems by a PEGylated gold nanoparticle, especially at the bulk-liquid−lipid interface
as well as the interface between the two lipid leaflets. Initially, we examine molecular-
level details of a PEGylated gold nanoparticle (constructed from cycled annealing) in
water and find a distribution of ligand configurations (from mushroom to brush
states) present in nanoparticles with medium to high surface coverage. We also find
that the characteristic properties of the PEGylated gold nanoparticle do not change
when it is placed in a salt solution. In our permeation studies, we investigate events of
water and ion penetration as well as lipid translocation while varying the ligand length, nanoparticle surface coverage, and ion
concentration gradient of our system. Results from our studies show the following: (1) The number of water molecules in the
interior of the membrane during ligand-coated nanoparticle permeation increases with PEGn-SH surface coverage, ligand length,
and permeation velocity but is not sensitive to the ion concentration gradient. (2) Lipid molecules do not leave the membrane;
instead they complete trans-bilayer lipid flip-flop with longer ligands and higher surface coverages. (3) The lack of formation of
stable water pores prevents ion translocation. (4) The PEGylated nanoparticle causes less damage to the membrane overall due
to favorable interactions with the lipid headgroups which may explain why experimentalists observe endocytosis of PEGylated
nanocarriers in vivo.

1. INTRODUCTION

In targeted drug delivery systems, nanoparticle carriers are
often functionalized with polyethylene glycol (PEG) polymers
to improve solubility and in vivo stability in biological
media.1−3 Gold nanoparticles decorated with ligands are
desirable candidates in particular for delivery of therapeutic
agents due to their distinctive physical and chemical character-
istics, which include the ability to be synthesized in a wide
range of shapes and the ease of functionalization of the
nanoparticle surface.4,5 In this study, we have carried out a
series of coarse-grained molecular dynamics simulations to
investigate the effect of permeation of a polyethylene-glycol-
functionalized gold spherical nanoparticle across a protein-free
phospholipid bilayer membrane with special attention given to
the barriers to permeation at the bulk-liquid−lipid interfaces.
Investigation of permeation effects of functionalized nano-
particles under various conditions is important because it can
guide in developing nanoparticle carriers with minimized
cytotoxic effects as they permeate cell membranes in vivo.
Our previous work focused on understanding the effect of

ligand length on alkanethiol-functionalized nanoparticle per-
meation of membranes; presently we are concentrating our
efforts on ligands such as PEG that are being used widely in
biomedical drug delivery applications. For instance, the
circulation time of nanoparticles in the blood has been found
to increase due to PEGylation,6 which has prompted studies
such as interaction of PEG with erythrocytes.7 Upon intra-
venous administration of PEGylated nanoparticles in the blood,
erythrocytes are likely the first cells to come in contact with the
functionalized nanocarrier.7 Therefore, it is important to
evaluate the effect PEGylated nanoparticles have on lipid
membranes (also present in erythrocytes) since damage to
erythrocytes may result in in vivo cytotoxicity.
Previously we have shown that ligand-coated gold nano-

particle permeation across lipid bilayer membranes induces
water and ion penetration, as well as incidence of lipid flip-flop
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and repeated instances of lipid displacement; here we report on
these types of events induced by permeation of spherical gold
nanoparticles protected with a known biocompatible functional
group (PEGn-SH). In this work, we compare the results of
permeation by a gold nanoparticle functionalized with PEGn-
SH ligands to our previous work with alkanethiol-coated gold
nanoparticles. Our former studies serve as a benchmark to
understand ligand-coated nanoparticle permeation and support
this current study of a nanoparticle functionalized with material
used frequently in drug delivery applications. We vary the
system ion concentration gradient, length of grafted PEG
ligands, and chain density of grafted ligands to observe the
effect on water and ion leakage, lipid flip-flop, and lipid loss
from the lipid bilayer membrane. In our previous studies with
an alkanethiol-functionalized gold nanoparticle, we observed
that the number of water molecules found in the lipid
membrane interior increases with ligand length, nanoparticle
size, and permeation velocity but is not sensitive to ion
concentration gradient. In those studies, formation of water
fingers as a mechanism of ion translocation across the
membrane was examined in addition to displacement of lipid
molecules that do not complete the flip-flop. These effects of
ligand-coated nanoparticle permeation are detrimental to the
cellular environment and can result in apoptosis. In the present
work, in addition to the aforementioned permeation effects, the
mechanism of penetration of the PEG-functionalized spherical
nanoparticles especially into the water−bilayer interface and
subsequently at the interface between the two lipid leaflets and
the nature of the interactions between the PEG ligands and the
lipids of the bilayer are closely examined. The results of this
study should facilitate the work of experimentalists who
engineer nanoparticles with biocompatible surface modifica-
tions for biomedical applications.

2. METHODS
2.1. Coarse-Grained Model. In carrying out our molecular

dynamics simulations, we have used a coarse-grained model of a DPPC
lipid bilayer membrane as our model phospholipid bilayer membrane8

and a coarse-grained model of PEG in our functionalized gold
nanoparticle.9 Our gold nanoparticle core is treated as a rigid body
while the PEG ligands are flexible and move freely during the
permeation. In coarse-grained models, small clusters of atoms are
treated as interaction sites. This grouping of atoms reduces the degrees
of freedom in a system but allows the simulation to be more efficient
at extending time scales compared to atomistic simulations. Coarse-
grained methods for molecular dynamics simulations have been
employed frequently to study large biomolecular systems. Previously,
many groups have studied the behavior of PEG molecules in water
based and other systems using molecular dynamics.10−12 In our study,
we use the MARTINI force field developed by Marrink and co-
workers13 which has been verified to accurately reproduce semi-
quantitatively the fundamental thermodynamic and structural proper-
ties of proteins, amino acids, and lipid bilayer membranes.14 Our
present system includes both nonbonded and bonded as well as
charged interaction sites, all represented with different interaction
parameters particular to the type of interaction site. The MARTINI
force field contains pretested interaction parameters for polar (P-type),
nonpolar (N-type), apolar (C-type), and charged (Q-type) interaction
sites. Nonbonded interactions between particle−particle pairs are
characterized by a shifted Lennard-Jones (LJ) potential energy
function where

σ σ= ϵ −U r r r( ) 4 [( / ) ( / ) ]ij ij ij ij ij ijLJ
12 6

(1)

rij represents the distance between the interacting particle pairs and εij
is the depth of the LJ potential well. In the MARTINI model, most

interacting particle pairs have an effective distance of σij = 0.47 nm;
however, for charged- or apolar-type interaction sites, the effective
distance of σij = 0.62 nm is applied. The depth of the well, εij, is a
parameter specific to the interacting particle pairs and varies from εij =
2.0 to 3.1 kJ/mol for polar and nonpolar site types and to represent
interactions with charged particles in apolar environments. εij ranges
from 3.5 to 5.6 kJ/mol for interaction sites that are strongly polar or
nonpolar such as in aliphatic chains.

