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Abstract

This paper deals with the effect of different size gold nanoparticles on the fluidity of
lipid membrane at different regions of the bilayer. To investigate this, we have
considered significantly large bilayer leaflets and incorporated only one
nanoparticle each time, which was subjected to all atomistic molecular dynamics
simulations. We have observed that, lipid molecules located near to the gold
nanoparticle interact directly with it, which results in deformation of lipid structure
and slower dynamics of lipid molecules. However, lipid molecules far away from the
interaction site of the nanoparticle get perturbed, which gives rise to increase in
local ordering of the lipid domains and decrease in fluidity. The bilayer thickness
and area per head group in this region also get altered. Similar trend, but with
different magnitude is also observed when different size nanoparticle interact with
the bilayer.

Introduction

Lipids are the major component of cell membrane and the phospholipids are one
of the abundant class of membrane lipids. The phospholipid membranes serve as a
barrier and selectively allow molecules to the interior of the cell. As the cell is the
central part of life, the understanding of the functionality of cell wall i.e. lipid
bilayer membrane under the influence of foreign material is a major challenge in
biology. Living bodies are always exposed to the nanoparticles (NP) of different
size, which inevitably leads to experimentation to understand the risk and hazard
associated with NPs. Cytotoxicity effects of NPs are well known and mostly
depend on the size of NPs [1,2]. Any foreign particles, e.g. NPs, polymers, etc.
enter the cell membrane by two different ways, either by endocytosis or by
diffusing through the membrane [2, 3], which is vastly dependent on the size of
the particle. Computer simulations showed that NPs with small size (2-8 nm) get
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embedded into the bilayer and it is thermodynamically favorable [4]. On the other
hand, hydrophobic and hydrophilic nature of the NPs also play significant role in
the embedding process of NPs in the bilayer. Hydrophilic NPs generally get
adsorbed and assembled at the bilayer-water interface whereas hydrophobic NPs
get accumulated easily in the hydrophobic region of the bilayer, which facilitate
higher loading of the NPs in the bilayer. However, the process of insertion of
hydrophobic NP in the bilayer is difficult [5, 6]. One more important parameter,
in case of penetration, is the charge on the surface of the NPs. Li and Gu [7]
studied the adsorption of charged NPs by coarse grained molecular dynamics
simulations. They reported that the electrostatic interaction between NP and
bilayer facilitates adhesion of the charged NP to the membrane, which induces
local transitions in fluid bilayers. The shape of the nanoparticle also plays a vital
role, which directs the insertion mechanism. Yang et al. investigated the physical
translocation of NPs with different shapes like spheres, ellipsoids, rods, discs and
pushpin-like particles in the lipid bilayer [8]. The study also showed that the
volume of the particle plays significant role in penetration process and rotation of
particle in the interface complicates the process of insertion. Computer
simulations of interaction of graphene [9] and fullerene [10] are also being
investigated to understand the translocation process of these low-dimensional
systems.

Gold nanoparticles (AuNP) are being used as drug delivery agent [11], medical
diagnostics [12] and as therapeutic agent [13, 14]. AuNPs are successfully tested as
gene delivery agent [15] and in cancer therapy [16]. Small sized hydrophobic
AuNP (less than 2nm, coated with dodecanethiol for hydrobhobicity) can enrich
hydrophobic areas of lipid bilayer by hydrophobic interactions. Korgel et al. [17]
has explained how this enrichment of capped hydrophobic AuNP occurs in the
bilayer. The hydrophobic nanoparticles can unzip the lipid bilayers and get loaded
in the hydrophobic part of the membrane.

The loading of nanoparticles in bilayer can change in the phase diagram of a
lipid bilayer. Bothum [18] showed experimentally that augmentation of
decanethiol-capped AuNPs into liposomal membrane decreases the melting
temperature at high concentration of nanoparticles. Similarly Sung-Sik Han et al.
[19] also showed entrapped silver nanoparticles in 1,2-dipalmitoyl-sn-glycerol-3-
phosphocholine (DPPC) liposome fluidifies the membrane, which might be
because of interactions between the DPPC lipid molecules and silver nanoparticle.

To understand the interactions between nanoparticle and lipid molecules,
molecular dynamics (MD) simulation of a coarse grained model of gold
nanoparticle and model lipid membrane was performed by Zheng et al. [20]. They
observed coarse grained nanoparticles of size 2.2 nm with different signs of the
charges and densities of surface charge naturally adsorb to the model bilayer
surface or penetrate into the bilayer.

However, all the experimental and theoretical studies mentioned above are
mostly dealt with the local interactions of the nanoparticle with the bilayer
molecules and thereby penetration mechanism of the particles in the bilayer. The

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 2/18



@'PLOS | ONE

Gold Nanoparticle and Lipid Membrane

missing link to all these investigations is the effect of the NPs on the lipid
molecules, which are not directly interacting with the NPs.

In this present study, we aim to simulate neutral AuNPs of different size with
lipid bilayer using all atomistic MD to address the effect of non-passivated NP on
the lipid molecules (which are not directly interacting) for the first time to the
best of our knowledge. In this work we intend to understand the effect non-
passivated NP, however, most of the work on AuNP has been carried out with
surface capping agents. These surface passivating agents then change the chemical
nature of the AuNP. Merga et al. recently synthesized naked AuNP by reducing
Au,0;5 by molecular hydrogen [21]. Zopes et al. synthesized small size naked
AuNP by hydrolysis of Gold complex [NMe,][Au(CF;),] [22]. Caprile et al.
studied the interaction of naked AuNP with L-cysteine using high resolution XPS
[23]. Therefore interaction of non-passivated AuNP with lipid bilayer is an
important aspect to address from molecular level simulation.

