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Experimental observations indicate that the interaction between nanoparticles and lipid membranes varies
according to the nanoparticle charge and the chemical nature of their protecting side groups. We report atomistic
simulations of an anionic Au nanoparticle (AuNP ™) interacting with membranes whose lipid composition and
transmembrane distribution are to a large extent consistent with real plasma membranes of eukaryotic cells.
To this end, we use a model system which comprises two cellular compartments, extracellular and cytosolic,
divided by two asymmetric lipid bilayers. The simulations clearly show that AuNP~ attaches to the extracellular
membrane surface within a few tens of nanoseconds, while it avoids contact with the membrane on the cytosolic
side. This behavior stems from several factors. In essence, when the nanoparticle interacts with lipids in the
extracellular compartment, it forms relatively weak contacts with the zwitterionic head groups (in particular
choline) of the phosphatidylcholine lipids. Consequently, AuNP~ does not immerse deeply in the leaflet,
enabling, e.g., lateral diffusion of the nanoparticle along the surface. On the cytosolic side, AuUNP~ remains in
the water phase due to Coulomb repulsion that arises from negatively charged phosphatidylserine lipids
interacting with AuNP~. A number of structural and dynamical features resulting from these basic phenomena
are discussed. We close the article with a brief discussion of potential implications.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Gold nanoparticles (AuNPs) are useful in medical applications, such
as in targeted drug delivery, drug release, and photo-thermal therapy
[1,2]. However, nanoscale gold can also cause harmful side effects for
living organisms that induce cell death [3,4]. In particular, cationic
nanoparticles of 2 nm diameter or less have an enhanced cytotoxic ac-
tivity [5-9], as demonstrated for 1.4 nm AuNPs, which were observed
to cause necrosis and mitochondrial damage to various cell lines [10].
Experimental results suggest self-penetration as the potential mem-
brane translocation mechanism. The process is affected by the AuNP
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charge and the composition of the protecting ligand shell. Cationic
AuNPs with an alternating pattern of aliphatic (hydrophobic) and func-
tionalized side groups, the so-called striped AuNPs, show increased
penetration activity in comparison to randomly distributed functional-
ized side groups [11]. Therefore, it can be also concluded that the role
of the gold core itself is less important for the translocation process
due to the crowding of surrounding surfactants. The penetration activ-
ity of cationic AuNPs has been reported to generate holes in model
and living membranes, where the level of disruption depends on the
initial phase of the lipid bilayer [5,12-14].

Anionic gold nanoparticles appear to have less effect on membranes.
However, also anionic nanoparticles have been shown to interact with
cells, and it is of importance to shed light on the details of these interac-
tions on cellular level. Furthermore, understanding what makes anionic
nanoparticles less active on cells can promote the development of safer
and less toxic nanoparticle applications. Recently, it was demonstrated
that anionic striped AuNPs, which comprise an amphiphilic surface,
can permeate non-disruptively through model membranes with size-
dependent activity [15]. Furthermore, the nanoparticle-membrane
interaction has been studied for 2 nm diameter AuNPs and model
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membranes by Tatur et al. [16] by following the activity of floating
AuNPs between single-component bilayers comprised of zwitterionic
DSPC lipids (1,2-distearoyl-sn-glycero-3-phosphocholine). The neutron
reflectometry measurements indicated that AuNPs with cationic termi-
nal groups penetrate inside the hydrophobic bilayer interior (after
elevating the temperature up to 53 °C) and result in membrane disrup-
tion at increased concentrations. There was no such effect observed for
anionic AuNPs, which stayed outside the lipid bilayers. The results by
Tatur et al. for model membranes provide a valuable reference for sim-
ulations enabling a direct comparison between theory and experiments
as there are no complicating factors arising from other components in
real membranes (e.g., membrane proteins and glycocalyx networks).

The effects of AuNPs on cell membranes and their nanotoxicity
needs to be investigated in order to estimate potential risks in various
biomedical and nanotechnological applications. Here, atomistic level
simulations are able to provide new detailed information on the
AuNP-membrane interaction. We have previously studied the interac-
tion of a cationic AuNP with asymmetric lipid membranes, and our
results showed that the cationic nanoparticle attaches to the bilayer
surface on both the extracellular (EC) and intracellular (IC) sides [17].
However, the simulation results showed that the membrane leaflet
binding to the cationic AuNP adjusts to the presence of the nanoparticle
differently. On the EC side there is a rearrangement of zwitterionic lipids
and nanoparticle side groups in the contact area, giving rise to the initial
stage of pore formation on the membrane surface. This behavior is not
observed on the IC side, where the cationic AuNP is spontaneously
captured by the negatively charged phosphatidylserine lipids that
diffuse underneath the nanoparticle.

In this work, we have performed a series of atomistic molecular
dynamics (MD) simulations for an anionic monolayer-protected AuNP
with functionalized (charged) alkanethiol side groups [Au;44(SR)s0o
where R = Cy1H,, + carboxylic group] in aqueous solution in the pres-
ence of asymmetric lipid bilayers by using a double membrane setup
[17] which divides the system into two compartments, EC and IC,
depending on the leaflet next to the nanoparticle and the counterion
composition. The lipid composition was chosen to be representative of
an animal plasma membrane (the POPS fraction in membrane leaflets
of mammalian cells is most commonly in the range of 10-20% 28-30),
and it comprises zwitterionic POPC [1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine] in the outer EC leaflet, while a mixture of POPC
(81.25 mol%) and negatively charged POPS [1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine] (18.75 mol%) is used for the inner IC leaflet.

