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ABSTRACT: Despite being chemically inert as a bulk material,
nanoscale gold can pose harmful side effects to living organisms. In
particular, cationic Au nanoparticles (AuNP*) of 2 nm diameter or less
permeate readily through plasma membranes and induce cell death. We
report atomistic simulations of cationic Au nanoparticles interacting with
realistic membranes and explicit solvent using a model system that
comprises two cellular compartments, extracellular and cytosolic, divided
by two asymmetric lipid bilayers. The membrane—AuNP" binding and

Extra-
cellular

Cytosol

membrane reorganization processes are discovered to be governed by co-

operative effects where AuNP”, counterions, water, and the two membrane leaflets all contribute. On the extracellular side, we
find that the nanoparticle has to cross a free energy barrier of about S k3T prior forming a stable contact with the membrane. This
results in a rearrangement of the zwitterionic lipids and nanoparticle side groups in the contact area, giving rise to the initial stage
of pore formation on the membrane surface. Such behavior is not seen on the cytosolic side, where AuNP" is spontaneously
captured by the negatively charged phosphatidylserine lipids that diffuse to enrich the membrane leaflet underneath AuNP?,
further pointing to AuNP" accumulation on the inner leaflet of a plasma membrane. The results suggest AuNP* permeation to
take place through the formation of a pore together with partial nanoparticle neutralization/deprotonation, leading to membrane
disruption at higher nanoparticle concentrations. The data also suggest a potential mechanism for cytotoxicity as AuNP* binding
to the extracellular leaflet may trigger apoptosis through translocation of phosphatidylserine.

B INTRODUCTION

Metal nanoparticles (NPs) provide new functionalities of
matter at the nanoscale. Their properties can be tuned via
chemical composition, size, binding strength between the core
and ligand shell, overall charge, and stability in a given
medium." Quantum confinement effects arise as the NP size
decreases down to a few nanometers, which is reflected, e.g., in
optical properties and catalytic reactivity.” * In this context,
gold nanoparticles (AuNPs) are among the most studied
systems as they have potential for applications in molecular
electronics, molecular recognition, catalysis, biolabeling and
sensing, and drug delivery.">~”

Medical applications of AuNPs cover practically all fields,
including diagnostics, therapy, prophylaxis, and hygiene.®
AuNPs can be used as intrinsic drug agents or drug delivery
vehicles, and they can be applied as stabilizing agents for other
drug delivery vehicles such as vesicles. AuNPs have
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demonstrated applicability in photothermal therapy due to
their optical properties which enable local heating at cellular
level. As composite materials AuNPs may function as triggers
for drug release. For example, they enable an efficient treatment
of diseased sites (tumors) with small side effects in the body as
the local AuNP concentration is high only at the targeted site.”
This approach is based on size-selective accumulation of
AuNPs due to the disordered vascular characteristics of tumors,
and the targeting effects can be further enhanced by covering
nanoparticles by additional recognition units which are selective
for specific tumor sites.”

Nanotoxicology is a special field of toxicology which
considers potential harmful effects of NPs in living organisms. "'’
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These effects differ from those of larger particles as NPs are
able to translocate inside the body from the site of deposition
(e.g, lungs) to different organs and tissues (such as blood—
brain barrier) more effectively. The important factors for NP
toxicity are particle size, composition, shape, surface
modification, concentration, agglomeration, and solubility.11
For example, the large surface-to-volume ratio of NPs is related
to increasing chemical reactivities, leading to enhanced
formation of reactive oxygen species which may cause dama%e
to proteins, DNA, and cell membranes via oxidative stress. 0
Recently, AuNPs have also been found to enhance the
formation of amyloid fibrils that is known as a fundamental
step in Alzheimer’s and Parkinson’s diseases.'”"?