We have considered bilayer made of lipids with unsaturation in one of the
aliphatic tail because of the higher fluidity in such assembled membrane.
Therefore possibly, the change in magnitude of the fluidity of such membrane
interacting with AuNP will be higher than bilayer composed of saturated lipid
molecules. The fluidity in membrane is directly related to the structural
arrangement of the lipid molecules. However, this structural arrangement of lipid
may differ for adjacent to and far from the NP adsorption site (interaction site).
Therefore, we have correlated fluidity in different parts of membrane (adjacent
and far from the nanoparticle) to the ordering of the lipids. Apart from fluidity,
we have also analyzed local structure of lipids near to AuNPs, the diffusivity of
lipid molecules in presence of AuNP and densities of water around AuNP, which
has deeply penetrated the bilayer.

Computational Method

We have performed all atomistic MD simulations of 1-arachidoyl-2-oleoyl-sn-
glycero3-phosphocholine (AOPC) with different size of AuNPs separately. To set
up the simulations, we have used three consecutive processes, which includes a)
self-assembly of lipid, b) construction of AuNP followed by its simulation in
vacuum and water ¢) simulation of self-assembled lipid and AuNP systems.

Self-assembly of lipid

Poger D. et al. [24] studied the lipid model with mixed acid phosphatidylcholine
(PC) and developed parameter sets for various such lipid molecules. In the
present study, we have used a united atom model of AOPC (the structure of
AOPC is shown in Fig. S1) extracted from the parameter set for PC (force field
parameters are given in Text S1). The lipid model system contains mono-
unsaturated oleoyl (18 Carbon atoms in aliphatic chain, Fig. S1) with slightly
longer saturated arachidoyl (20 Carbon atoms in aliphatic chain, Fig. S1). It is
experimentally shown that lipid rafts with one saturated fatty acid chains are
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involved in signaling [25] and transport of molecules [26]. It is also found that
raft phospholipids contain longer saturated fatty acid chains [27, 28] e.g., palmitic,
stearic, and arachidic acid when compared to unsaturated fatty acids.

We have performed self-assembly simulation of AOPC lipids starting from 128
randomly distributed AOPC molecules in water. We have used SPC water model
[29] for all the simulations. The simulations were performed using the
GROMACS 4.5.1 [30-32] MD code. Isobaric-isothermal (NPT) ensemble with
periodic boundary conditions (PBC) was used for simulations. Phase transition
temperature of AOPC is 284.9K [33]. Therefore, we have used 300K and 1 bar
pressure for self-assembly simulation. Temperature coupling was used with v-
rescale algorithm [34] with a coupling constant of 0.1 ps. The isotropic pressure
coupling was applied by using Berendsen barostat [35] only for the self-assembly
simulation. The pressure coupling time constant was 2.0 ps in order to maintain a
constant pressure of 1.0 bar. Bonds were constrained with LINCS algorithm. The
Lennard-Jones interactions were taken care with cut-off of 1.4 nm. For
electrostatic interactions Particle-Mesh Ewald (PME) [36] method was used with
a cut-off of 1.4 nm. After 50 ns MD simulation, we have obtained the self-
assembled bilayer of AOPC.

Construction of AuNP

The initial structures of AuNPs were constructed from fcc lattice of Gold. In
crystalline lattice the center of the nanoparticle was set on a gold atom, then a
radius 1 nm, 1.75 nm and 2.5 nm was considered. Gold atoms fall into this radius
were taken as part of nanoparticles of different sizes of diameter 2 nm

(2 nm_AuNP), 3.5 nm (3.5 nm_AuNP) and 5 nm (5 nm_AuNP). The initial
structures of AuNP are shown in Fig. 52. These AuNPs were further energy
optimized and subjected to MD simulation in vacuum and in water for 5 ns to
check the stability and structural relaxation. Gold atoms in the nanoparticle
interact only via Lennard-Jones (LJ) potential. These L] parameters are obtained
from the paper of Heinz et al.[37]. The parameters suggest that the AuNPs are
hydrophilic is nature. The final snapshots after 5 ns of MD run of nanoparticle in
water are shown in Fig. S2. Distance distribution plots for gold atoms in a vacuum
and water from last 1 ns of MD trajectories are shown in Fig. S3. The structures of
the nanoparticle were retained intact and stable throughout the simulations (see
Fig. S4a). In Fig. S4b, the radial distribution function (RDF) between Gold and
Oxygen atom of water shows the hydrophilic nature of AuNP. As the head-group
of lipid membrane is hydrophilic, it is expected that hydrophilic AuNP will
interact favorably with the lipid head-groups. Note that in the present study, gold
nanoparticles do not possess any charges on the surface.

Lipid-nanoparticle system

We aim to study the interaction of AuNP with AOPC lipid bilayer and its effects
on the bilayer properties, therefore, we have assembled the nanoparticles of
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different sizes on the surface of the bilayer and constructed following three
systems.