The present study is a continuation of our previous work, where we
considered, among other topics, anionic AuNPs in aqueous solution
(in the absence of lipid membranes) [18]. Here, AuNP~ was simulated
over an extensive period of 200 ns in double membrane systems, both
in the EC and IC compartments, with and without salt. The purpose
was to mimic the EC and IC fluids by adding a biologically relevant con-
centration of salt (150 mM) into the compartments. Simulations were
performed both with counterions only and with counterions and salt
to monitor the effects of the added salt on the systems. Furthermore,
performing simulations/analysis of systems also without added salt
made comparisons to our previous study of AuNPs in aqueous solution
[18] more straightforward. As control set-ups, the corresponding
reference configurations of the double membrane systems without the
nanoparticle were also simulated. Our simulations complement
previous theoretical work on AuNPs interacting with lipid bilayers
[19-24] [coarse-grained models (CG)] and AuNPs with solvent-effects
(atomistic simulations), [25,26] and provide new insights to AUNP™
membrane interactions at the atomistic level.

Here, we observe that AuNP~ attaches to the EC leaflet despite
the fact that the overall charge of the membrane is negative. The
nanoparticle-membrane interaction is mediated by the contact
between terminal carboxylate (AuNP ™) and positively charged POPC
choline groups, but it is rather weak and does not lead to nanoparticle
immersion to the membrane. Consequently, AuNP~ floats on top of

the EC leaflet, allowing it to diffuse laterally along the membrane
plane. The nanoparticle does not desorb spontaneously back to the
water phase, indicating that there is quite a deep free energy barrier
at the membrane-water interface region, and by residing therein,
AuNP™ alters some of the structural and dynamical properties of the
membrane (see Section 3). On the IC side, AuNP™ does not bind to the
membrane due to repulsive interaction with the negatively charged
POPS lipids, thus also structural perturbations are limited. We close
the article with a brief discussion of potential implications.

2. Materials and methods

The monolayer-protected gold nanoparticle (AuNP) of 144 Au atoms
has been modeled with functionalized alkanethiol tail groups
(undecanyl chain, R = C;1Haz3, and a carboxylate terminal group), as
described more in detail elsewhere [18]. The alkanethiol chains are
modeled based on the united atom concept [27] that describes a CH,
group as a single “united” bead. This approach includes explicit repre-
sentation of polar hydrogen atoms, while nonpolar hydrogens are
being excluded. The rigid 114-atom gold core possesses a nearly-
spherical polyhedral geometry (rhombicosidodecahedron) based on
the previous theoretical suggestion that fitted experimental X-ray data
(structure factor) and was consistent with voltammetric measurements
for different charge states of the metallic core [28]. The monolayer cov-
ering the Au core consists of 30 “oxidized” surface Au atoms and 60
alkylthiol ligands (SR — with R = C;;H,,) with polar tail groups, and
two ligands attached to each surface gold atom [18]. Each hydrocarbon
chain is terminated by a terminal carboxylate group COO™ making the
nanoparticle strongly charged, and the molecular formula of the particle
can be represented as Auy44(SRCOO — )g0.

Gold nanoparticles are charged, and one has to treat the electrostat-
ics of the membrane as accurately as possible. Here, it is important to re-
alize that in addition to zwitterionic lipids, the plasma membranes
contain a certain amount of charged (anionic) lipids which are essential
for the AuNP-membrane interactions [17]. Furthermore, the anionic
lipids such as POPS are localized mostly within the inner leaflets of
plasma membranes. To address all these issues, we inserted anionic
POPS lipids in one of the POPC leaflets. The leaflets were taken from
the corresponding symmetric POPC bilayer, and special care was paid
to build a tensionless membrane. The POPS fraction in membrane
leaflets of mammalian cells varies rather widely depending on the cell
type, but normally does not exceed 0.3, most commonly being in the
range of 0.1-0.2 [29-31]. Therefore, a valid fraction close to 0.2 was cho-
sen for simulations. A symmetric POPC/POPS membrane was then built
as follows: 24 head groups of PC lipids randomly chosen in each leaflet
of the POPC membrane were converted to PS head groups. The resulting
symmetric PC/PS lipid membrane was equilibrated for 20 ns. To match
the areas of symmetric POPC and POPC/POPS membranes, 8 lipids
were removed from the original POPC membrane, giving rise to a
bilayer of 248 POPC lipids. The resulting asymmetric POPC/POPS lipid
membrane was equilibrated for 10 ns before it was used to build up a
double bilayer system. This procedure allows us to explicitly take into
account the asymmetric transmembrane distribution of anionic lipids
inherent for plasma membranes of eukaryotic cells, keeping the mem-
brane model relatively simple. Further developments could involve
including other essential lipid components into the membrane model,
such as sphingomyelin, phosphatidyl-ethanolamine, and cholesterol,
but those remain to be considered in future studies.