Small cationic Au nanoparticles of diameters less than 2 nm
are able to penetrate cell membranes, and they can be
extremely toxic.¥**'#71° This has been demonstrated, e.g., for
1.4 nm AuNPs which were observed to cause necrosis and
mitochodrial damage to various cell lines."” Experimental
results indicate that the nanoparticle translocation occurs via
self-penetration, where the charge and specific structure/
composition of the ligand shell affect the process: Cationic
AuNPs with an alternating pattern of aliphatic (hydrophobic)
and functionalized side groups (striped AuNPs) show increased
penetration activity in comparison to randomly distributed side
groups.'® Cationic nanoparticles have been reported to
generate holes in both model and living cell membranes,
where the phase of the lipid bilayer plays a role for the level of
disruption.**?~>! Most recently, it was shown that striped
anionic AuNPs (with amphiphilic surface) can pass non-
disruptively through model membranes, and this activity
depends closely on the AuNP diameter.*”

Obviously, the spontaneous permeation of AuNPs and its
effect on cell membranes call for urgent attention to assess the
potential risks of AuNPs for future biomedical applications. As
cells and cellular compartments are surrounded by membranes,
it is highly relevant to investigate the interaction of AuNPs with
lipid bilayer surfaces at the atomistic level. Our computer
simulations focus on this issue in detail as we test the self-
penetration theory and shed light on the source of the
cytotoxicity of AuNPs.

Recent experiments by Tatur et al. for model membrane
systems provide a valuable reference for simulations,” as they
considered 2 nm diameter AuNPs floating between single-
component bilayers composed of zwitterionic DSPC lipids
(1,2-distearoyl-sn-glycero-3-phosphocholine). On the basis of
neutron reflectometry measurements, they concluded that
AuNPs with cationic head groups penetrate inside the
hydrophobic interior of the lipid bilayers and disrupt the
membranes at increased concentrations, while anionic AuNPs
stay outside. The penetration of cationic AuNPs occurs after
elevating the temperature up to 53 °C, which suggests that the
process requires the crossing of a free energy barrier at
physiological temperatures. These findings can be compared
straightforwardly with simulations as there are no complications
arising from other components that exist in real membranes,
such as membrane proteins and the protruding glycocalyx
network.

The primary objective of our work is to unlock the atomistic
details of complexation between AuNPs and plasma membrane
-like lipid membranes, determine how the complexation can
possibly alter cell function, and evaluate how AuNPs can
permeate spontaneously through plasma membranes. For this
purpose, we have performed a series of atomistic molecular

dynamics (MD) simulations of a monolayer-protected AuNP*
[Au,44(SR)g, where R = —(CH,),;-NH;*].>*"*" The simu-
lations have been carried out in an aqueous solution in the
presence of a model lipid bilayer mimicking the plasma
membrane, where we differentiate between the extracellular
(EC) and intracellular/cytosolic (IC) leaflets. To our knowl-
edge, this is the first attempt to tackle this complex problem at
the atomistic scale, and we pay particular attention to the role
of counterions, water, and specific lipid molecules to gain a full
understanding of electrostatics that is expected to be important
in the binding and permeation events. Importantly, our work
provides a great deal of added value to previous theoretical
work on AuNPs interacting with lipid bilayers, as previous
studies”® > have been based on coarse-grained (CG) models
that lack the atomistic details for AuNP as well as the
hydrodynamic degrees of freedom. Meanwhile, earlier atomistic
studies of AuNPs have explored only the role of solvent,****
including our recent work that is the basis of this study.*

B COMPUTATIONAL MODELS AND METHODS

Cells use compartmentalization to create specific environments
to perform their vital functions, and they achieve this objective
by using membranes. In our context, the most important one is
the plasma membrane, which separates cells from their
surroundings. Cationic gold nanoparticles (AuNP*) are
known to be able to reach the interior of cells,*"'%!41937:38
yet the mechanism how they do it is not known.