The smallest sized nanoparticle 2 nm_AuNP was placed initially on the self-
assembled AOPC bilayer of 128 molecules (~64 molecules on each leaflet). For
the second and third system with 3.5 nm_AuNP and 5 nm_AuNP particles, we
have replicated the above bilayer in x and y direction (in each bilayer direction).
Before placing the AuNP, the replicated bilayer was subjected to equilibration run
for 10 ns. Thereafter, the nanoparticles were placed on the surface of the leaflet of
bilayer (in water phase) in such a way that surface atoms of both nanoparticle and
lipids fall in the range of van der Waals cut-off. The non-bonded interactions
between the AuNP atoms and bilayer atoms are calculated by using the
combination rule of geometric mean for all C® and C"'* parameters. To
compare the effects of nanoparticle on bilayer, we have also simulated AOPC
bilayer of 512 lipid molecules without a nanoparticle for 100 ns and termed as
reference lipid bilayer. The snapshots of self-assembled bilayer with 128 lipid
molecules and replicated bilayer with 512 lipid molecules without AuNP are
showed in Fig. S5. All the three systems described above with AuNP in their initial
positions are depicted in Fig. la, b, and ¢ and the number of atoms of each
component, i.e., Gold, AOPC and water, and equilibrated simulation box size are
given in Table 1. These systems were solvated with SPC water [38] and simulated
for 100 ns with semi-isotropic pressure coupling using Berendsen barostat [35]
with separate coupling to xy-plane and z-direction (the bilayer normal). The
remaining parameters for MD were kept same as used in self-assembly simulation.
The simulation trajectories were written after each 5 ps and used for analysis. In
this work we have analyzed the effects of nanoparticle on membrane in two
different regions; near to the adhesion (interacting) site and away from the
interacting site. Therefore, we have divided the membrane based on the distance
from nanoparticle to the lipid molecules in interacting leaflet only. As we have
used short range cut-off of 1.4 nm, we have considered the interacting short range
(SR) lipid molecules (coordinates of head group Nitrogen atoms) which fall into
the distance of 1.5 nm + radius of nanoparticle (r). E.g., for 2 nm_AuNP the
interacting lipid molecules are those, which fall into the distance of 2.5 nm from
the center of mass (CoM) of AuNP. To understand the indirect effect of
nanoparticle on bilayer; we have considered a region, which is away from
interacting short ranged lipid molecules as defined above. As SR lipids can diffuse
with time, therefore to get rid of hard boundary between SR molecules and rest of
lipid molecules, we have defined a region as a buffer. The lipid molecules fall in
between distance greater than (r+1.5 nm) and less than (r+ 1.5 nm + 0.5 nm) are
taken as buffer region lipid molecules and are not considered for any analysis. Rest
of the lipid molecules in the same leaflet, which are at a distance greater, than (r+
1.5 nm + 0.5 nm) are not directly interacting with AuNP, are termed as long
range (LR) lipid molecules (Fig. 1g). As lipid molecules (and AuNP) are dynamic
in nature we have updated these boundaries (between SR — buffer and buffer — LR
region) every 10 ns and tagged the lipid molecules of these respective regions for
further analysis. To calculate the properties of long range molecules we have
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Figure 1. Initial and final snapshots after 100 ns MD simulation of three systems. (a, d) 2 nm_AuNP (b, ) 3.5 nm_AuNP and (c, f) 5 nm_AuNP. (g)
Schematic representation of the short range (SR), long range (LR) and buffer region. (h) snapshot of 3.5 nm_AuNP system with explicitly represented head-
group Nitrogen atoms in blue color.

doi:10.1371/journal.pone.0114152.9001

considered the sufficiently large system with 512 lipid molecules which gives a

total of 301640 atoms (for details see Table 1) including water and nanoparticle.
For all analysis we have used lipid molecules from interacting (with AuNP) leaflet.
Schematically we have shown SR, LR and buffer molecules in the bilayer in Fig. 1g,

Table 1. Details of the bilayer AuUNP systems.

No of gold No. of AOPC | No. water System size in|
System atoms AOPC molecules unlted atoms molecules atoms Simulation box size (nm)

Reference System 0 51 2 28672 48949 175519 22.06 11.13 9.09
2 nm_AuNP 249 128 7168 11008 40441 11.01 5.55 8.52
3.5 nm_AuNP 1289 512 28672 76619 259818 22.32 11.16 12.5
5 nm_AuNP 3926 512 28672 89681 301640 22.38 11.19 14.3

doi:10.1371/journal.pone.0114152.t001
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and the number of the lipids falls into respective regions is showed in Table S1. All
the analysis programs are discussed along with the results and discussions.