The simulation setup of AuNP~ and two asymmetric lipid bilayers is
visualized for three different cases in Fig. 1. The simulation box dimen-
sions were adjusted to 9 x 9 x 22 nm for the nanoparticle-membrane
simulations with a double membrane setup. The asymmetric lipid bilay-
ers were comprised of two different membrane leaflets, where the cyto-
solic (IC) leaflet consisted of a mixture of 104 POPC and 24 POPS lipids
and the EC leaflet was comprised of 124 POPCs. Based on tests, this
choice of lipid numbers was confirmed to result in flat lipid bilayers
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Fig. 1. Visualization of AuNP~ with membranes. AuNP ™ is placed between two lipid bilayers
in extracellular (EC) and intracellular (IC) compartments. (a) EC, (b) EC with salt, and (c) IC.
The snapshots were taken from the middle of the 200-ns trajectories; the position of AuNP~
with respect to the membranes is spontaneous in all figures. After an initial equilibration,
AuNP~ fluctuates close to these positions during the rest of the simulations. Color code:
Au (gold), S (yellow), C (gray, CPK), O (red), N (blue), P (maroon), Na™ (lime), CI” (magen-
ta), K* (white), and lipid bilayer carbons (cyan).

(with no spontaneous curvature). Two of such asymmetric lipid bilayers
were inserted into the simulation box such that the IC leaflets of the
bilayers were face-to-face (membrane inversion). After placing AuUNP—
into the simulation box, it was filled with water, and 60 Na® (EC
compartment) or 60 K* (IC compartment) counterions were added to
the system, and additional 24 K™ ions were put in to compensate for
POPS charges on the IC side. In one case, we also added 150 mM of salt
to the water phases (Na*Cl™ to the EC compartment, K*Cl™ to the IC
compartment). The aim was to mimic cytosolic and extracellular fluids
in mammalian cells by using K™ and Na* ions, inside and outside the
cell, respectively. The bilayer center of masses (COMs) were separated
by a distance of (15.1 4 0.2) nm across the compartment containing
AuNP~, which is significantly larger than the bilayer thickness of
(3.8 & 0.1 nm, P-P distance across the leaflets) and the nanoparticle di-
ameter of about 4.1 nm [18]. The chosen system sizes were confirmed
to be consistent with the water density at the given temperature (T =
310K) to set up a realistic simulation system with an appropriate amount
of water. The overall number of atoms in the simulated AuUNP~ systems
was around 143,000.

The simulations were carried out using a united atom force field
which is largely compatible with the Berger force field [32], and it is a
mixture of a tuned united OPLS (non-bonded interactions) and
GROMOS (bonded interactions) force fields. The POPC lipids are

implemented as originally developed by Berger et al. [33,33] with ad-
justments for the double bond [34]. The POPS force field model follows
the Mukhopadhyay et al. implementation [35]. The AuNP~ composition
and force field have been described in Heikkila et al. [18], and water
molecules were represented using the SPC model [36]. The counterions
Na™, CI, and K* use their original GROMACS-87 parameters [37]. The
particle-mesh Ewald summation (PME) method [38] was used for elec-
trostatic interactions with a real space cut-off of 1.0 nm and a reciprocal
grid of 77 x 78 x 189 cells with a 4th order B-spline interpolation. For
van der Waals interactions, we used a cut-off distance of 1.0 nm.

The MD simulations were performed by using the GROMACS
program package [39] (versions 4.0.5 and 4.5.6) in the canonical NPT
ensemble by setting the temperature to 310 K using the Berendsen ther-
mostat [40] with a time constant of 0.1 ps. The coupled barostat applied
a semi-isotropic pressure coupling using the Berendsen algorithm [40]
with compressibility of 4.5 x 10™>-bar™ !, time constant of 5 ps and
reference pressure of 1 bar. The time step was set to 2 fs and the neighbor
list (cut-off 1.0 nm) was updated for every 10th frame (20 fs). The SHAKE
algorithm [41] was employed in the simulations. The prepared systems
were energy minimized and each system was allowed to equilibrate
for 50 ns at the target temperature before the actual production simula-
tion was started.

The dynamics of AUNP~ was simulated in the EC and IC compart-
ments of the double membrane system, and the details of these simula-
tions are summarized in Table 1. First, AuNP~ with counterions was
simulated in the EC and IC sides for 200 ns (2 x 200 ns storing data
every 10 ps). Additional simulations were carried out four times with
the same parameters and coordinates but with different initial veloci-
ties, each for 100 ns (2 x 4 x 100 ns) in order to gain more statistics.
In addition to AuNP~/counterion simulations, 150 mM of salt was
added in both compartments and MD simulations were performed for
200 ns. In order to study particularly rapid processes related to water
hydrogen bonds (H-bonds) and counterion contacts between AuNP™
and the surrounding solution, ten shorter simulations with a more
frequent data storage rate (0.5 ps)~ ! were run (10 x 1 ns) starting
from different snapshots of the longest 200 ns simulation trajectory
for each system. Snapshots were taken from the time window between
100 and 200 ns, and they were separated by 10 ns. The purpose was to
use uncorrelated starting structures for the 1-ns simulations.

As a reference, a 200-ns simulation without AuNP~ was performed
for the double bilayer systems, where the simulation box dimensions
were adjusted to 9 x 9 x 13 nm. Both compartments were filled with
water and 48 K ions to the IC side to compensate for the negative
charge of POPS lipids. In the reference simulation the bilayers were
(3.6 £ 0.1) nm thick and separated by a distance of (7.0 & 0.2) nm, as
determined based on the average P-P distances of the corresponding
leaflet pairs.