For studying the AuNP*—plasma membrane interaction, we
have designed two model systems described in Figure 1.
Essentially, our models are double bilayer systems with periodic
boundary conditions applied in all directions (Figure 1b). This
setup effectively provides us with two independent compart-
ments in each system.>*** We mimic the extracellular and
intracellular/cytosolic environments by using asymmetric
bilayers with lipid compositions resembling eukaryotic plasma
membranes with different ion compositions in each compart-
ment (EC, IC). The lipid composition in the outer EC leaflet is
described by zwitterionic POPC [1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine], while a mixture of POPC
(81.25%) and negatively charged POPS [1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoserine] (18.75%) is used to model the
inner IC leaflet. The upper and lower membranes are inverted,
and this results in an EC compartment only in contact with the
pure POPC leaflets and an IC compartment in contact with the
POPC/POPS mixture. Cholesterol, one of the abundant lipid
types in plasma membranes of eukaryotic cells, was not
included in the model since (for computational efficiency) we
wanted to speed up the dynamics that is slowed down by
cholesterol.

Further, a cationic gold nanoparticle with a 2 nm core
diameter (144 Au atoms and 60 side groups with positively
charged amine terminals) with Cl~ counterions is placed in
either the EC or IC compartment (Figure lcd). We
compensate for the negative charge of POPS by including
additional K" ions in IC. Some simulations have been
performed also with salt by placing 150 mM of NaCl and
KCl in the EC and IC compartment, respectively, in order to
mimic the physiological ion distribution in both cases.

All MD simulations were performed with the GROMACS
simulation package (versions 4.0.5, 4.6.3).** Each asymmetric
bilayer contains in total 252 lipids in the double bilayer setup
(see Figure 1). The lipid compositions of each leaflet has been
chosen to be representative of the outer leaflet (124 POPC)
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Figure 1. Schemes of the different models simulated: (a) AuNP* in
aqueous solution; (b) double asymmetric bilayer; (c) AuNP" in EC
compartment; and (d) AuNP* in IC compartment. Color code:
AuNP* [Au (orange), S (yellow), alkyl chain (black), primary amine
(red)]; lipids [chains: palmitoyl sn-1 chain (black), oleyol sn-2 chain
(magenta); head groups: phosphatidylserine (blue), phosphatidylcho-
line (cyan/red)]; ions [Cl™ (green), K* (yellow)]. EC refers to the
“extracellular” and IC to the “intracellular” compartment. The leaflet
next to the EC regime corresponds to pure POPC while the other
monolayer is a POPC/POPS mixture. Black arrows visualize the
periodic boundary conditions used in this study.

and inner leaflet (104 POPC and 24 POPS) of an animal
plasma membrane. The IC compartment hosts 48 (K*)
counterions to neutralize the negatively charged head groups
of the 48 POPS lipids, 24 per leaflet. For both models, the
simulation box was adjusted around 9.0 X 9.2 X 22.2 nm after
density relaxation by NPT simulations at 1 bar. In order to
maximize the efficiency of the simulations, ie., reduce the
number of atoms in the system, the compartments are not
equally sized. Distance between the bilayers’ centers of mass
(COMs) across the compartment containing the AuNP* was
significantly larger in both cases, ~14.9 nm, while the other
compartment was left with ~7.3 nm. The overall number of
particles in both systems was around 143 000.

All simulated systems use a united atom force field which is
largely compatible with the Berger force field.*' Essentially, the
force field is a mixture of a tuned united OPLS (nonbonded
interactions) and GROMOS (bonded interactions) force fields.
The used POPC is implemented as originally developed by
Berger et al.*"* with adjustments for the double bond
extracted from Bachar et al.*> The POPS force field model
obeys the Mukhopadhyay et al. implementation.** Water
molecules were represented using the SPC model.* The gold
nanoparticle has been assembled as described in Heikkild et

al,*® and it is based on a realistic atomic model for Au, SR,
which is in agreement with experimental data.’® AuNP* is
associated with 60 ClI™ counterions in each compartment. In
addition, 150 mM of salt has been added to the systems in two
simulations. The counterions Na*, CI7, and K" use their
original GROMACS-87 parameters.46