Results and Discussions
Structural properties of interacting molecules with AuNP

Four systems, including the reference system (without AuNP) are structurally
characterized to see the position of the nanoparticle as a function of time. The
snapshots of the systems as a function of time (0 ns, 25 ns, 50 ns, 75 ns and
100 ns) are given in Fig. S6. From the snapshots at 100 ns in Fig. 1d, e, f
(intermediate snapshots at Fig. S6) it is evident that the AuNP of different sizes
gets adsorbed on the bilayer surface and penetrates deeper in the bilayer along
with some of the head groups of the lipid molecules (Fig. 1h). From partial
density plots (Fig. 2), it is clear that the head group nitrogen atoms penetrate deep
into the bilayer along with AuNP. In Fig. 2 (inset) nitrogen densities of interacting
SR and LR lipids are shown separately, which shows that, the densities of SR
molecules are spread deep into the bilayer. However, the Nitrogen atoms of LR
lipids are at the same initial position similar to reference bilayer system. In Fig. 1h,
we have shown the snapshot of 3.5 nm_AuNP system only with head group
Nitrogen atoms of lipids. From partial densities of bilayer systems (see Fig. 2), it is
evident that water is also penetrating along with the AuNP of different sizes. The
water molecules and head group atoms of lipids interact with the AuNP because
of the hydrophilic nature of nanoparticles. To quantify this, we have calculated
distance distributions between lipid head group atoms (of interacting leaflet) and
interacting surface gold atoms of AuNP and illustrated in Fig. 3. We have
considered the gold atoms in each frame which are at the surface of the
nanoparticle and in the vicinity of lipid molecules to calculate the distance
distribution. These distributions are further normalized by number of interacting
atoms of the lipid head groups. Distance distribution between head-group’s non-
ester phosphate Oxygen atoms (O4 and O5) and Gold atoms shows the higher
peak height (3¢) than other two atoms (Nitrogen and Carbon, Fig. 3a and b)
which confirms the head-group’s non-bridging (non-ester) Oxygen atoms are
more ordered near to the AuNP surface. In Fig. S7, we have depicted separately
the distance distribution between AuNP surface Gold atom and all phosphate
Oxygen atoms (O3 and O6 for bridging, O4 and O5 double bonded) which show
higher ordering of double bonded Oxygen atoms near AuNP surface. From Fig. 3a
and b, it is evident that the Nitrogen and N-methyl Carbon atoms have smaller
peak height, hence less ordering than Oxygen atoms. From Fig. 3, it is also clear
that the size of the nanoparticle has no effect on the ordering of lipid atoms near
the surface of AuNP. In Fig. 3d we have shown a snapshot of 3.5 nm_AuNP along
with interacting lipid head group atoms for which we have plotted the distance
distribution.

As we have observed the water molecules also penetrated the bilayer along with
AuNP, we have quantified the water density near to the AuNP. Two dimensional
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Figure 2. Partial densities of water and AOPC. Dotted lines represents lipid and solid lines represents the
water partial densities. Black, red, blue and green lines represent reference, 2 nm_AuNP, 3.5 nm_AuNP and
5 nm_AuNP systems respectively. Figure Inset represents partial densities of head—group Nitrogen atoms of
SR and LR lipid of interacting lipid monolayer where dotted lines shows SR lipids and solid lines shows LR
lipids.

doi:10.1371/journal.pone.0114152.g002

density map of water is calculated and presented in Fig. 4. From the densities of
water near different sized nanoparticles we have observed that water penetrates
into the lipid bilayer along with gold atoms. The density of water around the
AuNP inside the bilayer is much less than the interfacial water density. It is also
evident from the Fig. 4 that the water molecules, which enter the bilayer region
along with AuNP remain discontinuous i.e., the water molecules are clustered
near the AuNP surface. A snapshot representing this water cluster is shown in
Fig. 4d. The two dimensional density calculated here is an average from last 10 ns
of 100 ns trajectory. To our surprise the water clusters formed near the AuNP
surface inside the bilayer region do not change its position and therefore shows
discontinuity in the density profile. This provides a fact that, there is a clear
competition between water oxygen and lipid head group atoms to interact with
the hydrophilic AuNP. Therefore, only few water molecules penetrate the bilayer
along with Gold atoms and get stabilized locally with the Gold surface atoms.
Different sized gold nanoparticle has no effect in altering the local structure and
the density of water around the AuNP (Fig. 4a, b and ¢).

Comparison of structural and dynamical properties of short and
long range lipids

It is obvious that the lipid molecules, which are interacting with AuNP will get
affected the most and structural and dynamical properties of the lipid molecules
will get altered. However the LR lipid molecules, which are much away from the
adhesion site, also may get affected due to the indirect effect from the
perturbation caused by AuNP. The different sizes of AuNP also may cause
alteration in properties with different magnitude. Therefore, to understand the
effect of nanoparticle, we have calculated structural and dynamical properties of
the lipid molecules and compared with reference lipid system.
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Figure 3. Distance distribution between surface Gold atoms of AuNP and (a) head-group Nitrogen, (b) NMe group’s C atoms and (c) non-ester Oxygens of
Phosphate group respectively. d) Snapshot of lipid headgroup interaction with AuUNP.

doi:10.1371/journal.pone.0114152.9003

To understand the effect of perturbation of AuNP on lipid molecules, we have
calculated separately the structural properties of head-groups and aliphatic tails of
short (SR) and long range (LR) lipids independently and compared with the
reference lipid bilayer system (without AuNP).