The shifted Coulombic potential energy function, which is used to
model interactions between charged particle types, is described by
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The weak harmonic potential energy function used to model
interactions between bonded particle pairs is represented in the
MARTINI force field by

= −V R K R R( )
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where the equilibrium distance Rbond is 0.47 nm. The force constant,
Kbond, is 1250 kJ/(mol nm2). In systems where bonded interacting
pairs have complex chemical structures, bond angles must be
accounted for by the MARTINI force field to more accurately
represent the bond configuration. For this, a weak harmonic potential
of the cosine type, Vangle(θ), is employed, where

θ θ θ= −V K( )
1
2

[cos( ) cos( )]angle angle 0
2

(4)

In addition to bond and angle configurations, dihedral interactions
between quadruplets of atoms in PEG are accounted for in the
MARTINI force field by a dihedral potential, where

∑φ φ φ= + +φ
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i
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,
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In the original coarse-grained model of PEG and PEO,15 a force
constant of 85 kJ/mol was used with an angle potential of the cosine
type (eq 4). Later it was determined that numerical stability improved
when a force constant of 50 kJ/mol was used with an angle potential of
the harmonic type where

θ θ θ= −V K( ) [ ]angle angle 0
2

(6)

Rather than eq 4, we use eq 6 with the new parameters from the most
recent paper by Lee and Pastor16 to validate our modification against
the original MARTINI model. Two critical parameters for polymers
are the radius of gyration, Rg, and root-mean-square end-to-end
distance (⟨Ree⟩). In the original MARTINI model, the Rg and ⟨Ree⟩
values found for PEG9 in water were 6.3 ± 0.1 and 15.7 ± 0.1 Å,
respectively. In these simulations, a single PEG9 chain was placed in a
box of size 10.0 × 10.0 × 10.0 nm3 containing ∼9200 previously
equilibrated coarse-grained water molecules and simulated for 400 ns
at 296 K with pressure maintained at 1 bar using the NPT ensemble
time integrator. The results for Rg and ⟨Ree⟩ were obtained from four
simulations of different starting points for the PEG9 chain with data
from the first 20 ns omitted. Repeating these simulations with the
updated parameters for our adopted model resulted in Rg and ⟨Ree⟩ of
6.4 ± 0.03 Å and 14.69 ± 0.17 Å, respectively, in reasonable agreement
with the original coarse-grained model. We note that we use a methyl-
terminated form of PEGn (sometimes referred to as PEOn) which has
“n + 1” coarse-grained beads as described by the MARTINI model.

2.2. Cycled Annealing of PEGn-SH onto a Bare Gold
Nanoparticle. As in our previous studies, the 3.0 nm diameter gold
nanoparticle is obtained by cutting a nearly spherical structure from a
bulk face-centered-cubic (FCC) lattice of gold atoms. To condense the
PEGn-SH ligands onto the surface of the nanoparticle, a cycled
annealing simulation procedure was used, as in studies of nanoparticles
immersed in polymer melts, for example, polymer nanocomposites or
polystyrene or poly(ethylene oxide) doped with nanoparticles or
nanorods.17−21
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We start by equilibrating a 10.0 × 10.0 × 10.0 nm3 simulation box
of PEG3-SH and obtained a density of 1053.6 kg/m3 using the NPT
ensemble time integrator at 400 K (above the glass transition
temperature of PEG22) for 5 ns. This is close to the value 1048 kg/m3

from experimental measurement and extrapolation.20,23 Into this we
inserted a 3.1 nm diameter gold nanoparticle in an NVE ensemble at
400 K for another 5 ns. After equilibration, we switched to the NPT
ensemble time integrator for the cycled annealing simulation. In all of
our cycled annealing simulations, the thiol group is the attachment site
of the PEGn-SH ligand. The temperature was cycled from 300 to 1100
K to allow the ligands to explore various stable binding sites on the
nanoparticle and to permit any excess ligands to desorb from the
nanoparticle surface. Temperatures of up to 1200 K have been used for
silica nanoparticles24 with PEG polymer chains. During the cooling
stages of the annealing procedure, we allowed the temperature to drop
by 20 K/ns for 5 ns. Once this was completed, the system was
equilibrated for 50 ns at 400 K and finally for 50 ns at 323 K, the
temperature used in our permeation simulations.
In our previous work, we used the cycled annealing procedure to

condense butanethiol ligands onto the nanoparticle surface and then
replaced these short ligands with alkanethiol ligands of desired
length.25 In constructing PEGn-SH-functionalized gold nanoparticles
for simulations with various ligand lengths, it is not accurate to assume
that coverage is independent of ligand length, since it has been found
in experimentally synthesized PEGylated nanoparticles that the
coverage density of PEG on the nanoparticle surface does decrease
as the chain length or molecular weight increases.26 This is consistent
with experimental work by Rahme et al.28 where it was observed that
the grafting density of the mPEG-SH ligands on a gold nanoparticle 15
nm in diameter decreased from 3.93 to 0.31 PEGnm−2 as the
molecular weight of the ligands increased from 2100 to 51400 g mol−1,
respectively, which the authors attribute to increased steric hindrance
and polymer conformational entropy with an increase in the PEG
chain length.
For the cycled annealing simulation with PEG3-SH ligands, 75

ligands were found to condense on the nanoparticle surface (shown in
Figure 1a) which is equivalent to a coverage of 2.49 ligands/nm2. Since
our desired PEGylated nanoparticles for study are PEG6-SH-AuNP
and PEG12-SH-AuNP, we used our equilibrated PEG3-SH-AuNP
nanoparticle in solution of PEG3-SH ligands as a starting point for our
next simulations. We attached additional beads to the condensed
ligands to match the ligands in the melt to mimic a PEG6-SH- and
PEG12-SH-AuNP in solution of their respective melts. The nano-
particle with the longer ligands was then equilibrated in its solution
and then subjected to the same cycled annealing simulation we
employed for PEG3-SH-AuNP. We obtained a PEG6-SH-AuNP with
50 ligands condensed and a PEG12-SH-AuNP with 32 ligands
condensed, equivalent to a coverage of 1.66 and 1.06 ligands/nm2,
respectively. Many groups27 who synthesized PEGylated nanoparticles

reported a range in PEG coverage from 0.2 to 2.0 ligands/nm2 with
the exception of Rahme et al.,28 who observed a higher grafting density
of 3.93 ligands/nm2, which indicates that our constructed PEGn-SH
nanoparticle in simulation has grafting densities in accordance with
what is found experimentally.

In order to observe differences in membrane interaction with a
nanoparticle of higher coverage, we did test a PEG6-SH- and PEG12-
SH-AuNP with a coverage of 2.49 ligands/nm2 by adding beads to the
structure obtained from cycled annealing with PEG3-SH, without
further annealing.

For the remainder of the discussions in this work, we will be
referring to the PEG12-SH-AuNP with lower coverage of 1.06 ligands/
nm2 and the one with coverage of 2.49 ligands/nm2 as PEG12-AuNP-
LC and PEG12-AuNP-HC, respectively. The same naming convention
will be used for the nanoparticles functionalized with PEG6-SH
ligands, PEG6-AuNP-LC for the nanoparticle with coverage of 1.66
ligands/nm2 and PEG6 AuNP-HC for the nanoparticle with coverage
of 2.49 ligands/nm2.