To visualize the ionic cloud around the nanoparticle in the presence
of a membrane, 60-ns simulations were performed (both in EC and IC)
constraining the distance between the center of masses of the Au core
and POPC lipid P atoms of the closest leaflet to 2.84 nm by using a
force constant of 10,000 kJ-mol~!-nm™". The visualization was carried
out using VMD [42]. The VolMap tool of the VMD plugin library was
used for ion density calculation with a resolution of 0.5 A and using an
atom size parameter of 1.0, averaging over all frames of the 60-ns
trajectory.

The structure of the membrane in the presence or absence of AUNP™
was studied by calculating order parameters for POPC lipid hydrocarbon
chains. The order parameters were computed using the angle 6 between
the bilayer surface normal and a vector between two lipid carbon
palmitoyl tail atoms, C,.; and C, .1:[43, 44]

Seo :% cos?0 % (1)

In cases where the AuNP™ approached the bilayer (EC), the order
parameter was also calculated separately for lipids that were right in
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Table 1

Simulations of AuNP~ membrane systems. Charges compensating counterions were used in the solvent for each system with AuNP ™, and all systems contained counterions for POPS lipids.
In one case, salt (150 mM) was added into both compartments. The “constr.” cases refer to simulations with constrained nanoparticle-membrane distance of 2.8 nm. The reference system
is a double membrane system without AuNP~. The columns for the EC and IC compartments show the constituents, in addition to water.

Setup EC compartment IC compartment Simulations

AuNP~ @EC AuNP~, Na* K* 1 x 200 ns, 4 x 100 ns, 10 x 1 ns
AuNP~ @EC + salt AuNP—,Na™,Na* CI™ Kt KT Cl™ 1 x 200 ns,10 x 1 ns
AuNP~@EC constr. AuNP~, Na™ K* 1 x 60 ns

AuNP~@IC - AuNP—, K* 1 x 200 ns,4 x 100 ns, 10 x 1 ns
AuNP~ @IC constr. - AuNP—, K* 1 x 60 ns

Reference - Kt 1 x200ns,10 x 1 ns

the vicinity of AuNP~: To this end, we considered only those lipids
whose nitrogen atom (choline) in the lipid head group was closer
than a cut-off distance (3 nm) from the nanoparticle COM. The error
of the order parameter was estimated to be no more than + 0.001 due
to extensive sampling.

The analysis of H-bonds and ionic contacts was carried out by aver-
aging over the time windows with a more frequent data storage rate of
(At = 0.5 ps). Contacts between the AuNP™ terminal groups, water
molecules, and membrane head groups were considered within a cut-
off distance of 0.35 nm for non-hydrogen atoms and an H-bond angle
of 30°. Similarly, a cut-off distance of 0.35 nm was used for ionic
bonds/contacts.

To characterize the diffusive motion of water and ions around AuNP—,
we computed their short-time diffusion factor M inside slices of thick-
ness Ar = 0.5 nm (water) and 1.0 nm (counterions) between the two
membranes along the membrane surface normal. For every time step
n (t = nAt) during the simulation, we determined the water molecules
and ions that were at a given distance within the compartment, after
which we determined the mean-square displacement MSD,(t) of parti-
cles of type A (ions, water, etc.) as follows:

MSD,(6) = [r(6)—1;(0) s, (2)

and this was carried out over a short period of time; the width of the
time window was T = 20 ps and 50 ps for water and counterions,
respectively. The data for MSD(t) for every time slice (representing a
fixed location along the box z-axis) was averaged separately for water
molecules and ions over the total simulation time of 150 ns. Finally,
we computed the short-time diffusion factor M by following the
Einstein relation for the self-diffusion coefficient [45] and using a linear
fitting of MSD4(t). The factor M is computed largely in a similar manner
as the hydrodynamic diffusion coefficient, but now without the long-
time limit. For the same reason, since M is not defined in the hydrody-
namic long-time limit, we call it as a diffusion factor instead of the
true diffusion coefficient.

3. Results

Three different simulation setups were prepared for AUNP~: EC, EC
with salt, and IC (Fig. 1 and Table 1). The distance between AuNP™— and
the COM of the closest membrane along the z-axis of the box (bilayer
surface normal) is shown in Fig. 2. For comparison, the distance between
the membrane COMs in the double bilayer system is approximately
15 nm (~11 nm with respect to the phosphate groups in the leaflets
facing each other across the water phase). The radius of AuNP™ is
approximately 2 nm. The AuNP™ membrane distance of ~5.5 nm corre-
sponds to the situation where the nanoparticle is at the center of the
simulation box between the membranes.

On the EC side, AuNP~ approaches the extracellular leaflet within a
few tens of nanoseconds in all five simulations regardless of the initial
conditions (for atomic velocities) and with and without added salt,
whereas in IC it stays in the middle of the compartment and does not
approach the membranes during the time scale of the five separate
simulations. Hence, it can be concluded that the nanoparticle attaches

to the EC leaflet and thereby the functional groups of AuNP~ and the
zwitterionic surface groups of the EC leaflet are in close contact. Mean-
while, there is no contact between AuNP~ and the IC leaflet during the
course of the simulation.