Prior to the actual production runs, all prepared systems
were energy minimized. The production simulations were
performed over 200 ns for each setup (IC and EC systems with
and without salt, each). Four extra replicas of the IC and EC
systems (without salt) were also simulated for 100 ns with
different initial velocities in order to gain statistics. In addition
to the freely diffusing systems, we also applied constraints to
bring AuNP" in contact with the EC leaflet, and the system was
simulated for 300 ns after releasing the constraints. (The same
procedure was also carried out for IC although it is not
necessary for achieving the membrane attachment.) The time
step was set to 2 fs, and the neighbor list (cutoff 1.0 nm) was
updated for every 10th step (20 fs). Furthermore, in order to
study particularly rapid processes related to water hydrogen
bonds and counterion contacts between AuNP* and the
surrounding solution, a set of ten 1 ns MD simulations starting
at different frames of the original simulations were performed
by storing data every 0.5 ps.

The simulations were performed in the canonical NPT
ensemble by setting the temperature equal to 310 K using the
Berendsen thermostat®” with a time constant of 0.1 ps and with
a pressure coupling using the Berendsen algorithm®’ with a
compressibility of 4.5 X 107> bar™', time constant of S ps, and
reference pressure of 1 bar. Long-range electrostatic inter-
actions were calculated using the particle-mesh Ewald
summation (PME) method.** A real space cutoff of 1.0 nm
and a reciprocal grid of 77 X 78 X 189 cells with a fourth-order
B-spline interpolation were employed. For van der Waals
interactions, a cutoff distance of 1.0 nm was used.

The umbrella sampling method*” was employed to calculate
the free energy profile of the nanoparticle approaching the
extracellular leaflet of one of the bilayers. The reaction
coordinate was chosen to be the distance between the core
gold atoms and the phosphorus atoms of the target leaflet in
the direction normal to the bilayer (z). A harmonic biasing
potential was employed, and a total of 23 windows were
simulated with the minimum of this biasing potential located
between 0.6 and 5.0 nm with a spacing of 0.2 nm. A force
constant of 2000 kJ/(mol nm*) was chosen as this resulted in
sufficient sampling of the total reaction coordinate. The
windows with the nanoparticle close to the membrane interface
(0.6—3.6 nm) were simulated for 100 ns, whereas the rest of
the windows (3.8—5.0 nm) were simulated for SO ns. The data
for the last 40 ns were employed in the analysis for all windows.
Other simulation parameters follow those of the presented
equilibrium simulations. The profiles and their statistical error
estimates were obtained by the GROMACS tool g_wham.*

B RESULTS

AuNP* Faces a Free Energy Barrier for Binding on the
Extracellular Side but Binds Spontaneously to the
Intracellular Leaflet. Four AuNP*—double membrane setups
were simulated for 200 ns at 310 K: EC, EC with salt, IC, and
IC with salt (Figure 2). On the IC side, AuNP* always
approaches the membrane within 10—20 ns, with and without
added salt (Figure 2c,d), and it attaches rapidly to the
membrane in a manner where the functional amine groups

dx.doi.org/10.1021/jp5024026 | J. Phys. Chem. C 2014, 118, 11131-11141



The Journal of Physical Chemistry C

Figure 2. Visualization of AuNP* with membranes. AuNP" is placed
between membranes in the extracellular (EC) and intracellular (IC)
compartments. (a) EC; (b) EC with NaCl; (c) IC; (d) IC with KCL
Color code: AuNP* [Au (orange), S (yellow), alkyl chains (gray),
primary amine (blue and white)]; lipids [C (cyan), O (red), P
(brown), N (blue)]; ions [Na* (lime), Cl~ (magenta), K* (white)].

are in contact with the membrane surface (see Figure S1 in
Supporting Information). Meanwhile, AuNP* largely fluctuates
between the bilayers in the EC compartment, and it does not
form direct contacts with the membrane during the time scale
of the simulations (Figure 2a)b and Figure S1). Four shorter
simulation replicas, 100 ns each, for systems without extra salt
and with different initial conditions were performed to validate
the results, providing the same outcome as above.