3. CHARACTERIZATION OF THE PEGYLATED AUNP

3.1. PEGylated Gold Nanoparticle in Water. After cycled
annealing, we introduce the equilibrated nanoparticle into a
simulation box with previously equilibrated water molecules by
removing all water molecules that would have overlapped with
the nanoparticle. After equilibration in aqueous solution for 200
ns, we obtained the characteristics of PEG6-AuNP-HC, PEG6-
AuNP-LC, PEG12-AuNP-HC, and PEG12-AuNP-LC, shown
in Tables S1−S4, namely, the average radius of the function-
alized nanoparticle, average volume occupied by an attached
chain, average radius of gyration (Rg), and average end-to-end
distance of individual grafted chains (⟨Ree⟩). All these
properties are strongly dependent on the nature of the interface
between the ligands and the bulk-liquid phases, and by
investigating these properties we have attempted to better
understand these interfaces as well. The average radius of the
functionalized nanoparticle is defined as the mean distance
between the center of the gold core and the terminal bead of
the grafted ligands. The average volume of a single attached
PEGn-SH chain is obtained by calculating the volume
difference of the gold nanoparticle pre- and postfunctionaliza-
tion and dividing this by the number of grafted PEGn-SH
chains. This method is the same as that reported by Li et al.29 in
their computational analysis of a PEGylated nanoparticle with
varying coverage densities. In addition, we have studied the
behavior of the PEGn-AuNP-LC and PEGn-AuNP-HC nano-
particles in a salt solution in preparation for conducting

Figure 1. Distance between neighboring sulfur atoms on (a) PEG3-SH-AuNP, (b) PEG6-SH-AuNP, and (c) PEG12-SH-AuNP obtained from
cycled annealing simulations.
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permeation studies for systems under an ion concentration
gradient. After 200 ns of equilibration, we obtained the same set
of characteristics to compare the behavior of the nanoparticle in
water and in a salt solution. Each value in Tables S1−S4 was
collected by averaging configurations of the PEGylated AuNP
every 100 ps over 1 ns after 200 ns of equilibration in solution
was completed.
3.2. Characteristics of the Nanoparticle in Polymer

Melt vs in Water. From Tables S1 and S3 (Supporting
Information (SI)), it is clear that the radius of gyration and
average radius of the functionalized nanoparticle decrease in
water compared to that in the polymer melt. In comparing data
in Tables S1 and S2 of the SI and also in Tables S3 and S4 of
the SI, it is clear that the radius of gyration and average radius
of the functionalized nanoparticle increases with increasing
surface coverage density. The average volume per PEGn-SH
ligand also decreases for both the PEG6-AuNP-LC and PEG12-
AuNP-LC when the functionalized nanoparticles are equili-
brated in water compared to the polymer melt. For both the
PEG6-AuNP-LC and PEG12-AuNP-LC, the average Rg do not
differ significantly for the nanoparticle in the melt and in water.
For the PEG6-AuNP-LC and PEG12-AuNP-LC in water, the
⟨Ree⟩ is larger for the nanoparticle in the melt than in water.
The standard deviation of the average Rg is small compared to
that of the ⟨Ree⟩ for the nanoparticles in the melt and in water
and salt solutions. As indicated in Tables S1−S4 of the SI, there
is a slight increase in average volume of individual PEGn-SH
chains as surface coverage density increases for both the PEG6-
SH and PEG12-SH cases; the difference is not significant

however. The ⟨Ree⟩ of individual PEG12-SH ligands increases
as coverage density increases (as seen in Tables S3 and S4 of
the SI) but does not show significant difference between PEO6-
AuNP-LC and -HC (as seen in Tables S1 and S2 of the SI). In
observing the differences between the nanoparticles equili-
brated in water and salt solution from Tables S1−S4 of the SI,
we find that the average radius of the functionalized
nanoparticle and average Rg and ⟨Ree⟩ of the individual chains
are all within one standard deviation of another.
In order to have a clearer understanding of what types of

molecular configurations correspond to these averages (and
differences in the observed behavior), we examine the
snapshots in Figure 2 to observe the configurations of ligands
on a typical PEGylated AuNP in the polymer melt and after
equilibration in water. In Figure 2, we present snapshots of the
PEGylated nanoparticles in the melt state (Figure 2a,b) and
after equilibration in water (Figure 2c,d). These snapshots
represent a typical PEGylated nanoparticle, while the data in
Tables S1−S4 of the SI are averages over 1 ns after
equilibration is complete.
In the melt, the PEGn-SH polymers that condensed on the

nanoparticle surface are seen to be stretched out and interacting
with other polymers in the melt (surrounding the PEGylated
AuNP, but not explicitly shown in Figure 2). On the other
hand, panels c and d of Figure 2 show that, in the presence of
water, the PEG6-SH and PEG12-SH chains are collapsed or
wound in loops close to the nanoparticle surface, and the chains
are in a more coiled form as opposed to stretched out and
flattened as in the melt. More attractive intermolecular

Figure 2. Snapshots of equilibrated PEG6-AuNP-LC (a, c) and PEG12-AuNP-LC (b, d) in the melt state (a, b) and in water (c, d). The gold
nanoparticle core is pictured in white with the sulfur beads (blue) and PEGn ligands (red). For clarity, the solvent molecules are not shown.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b01740
Langmuir 2016, 32, 7541−7555

7544

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01740/suppl_file/la6b01740_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.6b01740


interactions between PEGn-SH polymers cause them to stretch
out in the melt state to interact with the surrounding polymers
and to coil closer together in the presence of water molecules.
As seen in Figure 1b,c, in the melt, the longer ligands are found
not as evenly distributed onto the surface as were the shortest
ligands. This is most likely due to the attached ligands that are
collapsed or curled up close to the surface of the nanoparticle
(shown in snapshots in Figure 2a,b) which can block
surrounding ligands from adsorbing onto the surface during
the annealing process. The distance between neighboring sulfur
atoms increases with the length of the ligand in the melt due to
the fact that longer ligands will cover a larger area of the
nanoparticle surface when collapsed. As expected from
experimental findings,28 we find that the surface coverage
decreases as the ligand length in the melt increases. The
decrease of average radius and Rg of the PEGylated AuNP in
the melt state compared to that in water is a result of PEGn-SH
polymers being more attracted to each other than they are to
water, leading them to entangle around each other and the
nanoparticle surface. The entanglement and coiling of the
polymers is clearly shown in our snapshots (Figure 2)
providing a molecular view of PEG ligands in the melt and
PEG ligands in water. The decreased average Vligand in water for
both the PEO12-SH-AuNP and PEO6-SH-AuNP compared to
the melt is consistent with the molecular view in Figure 2 where
the PEGn-SH ligands collapse or coil close to the nanoparticle
surface, resulting in a loss of conformational degrees of freedom
for each grafted chain. The molecular view of the PEGylated
AuNP in the melt state in Figure 2 is consistent with the larger
volume per ligand and higher conformational degrees of
freedom of ligands in the stretched state. PEGn-SH chains that
have larger values of average Rg and ⟨Ree⟩ are stretched away
from the nanoparticle surface and are in a flattened form. This
indicates that, in the polymer melt, PEGn-SH polymers are
stretched further away from the gold nanoparticle surface
(shown in Figure 2). The small standard deviation of the Rg of
individual PEG chains on the PEGylated AuNP in the melt and
after equilibration in water therefore suggests that Rg does not
give a suitable description of how the PEGn-SH chains are
behaving. Essentially, the average Rg of an individual PEG chain
does not describes whether the ligand is stretched out or coiled

close to the surface of the nanoparticle, only the overall space it
is contained in.