Partial densities for groups of atoms were calculated after equilibra-
tion for a time window of 50-200 ns, using the trajectories of long sim-
ulations. Results are given along the vertical simulation box axis in Fig. 3.
They show that here the nanoparticle binding in EC occurs on the oppo-
site surfaces in systems with and without salt (Fig. 3a,b), which is not
surprising considering the identical composition of the two membranes.
The partial density overlap between AuNP~ and the membranes
demonstrate that when the nanoparticle is in the EC compartment, it
is in a stable contact with the membrane, interacting with the choline
head groups. Instead, when AuNP™ resides in the IC compartment,
the density profile shows a broader distribution for AuUNP™ around the
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Fig. 2. Distance between AuNP~ and membrane for five independent simulations. The
distance is defined between AuNP~ (metallic core COM) and the closest membrane
surface, where the surface position is defined by its phosphate group COMs along
the z-axis of the simulation box (bilayer surface normal). Data is given for both systems:
AuNP~ in (a) EC and (b) IC. The radius of AUNP~ is approximately 2 nm, thus the AuNP-
membrane surface distance of 2 nm corresponds to a situation where AuNP~ has adsorbed
to the bilayer surface. The turquoise and orange dashed lines present the approximative
positions of the membrane surfaces and the simulation box center, respectively.
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Fig. 3. Partial densities of AUNP™ systems in (a) EC, (b) EC with salt, and (c) IC. Color code: membrane (black full line), NP (red full line), water (blue full line), POPS (black dashed),
K™ (orange full line), CI~ (magenta full line), and Na™ (green full line). In EC (a, b), the nanoparticle can attach to both membranes with equal probability.

compartment center (Fig. 3¢), reflecting fluctuations of the nanoparticle
position in bulk water phase. Clearly, there is no tendency for AuNP™ to
bind with the IC leaflet.

In EC, the ionic cloud of Na* around AuNP ™ is rather compact, but
strongly biased towards the neighboring leaflet. The counterions have
small maxima overlapping with the membrane due to contacts with
(negative) phosphates. Interestingly, the EC system with salt (Fig. 3b)
shows that Na™ and Cl™~ counterions have accumulated on the opposite
membrane surface with respect to the nanoparticle; this is coupled to
the attraction between POPC lipids and Na™ and the high surface charge
density of AuNP™ repels Cl ™. The electrostatic interactions are mediated
through the whole compartment (and beyond it), and the nanoparticle
attachment is a co-operative process which involves all components in
the solvent. Furthermore, the K™ content on the IC side is already rather
substantial without additional salt as the AuNP~ and POPS counterions
add up in a continuous distribution across the whole compartment,
which screens the electrostatic interaction experienced by both the
nanoparticle and the membrane surface (see Fig. 3¢).

In order to get more insight on the role of counterions in the binding
of the nanoparticle with a membrane, in Fig. 4 we consider the distribu-
tion of Na™ (K™) around AuNP~ in the EC (IC) compartment, averaged
over 60 ns simulations. Here, the nanoparticle COM has been constrained
to a distance of 2.8 nm from the membrane, which is close to the average
binding distance in the EC case. In the IC case, one has to bear in mind
that the situation is only suggestive, since in our non-biased simulations
we did not observe AuNP™ to spontaneously attach to the IC leaflet (see
Fig. 2), and when AuNP~ was taken to the IC surface and released, it
moved quite rapidly (within tens of nanoseconds) back to the water
phase (data not shown). Nonetheless, in both cases the counterions
form a halo-pattern around AuNP~, and the ripples close to the terminal
COO™ groups demonstrate equidistant positions for the terminal groups
and the organized solvent structure (ionic contacts and hydrogen bonds
of water). Both cases also highlight the strength of electrostatic interac-
tion, resulting in considerable aggregation of cationic counterions with
AuNP~, and showing how the entropic contribution to drive counterions
to the water phase is quite weak here.

On the IC side, the larger number of K™ compared to the EC case is
evident (Fig. 4), as there is a larger concentration of counterions be-
tween or close to AuNP™ and the membrane. The system responds in
this way to an energetically unfavorable situation where the positive
counterion charge is balancing the negative charge of the nanoparticle
and the negatively charged membrane surface. Unlike for the cationic
Au nanoparticle and CI™ [17,18], the cations are able to enter between
the nanoparticle side chains, but the slightly positive effective charge
of the metallic core hinders cations from penetrating deeper. One
should also note that the POPS lipids are more exposed to the solvent
(IC) due to the electrostatic interactions with K™ ions.

The average number and the lifetime of H-bonds and ion contacts
between AuNP™ and solvent (Table 2) show small differences between

the EC and IC solutions: The total number of H-bonds between AuNP™
terminal carboxylate groups and water is reduced from 397.7 + 1.6 to
371.1 & 1.1 by a change from EC to IC (note that there are 60 side chains
and two H-bond acceptor atoms per terminal carboxylate group), and
the corresponding lifetimes decrease similarly from 4.7 4+ 0.3 ps to
3.3 £ 0.1 ps. This difference in water coordination is coupled with the

Fig. 4. Visualization of AuNP~ with (a) Na* counterions in EC, and (b) K* counterions in IC
cut-plane presentation, color code from high (max 1.0) to low (min 0.0) concentrations:
purple, red, green, and blue. Elevated concentration of counterions (green color) around
the nanoparticle is obvious. The distance between the nanoparticle center and the POPC
head groups of the nearest leaflet has been fixed to 2.8 nm in both cases. The counterion
concentrations are averaged over 60 ns simulations. Color code, molecules: Na*/K*
(black), and POPS lipids (magenta).
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number of counterion contacts (see below, Na* in ECand K* in IC). The
longer H-bond lifetime values for water in EC can be explained by the
AuNP™ membrane interactions: The movement of AuNP ™ is restricted
in EC due to the membrane attachment, and this causes its water solva-
tion shell to be less interrupted and consequently the H-bonds live lon-
ger. Furthermore, the water mobility itself is reduced close to the
membrane surface (see below).