The fact that AuNP* does not bind spontaneously to the EC
leaflet is intriguing. We considered this binding process more
carefully through free energy (umbrella sampling) simulations.
The results depicted in Figure 3 highlight that there is a free
energy barrier of about 11.7 kJ/mol (4.7 ks T) for the binding of
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Figure 3. Free energy (umbrella sampling) profile of AuNP*
adsorption to the membrane—water interface on the EC side. The
simulation conditions refer to those without additional salt. The
distance is measured between the AuNP' center and membrane
surface plane (P atoms).

AuNP* to the EC leaflet. The free energy computations also
revealed that once the barrier is crossed, the nanoparticle is
stably bound to the EC leaflet at the membrane—water
interface, about 1.7 nm from the membrane center, with a well
depth of about 18.3 kJ/mol (7.4 kzT). These data are in full
agreement with experiments> as discussed in detail below.

Further, the finding that AuNP* binds to the IC leaflet is also
intriguing (see Figure 2c,d), as this highlights that there is a
strong force driving NP to the surface of the IC leaflet.
However, the nanoparticle does not spontaneously penetrate
through the membrane, neither in IC nor in EC simulations. As
the discussion below shows, one of the reasons causing this is
the considerable charge of the AuNP* explored here. We
conclude that AuNP* binds spontaneously to the IC leaflet, but
on the EC side there is a free energy barrier to cross prior to
NP binding.

CI~ Counterions Screen AuNP* but Do Not Inhibit
Binding to the Intracellular Leaflet. The partial density
profiles in the IC case show AuNP" in a stable contact with the
membrane (see Figure 4a,b). Instead, the EC profiles in Figure
4¢,d show a broader distribution for AuNP*, consistent with its
fluctuation around the compartment center. Each case shows a
rather compact ionic cloud of CI™ around AuNP?, screening its
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Figure 4. Partial density distributions of individual atoms/molecular
groups of the AuNP"* systems in (a) IC, (b) IC with salt, (c) EC, (d)
EC with salt, and (e) EC constraint-released. The location x = 0
corresponds to the side of the simulation box. Color code: membrane
(black, solid), NP (red, solid), water (blue, solid), POPS (black,
dashed), K" (orange, solid), CI~ (green, solid), and Na" (magenta,
solid).
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positive charge. The halo pattern of ClI™ in the IC compartment
is not as symmetric as in EC since the anion concentration has
been reduced in the membrane contact zone. Furthermore, the
K* ions have accumulated close to the opposite membrane
surface with respect to AuNP" in the IC compartment, and the
net negative charge of the cytosolic leaflet is more exposed to
the nanoparticle. The source of this K* asymmetry is the
overcharging effect caused by the high surface charge density of
AuNP".

The halo pattern of counterions is highlighted in Figure 5,
where the CI” concentration has been visualized for the EC and

Figure S. Visualization of Cl~ counterion density around AuNP" in (a)
the EC compartment (free, as in bulk-like water) and (b) the IC
compartment (membrane—water interface). The counterion concen-
trations have been averaged over 60 ns simulations. Suggestive
transient positions for the ions are also shown as given by the color
code: CI” (magenta) and K' (white), next to a membrane where
POPS lipids (green) are shown separately. Color scale for the density
from low to high: light-blue, green, yellow, orange, red, purple.

IC cases. For IC, the limited number of contacts of CI~ with the
membrane, and in particular with POPS lipids, becomes evident
despite the fact that there are also K ions around. There are no
CI™ counterions between the nanoparticle and the membrane
as the negative charge of POPS causes repulsion. The tight
space between the thiol chains of AuNP* together with a less
hydrated environment makes it difficult for the relatively
voluminous Cl™ to penetrate into the soft surface region of
AuNP’, allowing the nanoparticle surface to behave effectively
as a charged wall. The terminal amino groups are distributed in
equidistant positions which causes ripples in the CI~
concentration. It is also clear that the surface charge density

is not large enough to fully condense the counterions to the
surface. This is expected as both C1™ and NH;" are monovalent
and relatively small.>' Under these conditions and in agreement
with the Gouy—Chapman model, one expects the formation of
a diffuse anionic cloud around AuNP", and this is indeed clearly
seen in the anion density maps and more vaguely also in the
Cl” density profiles along the membrane normal direction
(Figure 4).