3.3. Distribution of Ligand Configurations in a
PEGylated AuNP. As already observed in the snapshots of
Figure 2, ligands are not uniformly coiled or stretched out but
rather have a distribution of molecular configurations and a
distribution of individual ⟨Ree⟩ values. For the ⟨Ree⟩ of
individual chains, the larger standard deviations in Tables
S1−S4 of the SI imply that there is a wider distribution of
configurations exhibited by the attached ligands, from the
curled-up to the stretched state. Therefore, in Figure 3 we
further examine the distribution of ⟨Ree⟩ values that are found
on the PEG12-AuNP for both coverages. In Figure 3, we also
quantify the distribution of various ligand configurations
present on the equilibrated PEG12-AuNP. Above each bar,
we provide a molecular-level view of a typical configuration of
the PEG12-AuNP-LC and PEG12-AuNP-HC ligands equili-
brated in water. In the bar graphs of Figure 3, we find that there
is a wide distribution of ⟨Ree⟩ values for individual ligands in
both low and high coverage cases, with a broader distribution
for the high coverage situation.
We observe from the snapshots of typical ligand config-

urations corresponding to each bar of ⟨Ree⟩ values that there are
an array of ligand configurations that the PEG12-SH ligand can
take, ranging from the coiled to the stretched state. This
indicates that on a typical PEGylated nanoparticle, there are
many configurations of ligands from mushroom-type (smaller <
Ree>) to brush-type (larger ⟨Ree⟩) conformations. This behavior
is once again strongly dependent on the interface between the
ligands and the water/polymer melt phases. The “mushroom”
description corresponds to a distribution of largely coiled and
more flat-lying molecular configurations, although there exists a
small fraction of extended ligands even in the case of the
PEG12-AuNP-LC. The “brush” description corresponds to a
large fraction of molecular ligand configurations that are
stretched, although a fraction of coiled ligands are present even
for the PEGylated AuNP at higher coverages.
Several groups that have studied PEGylated nanoparticles in

water or in polymer melt observe the behavior of PEG in the
so-called “mushroom” or “brush” regimes, both theoretically
and experimentally, depending on coverage, the so-called
grafting density.30−34 Within the mushroom regime where

Figure 3. Distribution of Ree of ligands on (a) PEG12-AuNP-LC and (b) PEG12-AuNP-HC equilibrated in water. Snapshots of typical PEG12-SH
from that distribution are included with blue representing the thiol atom and red the beads of PEG12. These are averages over 1 ns after
equilibration is complete.
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coverage density is low, PEG chains tend to collapse on the
surface of the nanoparticle. In the case of low grafting density,
the volume of a single PEG chain is large due to more
conformational degrees of freedom. In the case of high grafting
density, or the brush regime, it has been observed that the PEG
chains tend to be stretched away from the nanoparticle surface,
a reasonable mechanism for minimizing steric repulsions and
system free energy. This results in a significant loss of
conformational degrees of freedom for the PEG chain, which
leads to a small available volume per PEG polymer. From our
results we find that the transition from mushroom to brush
behavior of individual PEG ligands would occur gradually as the
surface coverage density increases, as the distributions depicted
in Figure 3 would change from panel a to panel b. Tables S1
and S2 of the SI indicate that the ⟨Ree⟩ does not change
significantly as the coverage density increases on the PEO6-
AuNP. This further demonstrates that the transition between
mushroom to brush regimes is not sharp and that high grafting
densities will not result in a brush only regime; there is always a
distribution present, and it is illustrated best when comparing
nanoparticles with coverage densities that largely differ from
one another, as in Figure 3.
It has been observed, both in simulation and experiment, that

the average volume of individual PEG polymers grafted to
nanoparticles ranging from 8.0 to 90.0 nm in diameter
decreases nonlinearly as grafting density increases.29,35 This is
a result of the transition of PEG polymers from the mushroom
to the brush configuration where PEG polymers begin to
compact with neighboring chains. In smaller nanoparticles such
as the one used in the current study (3.1 nm in diameter),
increased surface curvature leads to reduced steric contacts
between grafted polymers17,36 and average volume of PEG
polymers is larger for smaller nanoparticles with the same
coverage density as those with larger core diameter. For this
reason, we believe we do not observe a significant difference in
average volume occupied by PEGn-SH polymers with
increasing coverage density when comparing with our smaller
nanoparticle.
The behavior of PEG had been observed to change in the

presence of salt, and this has been ascribed to the strong
association of sodium ions to PEG.37,38 Others have observed
(in all-atom simulations) a single PEG chain wrapping around
sodium ions and forming helical-like structures39,40· The
characteristic properties of the PEGylated AuNP equilibrated
in salt solution in Tables S1−S4 of the SI did not deviate from
those in water, which indicates that the overall structure of the
functionalized nanoparticle does not change significantly from
equilibration in pure water. We believe this is due to
competition between the PEGn-SH chains and the sodium
ions present in solution. The situation where a single PEG
chain is in a salt solution37 is quite different since the sodium
ions have only one chain to interact with. Where multiple
chains are present, sodium ions have multiple atoms to interact
with and may not associate with one chain in particular. In
addition, in cases of nanoparticles functionalized with polymers,
there is a tendency for chains to collapse and form loops close
to the nanoparticle surface (as observed in Figure 2), and this
leaves few grafted chains the opportunity to interact with ions
in the surrounding solution.

4. PEGYLATED AUNP PERMEATION IN DPPC LIPID
BILAYER MEMBRANES

The simulation system (Figure 4) is 12.8 × 12.6 × 30.0 nm3 in
size and consists of a dipalmitoylphosphatidylcholine (DPPC)

membrane with 512 DPPC molecules and approximately
33,600 CG water molecules. We have observed in previous
studies that this lipid membrane self-assembles from an
isotropic solution of DPPC lipid molecules and water in a
coarse-grained simulation.41 We have found that the properties
of this self-assembled DPPC lipid bilayer are in good agreement
with experimental measurements, which validates the efficacy of
the model42 and its ability to correctly represent the interface
between the lipid and water as well as the interface between the
two lipid leaflets. In experiments investigating lipid membrane
permeation, phospholipid molecules are maintained on solid
supports such as polymers43 that mimic the role of the
extracellular membrane matrix in vivo. In order to replicate
actual permeation experiments closely in our molecular
simulation, we tethered roughly 8% of the boundary lipid
molecules (1 nm from the edge of the membrane) to their
initial position using a harmonic spring force. Tethering ensures
that the entire membrane does not translate during simulated