The number of ion contacts differs by an order of magnitude
between EC and IC: 3.0 £ 0.3 for Nat in EC and 42.7 &+ 1.2 for K* in
IC. The difference is partially explained by the fact that there are K*
counterions present for both POPS lipids and AuNP™ in the IC compart-
ment. The ion contact lifetimes in IC are twice the lifetimes in EC, which
is presumably related to the number of counterions in the solution and
the repulsive ion-ion interactions in the AuNP~ surroundings.

The counterion concentration affects the H-bonds as well, and the
number of H-bonds with water is smaller in IC than in EC as the numerous
contacts with ions diminish the number of H-bonds between the AuNP™
terminal groups and water. For EC, the number of Na™ ion contacts and
lifetimes is similar to those observed earlier [18] for the same AuNP™ in
an aqueous solution without the presence of bilayers, 4.4 4+ 0.4 and
10.1 & 1.1 ps. The same applies to H-bonds where the corresponding
values were 404.4 4+ 0.5 and 3.5 + 0.1 ps in an aqueous environment.
Adding salt to the EC system does not significantly affect the numbers
of contacts or lifetimes between AuNP™ and the solvent.

Table 2 also lists values for the contacts between AuNP~ and mem-
branes, and the results show similar trends for the EC compartment
with and without salt. The nanoparticle-membrane contact lifetimes
are <15 ps, which is rather short and indicates that AuNP™ readily
diffuses along the membrane surface. Small values for the membrane
contacts indicate that AuNP™ remains close to the surface of the EC
leaflet, not penetrating deeply inside the membrane since it experiences
the electrostatic repulsive force caused by the negatively charged
lipid phosphate groups and the POPS lipids in the cytosolic leaflet.
Concerning the number of water-membrane contacts, there are more
of those in the IC compartment where AuNP™ is not attached, as this
leaves more lipid surface groups exposed to the water solvent (data
not shown).

The nanoparticle-membrane interactions described above are to
some extent reflected in the order parameters of lipids, too, shown in
Fig. 5. In the EC compartment without added salt (Fig. 5a), the POPC
order parameters are largely the same regardless of the present of
AuNP~. When salt is added, the order parameter increases about
5-10% compared to the reference system, but this is likely due to mono-
valent salt that is known to decrease the area per lipid in the membrane,
thereby increasing membrane order, and stems from salt ion-induced
lipid clustering[46-48].

Additional analysis of the nearby lipids within 3 nm from the AuNP™
COM and without salt shows a slight reduction of the outermost carbon
atom order parameters (increased disorder) due to the interaction with
the terminal COO™ groups, but the effect is subtle. In the IC compart-
ment without additional salt, the results shown in Fig. 5b indicate the

Table 2

Hydrogen bonds and contacts between AuNP~ and solvent/lipids. N, is the average num-
ber of hydrogen bonds or contacts between AuNP~ and a solvent molecule/lipid, A. T4 is
the average lifetime of the contacts.

Compartment A Na Ta [ps]

EC H,0 397.7 £ 16 47 £ 03
Na* 3.0 £ 03 9.8 + 0.5
Lipid 50 £ 25 153 4+ 2.2

EC with salt H,0 3994 + 0.7 42 +02
Na* 3.6 + 04 103 +£ 1.9
Lipid 46 + 0.5 153 + 14

IC H,0 3711 £ 1.1 33+01
K* 427 £ 12 209 + 0.2
Lipid - -

0.35
a — AuNP EC/POPC
— AuNP EC salt/POPC
0.3+ Ref EC/POPC
0.25
- I
w 0.2r
0.15
0.1
= 1 | 1 1 1 1
0.05 46 8 10 12 14 16
C-atom
0.35
b — AUNP IC/POPC
Ref IC/POPC
0.3 — AuNP IC/POPS
Ref IC/POPS
0.25+
o
o 0.2F
0.15F Co-r
0.1+
1 | ——— 1 1 1 1
005=—%——4—% "8 10 12 14 16
C-atom

Fig. 5. Order parameter results for POPC lipids in the EC and IC leaflets, in the presence/
absence of AuNP ™. (a) EC compartment, data in the leaflet that is the closest to AuNP .
(b) IC compartment, where AuNP ™~ is largely in the middle of the water phase, the results
shown here are an average of the two IC leaflets. Color coding in both panels corresponds
to the AUNP™ system without added salt (black), the AuNP~ system with added salt (red),
and the reference system without AuNP~ and without additional salt (green). The results
were computed over a period of 150 ns, each, and for saturated carbon chains only. The
error bars are £0.001 based on the largest observed value.