The hydrophilic AuNP shows higher interaction with the hydrophilic atoms of
the head-group of lipid molecules. Because of this interaction, the dihedrals
between the head-group atoms can get altered. Therefore, we have calculated and
compared the dihedral angle distribution of head-group atoms (N-C25-C24-06
and C25-C24-06-P) of SR and LR lipids (Fig. 5a, b). The deviation in the dihedral
angle distribution is observed for SR molecules. C25-C24-06-P dihedral (Fig. 5b)
shows changes in peak position. This is may be because of higher interaction of
Gold surface with the head group Oxygen atom, which is observed from the
distance distributions (see Fig. 3). However, LR molecules show the same

distribution as reference bilayer system. Similarly, we have calculated angle
distributions between the head group atoms N-C25-C24, C25-C24-06 and C24-

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014
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SOIL. number density

Figure 4. Two dimensional density map of water. (a), (b), and (c) represents systems 2 nm_AuNP, 3.5 nm_AuNP and 5 nm_AuNP respectively (d)
schematically shows the water density around the AuNP upto certain cutoff (bilayer not shown).

doi:10.1371/journal.pone.0114152.9004

06-P from last 10 ns of 100 ns trajectory. There is not much difference in angles
between adjacent atoms of head-group of SR and LR lipid molecules. The results
are given in Fig. S8. The interacting atoms of SR lipids (with nanoparticle) like
Nitrogen and Oxygen shows a slight deviation in angle with neighboring atoms
compared to LR molecules. We do not observe significant differences in the angle
between head-group atoms for different size of AuNPs. The predefined
parameters for angle (force constant) for harmonic angle potentials result in large
bonded interaction between atoms of angles, which does not get affected due to
much weaker interaction caused by favorable van der Waals or electrostatics.
Therefore, we do not see much of difference in angle of head-group atoms of SR
lipid molecules.

It is reported in the literature that a small perturbation to the bilayer can change
the fluidity of the bilayer [18, 19,39]. The fluidity of a bilayer is often related to

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 10/18
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Figure 5. Dihedral angle distribution of the head-group atoms (a) N-C25-C24-06 (b) C25-C24-06-P. Dotted and solid lines are for SR and LR lipid

molecules respectively.

doi:10.1371/journal.pone.0114152.9005

the structural ordering of the lipid molecules and in this case it is mainly aliphatic
tails of the lipids. In our simulations, we have used lipid molecules with one
saturated (snl) and other unsaturated (sn2) aliphatic chain (C37-C38 refer Fig.
S1). To calculate the structural ordering of lipid tails we have calculated the order
parameter -S4 according to Chau et al. [40] and Tieleman et al. [41]. The order
parameter is related to the tilt angle of the acyl chain with respect to the bilayer
normal and gives indirect distribution of dihedral angles of the chain. So with the
increase in the order parameter (-S.q) the trans conformation increase and tilt
angle decrease. In Fig. 6a and b, we have illustrated the order parameter -S4 for
snl and sn2 chains of lipid as a function of carbon atom number (same number
used as in Fig. S1). The order parameters are calculated for carbon atoms C17 to
C2 of snl chain and C31 to C45 of sn2 chain (Fig. S1). From Fig. 6 it is evident
that carbon atoms, which are located near to head-group (C17-C8) of snichain,
are more ordered than sn2 chain of LR lipid molecules. The carbon atom of end-
group of tails of snl and sn2 chains shows less ordering because of their higher
flexibility. Hence the bilayers, which are perturbed by different sizes of AuNP
show more ordering of LR lipid tails than the reference bilayer. The lipids at buffer
region are ordered compared to the SR region, however, not as ordered as LR
region. The ordering of snl and sn2 tails of SR lipid molecules is much less than
the LR lipids and reference bilayer system. So it is evident that the AuNP not only
affects the lipid molecules in the vicinity, but also causes changes in structural
properties of the lipid molecules far from the adhesion site. The observed
enhancement of structural ordering of lipid tails can cause decrease in area per
head group and increase the bilayer thickness. However, the effect can be seen in
the region where LR lipid molecules are present. Therefore, we have computed the
area per lipid of LR molecules. It is calculated by subtracting the area of SR
molecules, including the buffer region from the total area of the box in bilayer
plane. Thereafter, this area is divided by the number of lipid molecules present in
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the interacting leaflet in LR region and represented in Fig. 7a as a function of time
(last 20 ns of 100 ns). We have observed for all the cases there is a slight decrease
(6-7%) in area per head group of the LR lipid molecules. In Fig. S9, we have
shown the transition of the area per head group as a function of time starting
from 0 ns. This gives the direct evidence that the AuNP after getting inserted
enough in the bilayer the area per head groups for the LR molecules get altered.
The lipid order parameters, area per lipid and the bilayer thickness are the inter-
related properties, as one can expect the enhanced lipid ordering can increase the
bilayer thickness due to higher lipid packing. Therefore, to check this, we have
calculated the bilayer thickness. It is carried out by dividing the simulation box in
50 x 50 grids using GridMAT-MD algorithm developed for bilayer analysis [42].
In each grid we have calculated the distances between nitrogen atoms of two
leaflets and averaged it. Then the normalized distribution of the bilayer thickness
is calculated from each grid for the LR lipid region and plotted in Fig. 7b. The
distribution of bilayer thickness for the SR lipid region is given in Fig. S10. From
Fig. 7b it is clear that the distributions of bilayer thickness shift towards higher
value than the reference bilayer system. This is the direct evidence of the increase
in packing of the LR lipid molecules because of a higher ordering of the aliphatic
tails lipid molecules residing in the LR region.