Figure 4. DPPC lipid bilayer membrane simulation system for
investigation of PEGylated nanoparticle permeation from the top
compartment (A) to the bottom compartment (B) across the lipid
bilayer membrane (blue = choline, orange = phosphate, red = glycerol,
green = lipid tails, white = water, gold = nanoparticle core, and pink =
PEGn-SH ligands).
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nanoparticle permeation. A PEGylated gold nanoparticle will
translocate from compartment A to compartment B (in Figure
4) across the lipid membrane under constant velocity,
effectively representing an experimental test where a function-
alized nanoparticle transporting from the extracellular (com-
partment A) to the intracellular space (compartment B). All
PEGylated NP permeation simulations were performed using
the LAMMPS44 molecular dynamics simulation package where
a Langevin thermostat was employed to maintain the system
temperature at 323 K. An NVE ensemble time integrator and
periodic boundary conditions were also applied to our system
that utilized a time step of 10 fs to ensure membrane stability
during the simulation.
For our simulations, we used gold nanoparticles that are 3.0

nm in diameter. In previous studies using alkanethiol-
functionalized gold nanoparticles with gold cores of 2.0 and
3.0 nm in diameter, we found that most significant results on
lipid flip-flop, ion leakage, and lipid displacement occur with the
larger nanoparticle.45 Therefore, in the present study, we solely
focused on the larger gold nanoparticle (3.0 nm in diameter).
For practical applications, much larger nanoparticles, 10−100
nm in diameter, are readily carried in vivo in circulating
blood.46,47 The parameters varied in this work include
nanoparticle velocity, ligand length (PEG6-SH and PEG12-
SH each with 8 and 14 CG beads, respectively), and ion
concentration gradient. For systems with unequal ion
concentrations, sodium and chloride ions were added to the
top compartment A of the system (Figure 4) at 1.4 mol %
concentration (under the saturation limit, 1.8 mol % of sodium
chloride in water). As in our previous work,42 the system under

unequal ion concentration gradient also contained two walls
(cut from an FCC structure and placed on either side of the
system in Figure 4) that are impermeable to water and ions, to
isolate the ions in the top compartment (compartment A)
which would otherwise move to the bottom compartment due
to the periodic boundary conditions.
In our work, complete membrane recovery is achieved when

zero water molecules are found in the membrane interior. This
is often accomplished by allowing the system to continue to
equilibrate once the nanoparticle permeation has completed;
for systems such as the current one where low velocities are
used, full membrane recovery often occurs when the nano-
particle has reached the end of the simulation box.
We found in earlier studies with our alkanethiol-function-

alized LCNP that the larger nanoparticles and longer ligands
caused more damage to the lipid bilayer membrane and
increased the recovery time after permeation. Lower velocities
allow the functionalized nanoparticle to sample multiple
configurations and increases interaction time with surrounding
particles as it moves through the system. Since our current
study involves nanoparticles with even longer ligands than used
in our previous work, the nanoparticle velocities tested in this
study (PEG6-SH-AuNP were 0.05, 0.075, 0.1, and 0.2 m/s; for
the PEG12-SH-AuNP they were 0.025, 0.05, 0.075, and 0.1 m/
s) are lower than in our previous work (0.35−1.0 m/s). We will
refer to velocities 0.025, 0.05, 0.075, 0.1, and 0.2 m/s as V1, V2,
V3, V4, and V5, respectively. The velocities tested in this study
are comparable to actual cases where PEGylated nanoparticles
are injected into the body; for example, Bishop et al. previously

Figure 5. Number of coarse-grained water molecules that permeate into the hydrophobic membrane interior during PEGylated gold nanoparticle
permeation under the following conditions: (a) Effect of coverage density, (b) effect of nanoparticle velocity, (c) effect of PEG length, and (d) effect
of ion concentration gradient. The green dashed lines represent the equilibrated position of the phosphate groups in the top and bottom leaflets of
the DPPC lipid bilayer membrane. Each data point has error bars included based on three independent simulations.
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measured the typical blood flow velocity in the middle cerebral
artery to range from 0.36 to 1.4 m/s.48

5. RESULTS AND DISCUSSION
5.1. Water Penetration. In the present study, we examined

water penetration as a result of nanoparticle permeation and
investigated its dependence on permeation velocity, ion
concentration gradient, and PEGn-SH ligand length and ligand
coverage density. We compare and contrast this to the water
penetration data we obtained in our previous study with
alkanethiol-coated nanoparticles. From our previous work and
those of other investigators, nanocarriers permeating from the
extracellular to intracellular space are known to induce defects
and pore formation in the membrane which facilitates water
leakage into the hydrophobic membrane interior.49,50 In this
study, as in our previous studies, water penetration is defined as
the number of coarse-grained water molecules, originally
present in the top compartment of the lipid bilayer membrane,
that are found to have moved into the membrane by
nanoparticle permeation. The hydrophobic interior of the
lipid membrane is the region extending 0.75 nm in both the +z
and−z directions from the center of the lipid bilayer membrane.

This includes the lipid bilayer tail region in the membrane at
equilibrium. The water molecules positioned at the phosphate
heads at the entrance region of the formed water pore are not
counted in the total number of waters leaking into the
membrane interior.
We now report, in Figure 5a−d, our observations on water

leakage due to PEGylated nanoparticle permeation under
varying conditions of nanoparticle velocity, surface coverage,
ligand length, and ion concentration gradient. In each case, we
have quantified the number of water molecules entering into
the hydrophobic membrane interior throughout the course of
the nanoparticle permeation. Water penetration can occur from
both the top and bottom membrane compartments. In Figure
5a−d, the green dotted lines represent equilibrated positions of
the phosphate groups in the DPPC lipid head in the top and
bottom membrane leaflets, which represents the location of the
lipid−water interface.
We observe some similarities and differences in the water

penetration behavior for the PEGn-AuNP-HC and -LC
nanocarriers compared to alkanethiol-functionalized nano-
particles that may be attributed to the different chemical
behavior of the ligands during interaction with water, ions, and

Figure 6. Snapshots of the (a, b, c, d) alkanethiol-coated gold nanoparticle and (e, f, g, h) PEG6-AuNP-HC. Snapshots indicate (a, e) the approach
of the nanoparticle to the top leaflet of the membrane, (b, f) top view of the choline headgroups of the first membrane leaflet, (c, g) nanoparticle
located in the middle of the membrane, and (d, h) nanoparticle leaving the bottom leaflet of the membrane. Each set of snapshots contains omitted
atoms (blue = choline, red = phosphate, orange = glycerol, green = alkyl tails, yellow = gold nanoparticle, pink = PEG6-SH ligands, and magenta =
alkanethiol ligands).

Langmuir Article

DOI: 10.1021/acs.langmuir.6b01740
Langmuir 2016, 32, 7541−7555

7548

http://dx.doi.org/10.1021/acs.langmuir.6b01740


the lipid bilayer molecules. One major distinction of the water
leakage behavior is how water molecules behave when the
nanoparticle core is inside the membrane. It is clear from
Figure 5a−d that when the core of the PEGn-AuNP is inside
the membrane interior, water molecules are still entering the
membrane along with the nanoparticle. In examining water
leakage profiles from our previous study, we observed that the
number of water molecules moving into the hydrophobic
membrane interior decreases as the NP core reaches the inside
of the membrane. This initial decrease is in part due to the
space occupied by the LCNP, leaving little room for water
molecules to penetrate the membrane interior, and also the
unfavorable interaction between the alkyl ligands and water in
the hydrophobic environment which causes some water
molecules to be readily expelled. In the present case of the
PEOn-AuNP, our findings that water penetration does not
decrease as the PEOn-AuNP reaches inside the membrane
interior can be attributed to the favorable interaction of water
with the PEOn ligands permitting water molecules to be carried
along with the nanoparticle into the membrane interior.
As seen in Figure 5a, the number of water molecules

permeating the hydrophobic membrane interior increases with
increasing nanoparticle ligand length. We had previously
observed that longer ligands induce more disturbances to the
membrane integrity and result in formation of larger water
pores.45 This increases the recovery time of the membrane and
allows water molecules to continue permeating into the
membrane interior.
In Figure 5b, we observe the number of water molecules