ordering of POPCs to increase and the ordering of POPS lipids to de-
crease due to the presence of AuNP™. It should be noted that AuNP™
brings along 60 K* counterions which add up with the initial counterion
balancing the POPS charge. It seems likely that the repulsive interactions
between AuNP™ and POPS give rise to lateral lipid reorganization where
POPSs are displaced underneath AuNP—, making room for a POPC-rich
lipid region right under the nanoparticle. We consider that this phe-
nomenon is possibly an artificial finite-size effect since AuNP~ would
drift farther from the IC surface in a larger simulation compartment.
The short-time diffusion factors of water molecules and counterions
are shown in Fig. 6 (water) and Fig. 7 (counterions). They have been de-
termined inside 0.5 nm and 1.0 nm thick lateral slices, respectively,
along the membrane(s) surface normal in the AuNP™ host compart-
ment. In general, the water/counterion diffusion factors are reduced
close to membrane surfaces. We remind that AuNP ™ attaches to the
membrane surface in EC, but it stays at the middle of the compartment
in IC. This behavior is evident in the distribution shapes as the water
diffusion is reduced near AuNP~, and the same effect is visible for the
Na*/K* counterions, too. Water forms an H-bond network around the
terminal groups of AuUNP~ (and counterions), and this makes the H,0
positions more restricted close to the nanoparticle. For water, the
change in diffusion as a function of distance is smaller than for counter-
ions. This can be explained by the type of bonds/contacts that water and
ions form with AuNP~: H-bonds between the terminal COO™~ groups
and water are weaker and of shorter range than the electrostatic inter-
actions with counterions. Finally, the nanoparticle attachment (EC) re-
sults in an increase in solvent mobility at the opposite membrane
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Fig. 6. Mobility of water between membranes. The short-time diffusion factor has been
calculated for water molecules (with respect to oxygen) inside Ar = 0.5 nm thick slices
along the z-axis of the simulation box (along the membrane surface normal) between
the two membranes averaged over the 50-200 ns simulation time. The histograms in EC
and IC are presented using blue and red colors, respectively. The error bars correspond
to standard deviations. The zero-level has been defined with respect to the membrane
center plane, and the green bars stand for the membrane surface planes.

surface, highlighting the fact that the AuNP~ movement is reflected
throughout the whole compartment, also in terms of dynamics.

As noted in previous work for cationic and anionic AuNPs in aqueous
environment, [18] the choice of terminal groups (amine/carboxylate)
affects the surrounding H-bond network, as evidenced for the H,0
orientations as a function of distance from the nanoparticle center. Sim-
ilar plots are presented for AuNP™ in the EC and IC compartments in
Supplementary Fig. 1. As shown in Fig. 6, the effect of AuNP™ on the dif-
fusion of solvent extends rather far (several nanometers), implying that
the solvent transmits the interaction shell-by-shell by intermediating
the orientation of water molecules. This phenomenon is evident in the
data for water orientations, which depend strongly on the distance:
The first shell surrounding the COO™ terminal groups aligns water mol-
ecules in such a manner that hydrogens are pointing towards AuNP™
(carboxylates). This effect arises from the electrostatic forces between
the COO™ groups and polarized water molecules. The differences
between the two compartments, EC and IC, are very small despite the
fact that AuNP™ is in contact with the membrane surface in EC.

100+
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Fig. 7. Short-time diffusion factor (M) of counterions shown as a function of distance from
one of the membrane leaflets facing the given compartment (EC or IC), and extending
across the water phase to the surface of the other leaflet in the same compartment. The
results have been averaged over a period of 50-200 ns after the 50 ns equilibration period.
Results in the EC (IC) compartments are shown in blue (red) color. The error bars
correspond to standard deviation. The zero-level has been defined with respect to the
membrane center plane, and the green bars stand for the membrane surface planes.

4. Discussion and conclusions

Gold nanoparticles are being used extensively in biomedicine and
nanotechnology, and assessing their potential health hazards is ex-
tremely timely. Here, revealing the atomistic details of their interactions
with biomolecules and cell membranes is very relevant. To clarify the
underlying molecular processes in such system, we have performed a
series of MD simulations at atomistic scale for a monolayer-protected
AuNP™ with functionalized (negatively charged) alkanethiol side groups
interacting with a realistic model lipid membrane system. The nanopar-
ticle composition matches with one of the most ubiquitous synthesized
AuNP sizes (29 kDa, 2 nm) and its mass-spectrometrical analysis
(Auy44(SR)gp). Furthermore, the nanoparticle structure incorporates the
recently found structural motifs of ligand-protected AuNPs where the
metallic Au core is a nearly-spherical polyhedron, and part of Au atoms
participate (in oxidized form) in the Au-SR ligand-shell.

Our model for the membrane is based on a double membrane setup
able to describe the extracellular (EC) and intracellular (IC, cytosolic)
compartments with different salt and counterion distributions, and the
asymmetricity of lipid bilayers, thus mimicking the real animal plasma
membranes. Given that our model systems also include an explicit sol-
vent, it is fair to conclude that the present approach includes several
very detailed features that have not been included in previous (simula-
tion) studies [19-24], except for a recent work on cationic AuNPs [17].
However, it is impossible (as well as out of the scope of this work) to
model the complexity of a real mammalian cell and the diversity of all
of its components. Further developments of the model could include,
e.g., integral membrane proteins and essential lipid components (such
as cholesterol and sphingomyelin).