The ordering of the lipid will directly affect the membrane fluidity. Therefore,
we have checked the fluidity of the membrane from the mean square displacement
(MSD) of SR and LR lipid molecules and compared with the reference bilayer
lipid molecules. All the MSD’s were obtained from last 20 ns and plotted as
averaged MSD taken from all intervals of 2 ns each (Fig. S11). The lateral and
normal to the bilayer MSDs are calculated and depicted in Fig. 8. In all the cases
we have observed the decrease in MSDs due to the presence of the nanoparticle.
The MSDs of SR molecules decreased because of direct interaction with AuNP.
However, the decrease in lateral and normal to bilayer MSDs for LR molecules are
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Figure 7. a) Area per head-group of LR lipids b) distribution of lipid bilayer thickness of the LR lipid region.

doi:10.1371/journal.pone.0114152.9007

even lesser than the SR molecules. Different sized nanoparticles show a similar
decrease in MSDs, however the magnitudes are marginally same. The diffusion
constants calculated from these MDS are given in Table 2. We have observed the
decrease in the diffusion coefficient values for both SR and LR lipids. The lipid
molecules much away from the AuNP interacting site indirectly get disturbed,
which helps in the ordering the hydrophobic tails. This ordering enhances the
packing of the hydrophobic part of the lipid molecules and thus reduces the
fluidity of the molecules.

Conclusion

We have demonstrated the effect of interaction of single AuNP on the lipid bilayer
membrane by using all atomistic molecular dynamics simulations. AuNP can alter
the structural properties of head-groups lipid molecules, which are directly
interacting with the Gold atoms. We have observed local structural arrangements
of lipid head-group near to the surface of the Gold atoms. The motivation of the
work was to understand the effect the perturbation caused by the AuNP on the
lipid molecules, which are away from the interacting site. To achieve this we have
performed long simulations on sufficiently large bilayer AuNP systems. The
results of these simulations are compared with the reference bilayer. The lipid
molecules which are away from the AuNP adsorption site showed an
enhancement in structural ordering of the hydrophobic tail. The higher ordering
the bilayer thickness in the LR region turn out to be increased and area per head
group got decreased. The packing of the lipid molecules in LR region became
more, which results into relatively lesser fluidity of the LR lipid molecules. The
different sizes AuNPs have the same effect on the bilayer. However, the magnitude
of structural ordering and fluidity differs.
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In this work we have dealt with only one AuNP at a time, so the nanoparticle
concentration on the bilayer surface was very small. Marginally higher
concentration of AuNP may enhance the effect of ordering to certain extent.
However, much higher concentration will effectively increase deformation in the
adsorption sites and can cause changes in bilayer properties. Therefore,
understanding in molecular level the effect of higher the loading of NPs in the
bilayer remains open for further investigation. In this work we have focused on

Table 2. Diffusion coefficient for SR and LR lipids.

SR Lipids (x107 cm?/s) LR Lipids (x107 cm?s)

Reference
2 nm_AuNP

3.5 nm_AuNP

5 nm_AuNP

0.98+ 0.145
0.86+ 0.199
0.62+ 0.199

1.50+0.145
1.42+ 0.101
1.45+ 0.176
1.19+0.243

doi:10.1371/journal.pone.0114152.t002
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the structural change of the lipid molecules in lesser time-scale. In larger time-
scale NPs can alter the inter-leaflet motion of the lipid molecules, i.e., lipid flip-
flop. Coarse-gain model of lipid and NP will be useful to address such dynamics of
the lipid, which is beyond the scope of this paper.

Supporting Information

Figure S1. Chemical structure of the AOPC lipid.
doi:10.1371/journal.pone.0114152.s001 (TIFF)

Figure S2. Initial and final structures of AuNP (a,d) 2 nm_AuNP,(b,e)
3.5 nm_AuNPand (c,f) 5 nm_AuNP respectively.
doi:10.1371/journal.pone.0114152.s002 (TIFF)

Figure S3. Distance distribution between Gold atoms in water and in vacuum.
Black and red line shows Au-Au distance distribution in vacuum and water
respectively.

doi:10.1371/journal.pone.0114152.s003 (EPS)

Figure S4. (a) Distance distribution between Gold-Gold atoms and (b) RDF
between Gold and Oxygen atoms of water. Colors red, green and blue represents
2 nm AuNP, 3.5 nm AuNP and 5 nm AuNP systems.
doi:10.1371/journal.pone.0114152.s004 (TIFF)

Figure S5. Snapshots of AOPC lipid bilayer after equilibration run (a) 128 AOPC
lipid system,(b) 512 AOPC lipid system
doi:10.1371/journal.pone.0114152.s005 (TIFF)

Figure S6. The snapshots of the systems (a) 2 nm_AuNP, (b) 3.5 nm_AuNP and
(¢) 5 nm_AuNP as a function of time (0 ns, 25 ns, 50 ns, 75 ns and 100 ns).
doi:10.1371/journal.pone.0114152.s006 (TIFF)

Figure S7. Distance distribution between AuNP surface Gold and Phosphate
Oxygen atoms separately.
doi:10.1371/journal.pone.0114152.s007 (EPS)

Figure S8. (a) Head-group atoms. Angle distribution of the head-group atoms (b)
N-C25-C24 (c) C25-C24-06 and (d) C24-06-P.
doi:10.1371/journal.pone.0114152.s008 (TIFF)

Figure S9. Area per head group for LR lipid molecules as function of time for
3.5 nm_AuNP system.
doi:10.1371/journal.pone.0114152.s009 (EPS)

Figure $10. Distribution of lipid bilayer thickness of SR lipid region. Colors black,
red, green and blue represents reference system, 2 nm AuNP, 3.5 nm AuNP and
5 nm AuNP systems respectively.

doi:10.1371/journal.pone.0114152.s010 (EPS)

Figure S11. Lateral mean square displacement of AOPC lipids from last 20 ns
with 2 ns interval of each. Black solid line represents average MSD of all intervals.