penetrating the hydrophobic membrane interior to increase
with increasing nanoparticle permeation velocity as the
nanoparticle exits the second leaflet of the membrane (the
second lipid−water interface) into compartment B of Figure 4.
Initially, the number of water molecules penetrating the
membrane is relatively insensitive to changing velocities;
however, later during the permeation higher nanoparticle
velocities induce more disruption to the lipid membrane, and
this results in the development of a larger water pore. With
higher velocities, the lipid membrane takes more time to
recover after the permeation cycle is complete and, as a
consequence, more water molecules continue to penetrate the
membrane as the nanoparticle completes the permeation. As
found previously, this effect is greatest for nanoparticles with
longer length ligands; in the current study, the same behavior is
observed.
We have also examined the effect of nanoparticle surface

coverage density on water penetration in lipid membranes. It is
observed in Figure 5c that water penetration increases with
increasing coverage density. Increasing the number of surface
ligands increases the average radius and Rg of the functionalized
nanoparticle, as shown in Tables S1−S4. Essentially, a
nanoparticle with more surface ligands corresponds to a larger
effective size of nanoparticle. This introduces a larger water
pore in the membrane during permeation, which in turn allows
more water molecules to reach the membrane interior.
It is clear from Figure 5d that the number of water molecules

penetrating does not differ significantly when an ion
concentration gradient is introduced. We observed this as
well in our previous work with the bare and alkanethiol-coated
gold nanoparticles. Since chemical potential driving force in our
system is very weak (compartment A contains a 1.4 mol %
solution of NaCl), we do not expect water penetration to be
sensitive to an ion concentration gradient.

5.2. Nanoparticle Penetration into a Bilayer. In our
previous work we observed few lipid flip-flop events to occur
with alkanethiol-coated nanoparticle permeation; instead a
majority of the lipid molecules that were displaced from the top
layer of the membrane during permeation were dislodged and
carried into the bulk solution entangled in the ligands of the
nanoparticle. We found that this occurred due to the lipid
molecule associating closely with a specific group of ligands on
the alkanethiol-coated nanoparticle arising from the favorable
hydrophobic interaction occurring between the lipid tails and
alkanethiol ligands. In the present study, we observe very few
such lipid displacement events as a result of PEOn-AuNP
permeation.
In Figure 6 we display snapshots of the PEO6-AuNP-HC

permeation in contrast to the alkanethiol-coated gold nano-
particle (3.1 nm in diameter, Rg = 1.70 nm, close to the size of
the PEO6-AuNP-HC, Rg = 1.76 nm) both with velocity of 0.2
m/s. Snapshots from Figure 6a,e were taken when the average
position of the nanoparticle was 1.0 nm above the equilibrium
position of the phosphate groups from the top bilayer
membrane leaflet (when the nanoparticle has partially
penetrated the lipid−water interface). The top views of the
choline groups in the first membrane leaflet at the same
position of the nanoparticle in Figure 6a,e are shown in Figure
6b,f. In Figure 6c,g, the snapshot displayed is when the average
position of the functionalized nanoparticle is in the center of
the membrane, halfway between the equilibrated positions of
the phosphate groups in the top and bottom membrane leaflets.
For Figure 6d,h, snapshots were taken when the average
position of the nanoparticle was 2.0 nm away from the
equilibrium position of the phosphate groups in the bottom
leaflet of the bilayer membrane (it exits as the second lipid−
water interface). We chose to display these snapshots to give a
distinct picture of how the permeation differs between the
PEOnylated nanoparticle and alkanethiol-coated nanoparticle
from our previous studies.
When the alkanethiol-coated gold nanoparticle approaches

the top leaflet of the bilayer membrane (the lipid−water
interface), it breaks through the lipid headgroups (as shown in
Figure 6a) and disturbs the integrity of the membrane which
changes the nature of the ligand−water interface and its ability
to resist penetration of “foreign molecules”. The headgroups of
DPPC do not have a favorable interaction with the alkanethiol
ligands, so they are pushed away from the nanoparticle when it
is penetrating the first membrane leaflet. This differs from the
approach of the PEG6-AuNP-HC to the top membrane leaflet
(Figure 6e) where lipid membrane develops a curvature while
still maintaining its integrity (continuous lipid−water interface)
and continuity as a leaflet. In examining the top view of the first
leaflet of the bilayer membrane in Figure 6b,f, it is clear that the
alkanethiol ligands have completely pushed the lipid head-
groups apart to create a hole in the membrane, in contrast to
the PEG ligands which do not break the lipid membrane
headgroups apart but, instead, curve upward toward the other
ligands and nanoparticle core. This is a possible explanation as
to why many experimentalists observe the receptor-mediated
endocytosis of PEGylated nanoparticles and wrapping of lipid
membranes around them.51,52 In our system, we cannot
observe wrapping of the membrane because we are employing
a system that is tethered at the edges. The observance of
membrane curving instead of breaking indicates that lipid
membranes are able to wrap around PEGylated nanoparticles
more easily than alkanethiol-coated gold nanoparticles because
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of the favorable interaction between the PEG ligands and lipid
headgroups. In any in vivo condition, the endocytosis of
nanoparticles is receptor-mediated where receptors enhance the
cellular uptake of the PEGylated nanoparticle. Even without
receptors present in the present study, we can reason that
endocytosis may be feasible since the PEG ligands do not break
through the membrane.

Snapshots from Figure 6c,g show the difference in behavior
of ligands when the functionalized nanoparticle is in the middle
of the top and bottom membrane leaflets (the interface
between the two lipid leaflets). The ligands of the alkanethiol-
functionalized nanoparticle (Figure 6c) continue to be
stretched and interact with the lipid tails in the surrounding
environment. The ligands of the PEGylated nanoparticle

Figure 7. Number of lipid flip-flop events that occur during PEGylated gold nanoparticle permeation under the following conditions: (a) Effect of
ligand length, (b, c) Effect of coverage density, (d) Effect of ion concentration gradient. Each data point has error bars included based on three
independent simulations.

Figure 8. Snapshots of lipid flip-flop events from the top leaflet (a, b) and bottom leaflet (c, d) of the membrane with a PEG12-AuNP-HC with
permeation velocity of 0.075 m/s.
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(Figure 6g), in contrast, are not stretched out, indicating a less
favorable interaction with the lipid tails of the membrane. Also,
the snapshot shows the PEG ligands near the top leaflet of the
membrane to be stretched out and interacting with DPPC
headgroups; this further emphasizes the favorable interaction of
the PEG ligands with the choline, phosphate, and glycerol
headgroups.
It is clear that as the alkanethiol-coated nanoparticle (Figure

6d) is leaving the second membrane leaflet (the second lipid−
water interface), DPPC molecules are surrounding the
nanoparticle due to the favorable interaction between the
lipid tails and alkanethiol ligands. In contrast, observation of the
PEG6-AuNP-HC leaving the second membrane leaflet (Figure
6h) shows that lipid molecules are not dragged by the
nanoparticle upon exit from the membrane. As a result, very
few lipid molecules have an opportunity to be displaced from
the membrane because of the less favorable interaction of the
alkyl tails and the hydrophilic PEG6-SH chain.
5.3. Lipid Flip-Flop. Lipid flip-flop events occur when a

lipid molecule translocates from one leaflet of a bilayer
membrane to the other leaflet across a pore or defects in the
lipid bilayer, thus changing the nature of the lipid−water

interfaces; defects are induced by nanocarrier permeation as we
have shown in previous studies.45 This biological process is
usually supported by lipid translocators such as integral and
transmembrane proteins or specific enzymes known as flippases
that can catalyze lipid flip-flop53· It has been observed
experimentally that certain peptides can accelerate the rate of
lipid flip-flop through membrane pores comprised of peptides
and lipid molecules54· Natural lipid membranes are asymmetric
and unnecessary lipid flip-flop events can affect the process of
molecule recognition at the outer bilayer surface; this in turn
can have detrimental effects on cell lifetime.55