Experimental results suggest that the nanoparticle-membrane
interaction depends on the AuNP charge as well as the nature and
arrangement of the protecting side groups. That is to say, it is not the
Au core that determines the interaction with the membrane but the
surfactant layer on top of it. While cationic nanoparticles are known to
penetrate through the cell membrane, less activity has been observed
for anionic AuNPs [16]. The anionic AuNPs used in the experiments of
Tatur et al. [16] had mercaptoundecanoic acid (—S(CH,);oCOOH)
surface groups, which are similar to the ones used in this study (with
a difference of one CH, unit). Another study on anionic AuNP perme-
ation by Van Lehn et al. [15] used 11-mercaptoundecane sulfonate
(—S(CH3)11SO3—) and octanethiol (—S(CH;);CHs3) ligands with vary-
ing morphologies. These surface groups differ from the ones presented
here.

We observed for AuNP~ that it attached spontaneously to the EC
membrane surface within a few tens of nanoseconds. It seems evident
that the binding of AUNP~ with the membrane takes place through rel-
atively weak contacts with the zwitterionic POPC head groups, since
AuNP™ did not immerse deeply in the membrane but floated on top of
the bilayer surface, enabling lateral diffusion of the nanoparticle along
the membrane. In the IC compartment, we found that AuNP™ stayed
in the middle of the compartment, with no adsorption to the mem-
brane. Apparently there is no attractive interaction with the cytosolic
leaflet due to the Coulomb repulsion between AuNP™ and the negatively
charged POPS lipids.

Based on the results, it seems that AuNP™ has no tendency to cross
the membrane or bind to its surface, either in EC or IC. However, if it
would, it is not clear whether it would pass or remain in the middle of
the membrane. After all, one possible scenario is that the charged side
groups of AUNP~ would be stabilized by the charged regions of the
membrane lipids, while the core of the nanoparticle (with (CH;)q4
chains) would reside in the hydrophobic membrane interior. This kind
of NP-embedding involving lipid rearrangement has been observed,
e.g., for charged dendrimers [49].

One of the grand questions in the field concerns the influence of
nanoparticles on the function of membrane-associated proteins
[50-52]. While we cannot unlock this question through our work,
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let us consider the key background factor related to this theme: the
binding of nanoparticles to membranes. In a previous work [17], it
was shown that while cationic AuNP* avoided adsorption to the EC
leaflet due to electrostatics, the binding of AuUNP™ to the EC leaflet
yet took place through the crossing of a free energy barrier (about
12 kJ/mol) that is quite comparable to thermal energy, suggesting
that the rate of spontaneous AuNP* binding to the EC side would
be quite reasonable. On the IC side, AuNP* was observed to adsorb
to the membrane in no time due to strong electrostatic attraction
with anionic POPS [17]. Here in this work, AuUNP~ was observed to
bind to the membrane on the EC side, and this binding was driven
by electrostatics. On the IC side, the anionic nanoparticle avoided
contact with the membrane due to anionic POPS lipids. Moreover,
AuNP™ was observed to maximize its distance from the IC leaflet,
suggesting that in the cytosol AUNP~ would not favor being in any
close proximity to the intracellular leaflet of the plasma membrane,
assuming that there are no additional charged entities (fluctuations
in lipid concentration, biomolecules).

Summarizing, these observations, comparisons, and earlier studies
[5,15,17,23,53] highlight the importance of electrostatic interactions in
the binding of nanoparticles with membrane surfaces. The research
results suggest that once nanoparticles have attached to a membrane
surface, they prefer to interact with membrane proteins whose
juxtamembrane domains are appropriately charged or polar, or with
proteins whose ectodomains (in the extracellular space) or cytosolic do-
mains favor interactions with the given nanoparticle. Both situations are
problematic considering protein function as they can potentially change
protein conformation. As a single example, one of the key processes in
cell membranes is communication driven by membrane receptors bind-
ing with their extracellular ligands. If the conformation of the receptor
was altered by a strong interaction with a nanoparticle that is attached
to the membrane, its visibility could be impaired, thus slowing down
the signaling process, and this can be expected to influence cellular
function. Detailed simulation studies testing this potential scenario
would be welcome. In the meantime, this scenario is supported by the
observation that AuNP™ binds to plasma membrane-like lipid bilayers
more efficiently than AuNP™, in agreement with experiments that
have shown cationic gold nanoparticles to be more harmful to model
membranes than anionic ones [16].

Even though there exists a large body of literature published on
the research of nanomaterials, the field still lacks systematic map-
ping of all the factors that are (or potentially might be) involved in
the interactions between various kinds of studied nanoparticles
and cells. Hence, it is of importance to perform detailed studies of
specific model systems to clarify the effects of individual variables.
For achieving a conclusive perspective, it is necessary to complement
the computational results by experiments, and vice versa. The in silico
predictions presented here could quite straightforwardly be verified
experimentally using simplified POPC/POPS model membranes with
corresponding AuNP ™, i.e., in similar manner as in the recent study of
Tatur et al. [16].

Concluding, the results presented in this study bring more weight
to the idea that electrostatic interactions are particularly important in
the nanoparticle-membrane binding, and that these may have conse-
quences for cellular function.
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Appendix A. Supplementary data

Supporting information contains additional data for the orientation of
water molecules around AuNP ™, the radial distribution functions cen-
tered at AuNP—, and the radius of gyration and the moment of inertia
vector autocorrelation function of AuNP™ in the EC and IC compartments.
Supplementary data to this article can be found online at http://dx.doi.
org/10.1016/j.bbamem.2014.07.027.
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