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 15718


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s010

@'PLOS | ONE

Gold Nanoparticle and Lipid Membrane

doi:10.1371/journal.pone.0114152.s011 (EPS)

Table S1. Number of lipids in SR, buffer and LR region.
doi:10.1371/journal.pone.0114152.s012 (DOCX)

Text S1. Forcefield: AOPC and AuNP.
doi:10.1371/journal.pone.0114152.s013 (DOCX)

Acknowledgments

Author Anil R. Mhashal would like to thank CSIR-UGC, India for providing the
fellowship. Author Sudip Roy gratefully acknowledges center for Excellence in
Scientific Computing, NCL (project code CSC0129), for a computational time.

Author Contributions

Conceived and designed the experiments: SR ARM. Analyzed the data: ARM SR.
Contributed reagents/materials/analysis tools: ARM SR. Wrote the paper: ARM
SR. Performed simulation: ARM.

References
1. Pan Y, Neuss S, Leifert A, Fischler M, Wen F, et al. (2007) Size-Dependent Cytotoxicity of Gold
Nanoparticles. Small 3: 1941-1949.

2. Donaldson K, Stone V, Clouter A, Renwick L and MacNee W (2001) Ultrafine particles. Occupational
and Environmental Medicine58211—+.

3. Zhang LW, Yang JZ, Barron AR, Monteiro-Riviere NA (2009) Endocytic mechanisms and toxicity of a
functionalized fullerene in human cells. Toxicol Lett 191: 149-157.

4. Ginzburg VV, Balijepailli S (2007) Modeling the thermodynamics of the interaction of nanoparticles with
cell membranes. Nano Lett 7: 3716-3722.

5. Binder WH, Sachsenhofer R, Farnik D, Blaas D (2007) Guiding the location of nanoparticles into
vesicular structures: a morphological study. PCCP 9: 6435-6441.

6. Gopalakrishnan G, Danelon C, Izewska P, Prummer M, Bolinger PY, et al. (2006) Multifunctional
lipid/quantum dot hybrid nanocontainers for controlled targeting of live cells. Angewandte Chemie-
International Edition 45: 5478-5483.

7. LiY, Gu N (2010) Thermodynamics of Charged Nanoparticle Adsorption on Charge-Neutral Membranes:
A Simulation Study. J Phys Chem B 114: 2749-2754.

8. Yang K, Ma YQ (2010) Computer simulation of the translocation of nanoparticles with different shapes
across a lipid bilayer. Nat Nanotechnol 5: 579-583.

9. Tu YS, Lv M, Xiu P, Huynh T, Zhang M, et al. (2013) Destructive extraction of phospholipids from
Escherichia coli membranes by graphene nanosheets. Nat Nanotechnol 8: 594-601.

10. Wong-Ekkabut J, Baoukina S, Triampo W, Tang IM, Tieleman DP, et al. (2008) Computer simulation
study of fullerene translocation through lipid membranes. Nature Nanotechnology 3: 363-368.

11. Ghosh P, Han G, De M, Kim CK, Rotello VM (2008) Gold nanoparticles in delivery applications.
Advanced Drug Delivery Reviews 60: 1307-1315.

12. Rosi NL, Mirkin CA (2005) Nanostructures in biodiagnostics. Chem Rev 105: 1547-1562.

13. Peer D, Karp JM, Hong S, FaroKHzad OC, Margalit R, et al. (2007) Nanocarriers as an emerging
platform for cancer therapy. Nature Nanotechnology 2: 751-760.

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114152.s013

@'PLOS | ONE

Gold Nanoparticle and Lipid Membrane

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.
27.

28.

29,

30.

31.

32

33.

34.

35.

El-Sayed IH, Huang XH, El-Sayed MA (2006) Selective laser photo-thermal therapy of epithelial
carcinoma using anti-EGFR antibody conjugated gold nanoparticles. Cancer Letters 239: 129-135.

Sandhu KK, Mcintosh CM, Simard JM, Smith SW, Rotello VM (2002) Gold nanoparticle-mediated
Transfection of mammalian cells. Bioconjugate Chem 13: 3-6.

Jain PK, El-Sayed IH, EI-Sayed MA (2007) Au nanoparticles target cancer. Nano Today 2: 18-29.

Rasch MR, Rossinyol E, Hueso JL, Goodfellow BW, Arbiol J, et al. (2010) Hydrophobic Gold
Nanoparticle Self-Assembly with Phosphatidylcholine Lipid: Membrane-Loaded and Janus Vesicles.
Nano Lett 10: 3733-3739.

Bothun GD (2008) Hydrophobic silver nanoparticles trapped in lipid bilayers: Size distribution, bilayer
phase behavior, and optical properties. J Nanobiotechnology 6: 13.

Park SH, Oh SG, Mun JY, Han SS (2005) Effects of silver nanoparticles on the fluidity of bilayer in
phospholipid liposome. Colloids and Surfaces B-Biointerfaces 44: 117-122.

Lin JQ, Zhang HW, Chen Z, Zheng YG (2010) Penetration of Lipid Membranes by Gold Nanoparticles:
Insights into Cellular Uptake, Cytotoxicity, and Their Relationship. Acs Nano 4: 5421-5429.