In Figure 7, we observe that the number of lipid flop−flop
events increases with longer ligand lengths and with increased
surface coverage density for all conditions. Longer ligands
disturb the membrane integrity more during the permeation,
and this results in more lipid molecules being dislocated from
the top layer of the membrane, thereby permitting the lipid
molecules to complete a flip-flop. For nanoparticles with
increased surface coverage density, there are more ligands to
disturb the top layer of the membrane, and therefore, larger
numbers of lipid molecules are flipped. We do not observe
sensitivity to ion concentration gradient in the number of lipid
flip-flop events, for reasons mentioned earlier.
In Figure 8, we show snapshots of typical lipid flip-flop

events that take lipid molecules from the top membrane leaflet
to the bottom membrane leaflet (Figure 8a,b) and from the
bottom membrane leaflet to the top membrane leaflet (Figure
8c,d). Our snapshots indicate that in both cases of lipid flip-flop
from the top or bottom leaflet of the membrane, we observe
the same mechanism to occur; the lipid molecule undergoes a
full reorientation in the z-direction through the pore formed by
the PEGylated nanoparticle and joins the opposite membrane
leaflet. We have not observed this particular phenomenon
previously in our studies with bare or alkanethiol-coated gold
nanoparticles. Only a few lipid molecules flip-flop from the
bottom membrane leaflet for nanoparticle permeation with the
shorter PEG6-AuNP, at any coverage. The combination of
longer ligand length and increased coverage density (PEG12-
AuNP-HC) results in greater incidences of lipid flip-flop from
the bottom membrane leaflet (as shown in Figure 9). Gold
nanoparticles with long ligands such as PEG12-SH cause larger

Figure 9. Effect of surface coverage on the number of lipid molecules
to flip-flop from the bottom membrane leaflet. Error bars are based on
three independent simulations.

Figure 10. Distance from phosphate headgroup of lipid molecule that translocated to the opposite membrane leaflet to (a) PEG beads in the
PEG12-AuNP-HC and (b) other phosphate groups in the top and bottom leaflets of the membrane (at permeation velocity of 0.075 m/s).
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perturbations to the lipid membrane system during permeation
and cause lipid molecules from the bottom leaflet to be
displaced at the time when the nanoparticle penetrates the top
leaflet of the membrane. In Figure 10a, we show the distance
between the phosphate head of a lipid molecule and PEG beads
in the functionalized nanoparticle and in Figure 10b, the
distance between the phosphate head of the flip-flopping
molecule and surrounding phosphate groups. We see in Figure
10a that for a lipid molecule flip-flopping from the top leaflet,
the PEG beads will interact with the phosphate head (or lipid
molecule) until it has completed its flip-flop at around 225 ns
where it moves away from the lipid molecule along with the
nanoparticle as it continues its permeation. For a lipid molecule
flip-flopping from the bottom leaflet, we see in Figure 10a that
the phosphate headgroup does not interact with the PEG beads
until they approach the second leaflet (about 150 ns). In Figure
10b we see clearly for both a lipid molecule flip-flopping from
the top and bottom, the favorable hydrophilic interaction
between the lipid headgroups allows the phosphate heads to
remain close to one another even after the lipid head of the flip-
flopping molecule moves toward the PEG beads in the
nanoparticle. This causes the lipid flip-flop to complete as

opposed to the lipid molecule leaving the membrane to the
bulk solution along with the nanoparticle.
In biological systems, lipid molecules naturally flip-flop

between bilayer membrane leaflets.56 For experimental cases of
asymmetrical membranes then, the delivery of PEGylated
nanoparticles can cause unnecessary lipid exchange to take
place between bilayer membrane leaflets; this would change the
identity of the membrane, and it may hamper important
biological processes. Synthesized gold nanoparticles function-
alized with PEG for drug delivery contain PEG chains with
large molecular weights (∼2000 Da in some cases which
indicates a PEG chain with roughly ∼44 units).57,58 Our results
suggest that in actual experimental studies where long PEG
chains protecting nanoparticles are delivered in vivo, trans-
bilayer lipid flip-flop may occur that could damage the cell.

5.4. Minimal Translocation of Ions with Nanoparticle
Permeation. Ion permeation across lipid bilayer membranes
occurs when ions translocate from the extracellular to
intracellular cell space via pore-mediated or other forms of
assisted transport.59 As we have observed, nanoparticle
permeation induces a water pore in the lipid membrane
through which water molecules can travel from one compart-
ment to another. In the present study, we carried out

Figure 11. Snapshots of water column formation when (a) water penetration is at a maximum and (b) when the nanoparticle is leaving the bottom
leaflet of the membrane. This system contains an ion concentration gradient system with PEG12-AuNP-LC permeating at a velocity of 0.075 m/s
(white = water, orange = sodium, green = chloride, pink = PEG12-SH, and yellow = gold nanoparticle).

Figure 12. Distance from center of PEG12-AuNP-LC to CG water molecules found in the hydrophobic membrane interior when (a) water
penetration is at a maximum and (b) distance to the same CG water molecules when the nanoparticle is leaving the bottom leaflet of the membrane.
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permeation simulations of our system under an ion
concentration gradient to observe whether ions also penetrate
through the induced hydrophilic pore.
The ions in our system present in the aqueous solution of

compartment A of Figure 4 cannot permeate the lipid
membrane unaided because of the resistance offered at the
lipid−water interface to such permeation, owing to their
Columbic interaction with the phospholipid headgroups. The
highly hydrophobic interior (especially the interface regions
between the two lipid leaflets) of the lipid membrane also
prevents ions from permeating and restricts them to the
aqueous solution and phospholipid headgroups. We observed
in our previous work with the bare gold nanoparticle that most
ions that enter the water pore return to the bulk solution
although there are a few that travel along water columns or
“fingers” that form between both membrane compartments and
span the lipid membrane. In situations where an alkanethiol-
coated gold nanoparticle with long ligands was used, it was
found that water finger formation was absent and therefore ion
transport events were few to none. For the present study, we
conducted a large number of nanoparticle permeation
simulations with the PEGylated gold nanoparticle and
examined 48 independent simulations for systems under an
ion concentration gradient to observe water finger formation
and whether PEG-SH ligands affected ion transport across the
lipid membrane.
We found that ion penetration events were sensitive to

nanoparticles with longer ligands and higher coverage; in both
cases a larger water pore is formed which allows more ions to
cross the lipid membrane. We did not find any sensitivity to
nanoparticle velocity.
In Figure 11 we display snapshots of the water column

formed during PEG12-AuNP-LC nanoparticle permeation
when the number of water molecules in the hydrophobic
membrane interior have reached a maximum (Figure 11a) and
when the nanoparticle is 2.0 nm away from the equilibrated
position of the phosphate groups in the bottom leaflet of the
lipid membrane. In Figure 11b we observe the rapid loss of the
water column. We show in Figure 12a the distance between the
PEG12-AuNP-LC and the water molecules found in the
membrane interior and in Figure 12b the distance between the
same water molecules and the functionalized nanoparticle when
it is located 2.0 nm away from the phosphate groups in the
bottom leaflet. As the nanoparticle leaves the second leaflet of
the bilayer membrane, the water finger quickly collapses; water
molecules and ions return to the aqueous water compartment.
This is shown in Figure 12 where it is clear that the water
molecules (colored in red) found in the membrane interior
have moved far from the nanoparticle and returned to the top
or bottom compartment as the nanoparticle continues to
permeate the membrane. This short-lived water column allows
for very few ions to permeate the lipid membrane. It is also
apparent from our examination of water penetration that as
soon as the nanoparticle crosses the second membrane leaflet,
the lipid membrane begins to recover and water molecules
return to the bulk solution. Furthermore, our snapshots from
Figure 6d,h also show that even though PEG-SH ligands may
be entangled in the phospholipid head-groups as the nano-
particle crosses the second membrane leaflet, the overall
disturbance to the membrane is minimal since the lipid
molecules are not dragged by the nanoparticle and the
membrane is allowed to recover immediately after permeation.

This then drives ions to return to the interfacial and
phospholipid headgroup region
Overall, more chloride ions penetrate the membrane

compared to sodium ions. In our previous work we found
that sodium ions concentrate near the phospholipid headgroups
while chloride ions have a tendency to stay close to the
interfacial region (found in other studies as well).42,59 The
lower surface charge density of the chloride ion increases the
flexibility of the hydrated ion, which allows it to easily integrate
itself in water networks formed across water pores in lipid
membranes induced by nanoparticle permeation. This agrees
with our findings that more chloride ions translocate across the
lipid membrane by integrating themselves into water fingers
through interaction with surrounding water molecules.
However, the number of these ion transport events are small
in comparison to the number of ions present in the bulk
solution (∼1000 sodium and chloride ions); a maximum of five
chloride ions and three sodium ions were found to have
penetrated the membrane with the PEG12-AuNP-HC.

6. CONCLUSION

In this work, we have explored the effect of PEGylated gold
nanoparticle permeation on a model DPPC lipid bilayer
membrane to investigate the water penetration, ion trans-
location, and lipid flip-flop events that take place which may
lead to cell cytotoxicity and often negative implications for
nanocarriers used in drug delivery applications. Our simulated
experiments represent practical applications of drug delivery
methods where PEGylated nanocarriers are sometimes used in
various biomedical applications. We examined characteristic
properties and molecular-level details of ligands on PEGylated
gold nanoparticles with varying ligand lengths and surface
coverages. Special attention was paid to the behavior at the
lipid−bulk-liquid interface at the entry point, the interface
between the two lipid leaflets, and the lipid−liquid interface at
the exit point. We showed that the so-called mushroom and
brush descriptions that have been applied to PEGylated AuNPs
at low and high surface coverage limits actually correspond to a
continuous shift in distribution of ligand configurations from a
large fraction of coiled to a large fraction of stretched, but a
distribution of configurations persist at all coverages. In
contrast to the alkanethiol-coated gold nanoparticle used in
our previous studies, the PEGylated gold nanoparticle
permeation appeared significantly less harmful to the integrity
of the membrane because it did not result in loss of lipids from
the membrane. Even in the case of the longer PEGn-SH ligands
and higher surface coverages used in this study, the induced
water penetration, ion transport, and lipid flip-flop are minimal.
The results of this study, which highlight effects of using a
hydrophilic ligand, should be of some aid to experimentalists
who are designing nanocarriers for biomedical applications.
Molecular-level dynamics information provided by our
simulations gives strong indication that nanocarriers with
PEGylated surfaces may be considered desirable candidates for
drug delivery applications.
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Mirza, S.; Xhaard, H.; Wytrwal, M.; Kepczynski, M.; Bunker, A. Study
of interaction between PEG carrier and three relevant drug molecules:
piroxicam, Paclitaxel, and hematoporphyrin. J. Phys. Chem. B 2012, 116
(24), 7334−7341.
(41) Song, B.; Yuan, H.; Jameson, C. J.; Murad, S. Permeation of
nanocrystals across lipid membranes. Mol. Phys. 2011, 109 (11),
1511−1526.
(42) Song, B.; Yuan, H.; Pham, S. V.; Jameson, C. J.; Murad, S.
Nanoparticle permeation induces water penetration, ion transport, and
lipid flip-flop. Langmuir 2012, 28 (49), 16989−17000.
(43) Tanaka, M.; Sackmann, E. Polymer-supported membranes as
models of the cell surface. Nature 2005, 437 (7059), 656−663.
(44) Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 1995, 117 (1), 1−19.
(45) Oroskar, P. A.; Jameson, C. J.; Murad, S. Surface-Functionalized
Nanoparticle Permeation Triggers Lipid Displacement and Water and
Ion Leakage. Langmuir 2015, 31 (3), 1074−1085.
(46) Petros, R. A.; DeSimone, J. M. Strategies in the design of
nanoparticles for therapeutic applications. Nat. Rev. Drug Discovery
2010, 9 (8), 615−627.
(47) Wang, J.; Byrne, J. D.; Napier, M. E.; DeSimone, J. M. More
effective nanomedicines through particle design. Small 2011, 7 (14),
1919−1931.
(48) Bishop, C. C.; Powell, S.; Rutt, D.; Browse, N. L. Transcranial
Doppler measurement of middle cerebral artery blood flow velocity: A
validation study. Stroke 1986, 17 (5), 913−915.
(49) Tieleman, D. P.; Marrink, S. J. Lipids out of equilibrium:
Energetics of desorption and pore mediated flip-flop. J. Am. Chem. Soc.
2006, 128 (38), 12462−12467.
(50) Bennett, W. D.; Tieleman, D. P. Water defect and pore
formation in atomistic and coarse-grained lipid membranes: pushing
the limits of coarse graining. J. Chem. Theory Comput. 2011, 7 (9),
2981−2988.
(51) Lu, W.; Sun, Q.; Wan, J.; She, Z.; Jiang, X. G. Cationic
albumin−conjugated pegylated nanoparticles allow gene delivery into
brain tumors via intravenous administration. Cancer Res. 2006, 66
(24), 11878−11887.
(52) Kim, H. R.; Gil, S.; Andrieux, K.; Nicolas, V.; Appel, M.;
Chacun, H.; Desmael̈e, D.; Taran, F.; Georgin, D.; Couvreur, P. Low-
density lipoprotein receptor-mediated endocytosis of PEGylated
nanoparticles in rat brain endothelial cells. Cell. Mol. Life Sci. 2007,
64 (3), 356−364.
(53) Daleke, D. L. Phospholipid flippases. J. Biol. Chem. 2007, 282
(2), 821−825.
(54) Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. An
antimicrobial peptide, magainin 2, induced rapid flip-flop of
phospholipids coupled with pore formation and peptide translocation.
Biochemistry 1996, 35 (35), 11361−11368.
(55) Devaux, P. F. Static and dynamic lipid asymmetry in cell
membranes. Biochemistry 1991, 30 (5), 1163−1173.
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