Merga G, Saucedo N, Cass LC, Puthussery J, Meisel D (2010) “Naked” Gold Nanoparticles:
Synthesis, Characterization, Catalytic Hydrogen Evolution, and SERS. The Journal of Physical
Chemistry C 114: 14811-14818.

Zopes D, Kremer S, Scherer H, Belkoura L, Pantenburg |, et al. (2011) Hydrolytic Decomposition of
Tetramethylammonium Bis(trifluoromethyl)aurate(l), [NMe4][Au(CF3)2]: A Route for the Synthesis of
Gold Nanoparticles in Aqueous Medium. Eur J Inorg Chem 2011: 273-280.

Caprile L, Cossaro A, Falletta E, Della Pina C, Cavalleri O, et al. (2012) Interaction of I-cysteine with
naked gold nanoparticles supported on HOPG: a high resolution XPS investigation. Nanoscale 4: 7727—
7734.

Poger D, Mark AE (2010) On the Validation of Molecular Dynamics Simulations of Saturated and cis-
Monounsaturated Phosphatidylcholine Lipid Bilayers: A Comparison with Experiment. Journal of
Chemical Theory and Computation 6: 325-336.

Simons K, Toomre D (2000) Lipid rafts and signal transduction. Nature Reviews Molecular Cell Biology
1: 31-39.

lkonen E (2001) Roles of lipid rafts in membrane transport. Current Opinion in Cell Biology 13: 470-477.

Benting J, Rietveld A, Ansorge I, Simons K (1999) Acyl and alkyl chain length of GPIl-anchors is
critical for raft association in vitro. FEBS Lett 462: 47-50.

Fridriksson EK, Shipkova PA, Sheets ED, Holowka D, Baird B, et al. (1999) Quantitative analysis of
phospholipids in functionally important membrane domains from RBL-2H3 mast cells using tandem high-
resolution mass spectrometry. Biochemistry 38: 8056-8063.

Toukan K, Rahman A (1985) Molecular-Dynamics Study of Atomic Motions in Water. Phys Rev B 31:
2643-2648.

Van der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, et al. (2005) GROMACS: Fast, flexible,
and free. J Comput Chem 26: 1701-1718.

Hess B, Kutzner C, van der Spoel D, Lindahl E (2008) GROMACS 4: Algorithms for highly efficient,
load-balanced, and scalable molecular simulation. J Chem Theory Comput 4: 435-447.

Hess B (2009) GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable molecular
simulation. Abstr Pap Am Chem S .237

Davis PJ, Keough KMW (1984) Scanning Calorimetric Studies of Aqueous Dispersions of Bilayers
Made with Cholesterol and a Pair of Positional Isomers of 3-Sn-Phosphatidylcholine. Biochim Biophys
Acta 778: 305-310.

Bussi G, Donadio D, Parrinello M (2007) Canonical sampling through velocity rescaling. J Chem
Phys126.

Berendsen HJC, Postma JPM, Vangunsteren WF, Dinola A, Haak JR (1984) Molecular-Dynamics
with Coupling to an External Bath. J Chem Phys 81: 3684—-3690.

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 17 /18



@'PLOS | ONE

Gold Nanoparticle and Lipid Membrane

36.

37.

38.

39.

40.

41.

42.

Patra M, Karttunen M, Hyvonen MT, Falck E, Lindqvist P, et al. (2003) Molecular dynamics
simulations of lipid bilayers: Major artifacts due to truncating electrostatic interactions. Biophys J 84:
3636-3645.

Heinz H, Vaia RA, Farmer BL, Naik RR (2008) Accurate Simulation of Surfaces and Interfaces of Face-
Centered Cubic Metals Using 12-6 and 9-6 Lennard-Jones Potentials. J Phys Chem C 112: 17281—
17290.

Kaneshina S, Ichimori H, Hata T, Matsuki H (1998) Barotropic phase transitions of dioleoylphosphatidylcholine
and stearoyl-oleoylphosphatidylcholine bilayer membranes. Bba-Biomembranes 1374: 1-8.

Park SH, Oh SG, Mun JY, Han SS (2006) Loading of gold nanoparticles inside the DPPC bilayers of
liposome and their effects on membrane fluidities. Colloid Surface B 48: 112—118.

Chau PL, Hardwick AJ (1998) A new order parameter for tetrahedral configurations. Mol Phys 93: 511—
518.

Tieleman DP, Marrink SJ, Berendsen HJC (1997) A computer perspective of membranes: molecular
dynamics studies of lipid bilayer systems. Bba-Rev Biomembranes 1331: 235-270.

Allen WJ, Lemkul JA, Bevan DR (2009) GridMAT-MD: A grid-based membrane analysis tool for use
with molecular dynamics. J Comput Chem 30: 1952—1958.

PLOS ONE | DOI:10.1371/journal.pone.0114152 December 3, 2014 18718



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Figure 1
	TABLE_1
	Section_6
	Section_7
	Section_8
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Section_9
	Figure 7
	Figure 8
	TABLE_2
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Section_17
	Section_18
	Section_19
	Section_20
	Section_21
	Section_22
	Section_23
	Section_24
	Section_25
	Section_26
	Section_27
	Section_28
	Section_29
	Section_30
	Section_31
	Section_32
	Section_33
	Section_34
	Section_35
	Section_36
	Section_37
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42