AuNP* Binds to the Extracellular Leaflet Once the
Free Energy Barrier Has Been Overcome, and the
Binding Is Stable and Suggestive of Pore Formation.
The results discussed above do not seem to support the current
experimental evidence that AuNP* originally outside a cell
could spontaneously reach the cytoplasmic region'"'>!'#!%37:3%
or how it could self-penetrate to a cell.”® Instead, we observe in
the EC compartment that the nanoparticle resists the formation
of a contact with the membrane (Figure 3). This result is
understandable considering the surface charges of the proximal
leaflets. For AuNP* in IC, the surrounding membrane leaflet
contains POPS which is negatively charged, and this clearly
explains the observed attraction of the positively charged
AuNP’. For AuNP" in EC, the proximal leaflet is composed of
pure POPC which, although being neutral as a whole, has a
zwitterionic headgroup (NH;'—(CH,),—O0—(PO,)"—0-)
with a positive amine group pointing toward the aqueous
region. This effectively creates a positive charged layer to the
membrane surface, inducing a repulsive interaction with AuNP*
(Figure 3).

Recent experimental evidence on pure synthetic DSPC
membranes suggests that there is a free energy barrier for
approaching AuNP*.*® In these experiments, the temperature of
the model system had to be risen up to 326 K in order to
activate AuNP" to bind with the membrane. Experiments also
showed that subsequent cooling down of the sample to a
working temperature of 298 K did not terminate the binding.
This suggests that once the free energy barrier has been
crossed, there is a net attraction between AuNP* and the
membrane. Similarly, our MD simulations highlight the
presence of a free energy barrier when AuNP* approaches
the EC leaflet composed of POPC lipids (see Figure 3).

Having confirmed the activated binding on the EC side, we
gradually pulled AuNP* closer to the membrane using a
harmonic potential. Once in contact, 0.9 nm from AuNP"’s
center of mass to the membrane surface, we released the
constraint and simulated the system for 300 ns; this system is
here referred to as “EC constraint-released”. We observed
AuNP" to remain attached to the membrane. The correspond-
ing partial density profiles over the last 150 ns are shown in
Figure 4e.

Once proven that AuNP* attaches to both IC (POPC/
POPS) and EC (pure POPC) layers, the latter being an
activated process, it is interesting to compare the contact area
between AuNP* and each of the two layers (see Figure 6). In
the IC leaflet, the average equilibrium distance between the
AuNP* center of mass and the POPC/POPS leaflet
(phosphorus atom in POPC) is 1.4 &+ 0.2 nm. The contact
layer shows slightly convex bending toward AuNP”, allowing
the system to maximize the number of POPS contacts. AuNP*
then rides over the membrane surface (see Figure 6a), with
occasional but clear interdigitation between the AuNP" side
chains and lipid head groups. If a positive side chain of AuNP*
manages to cross the positively charged POPC choline region
with the help of the negatively charged phosphatidylserine
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Figure 6. Morphology of the AuNP* attachment with IC (a, b, and c) and EC (d, e, and f) layers when the nanoparticle is in contact the membrane.
In both cases, only the monolayer in contact with the nanoparticle is shown. Panels a and d correspond to the lateral view. Panels b and e depict the
bottom view: here only the moieties in the head groups of POPC and POPS (not the glycerol or the hydrocarbon chains) below AuNP* are shown
to monitor their effect on AuNP”. Panels ¢ and f illustrate the top view: here AuNP* has been removed to assess its effect on the membrane
(nanoparticle position shown with a black circle). AuNP*, POPS (green), and POPC are represented with rods. Head group phosphorus (khaki),
amine nitrogen (blue), and serine carbonyl oxygen atoms (red) are highlighted as van der Waals spheres.

groups, it immediately becomes trapped deeper in the
membrane due to the attraction of the underlying negatively
charged region of the phosphate groups. Still, the most
interesting feature is that AuNP* does not considerably perturb
the underlying leaflet (Figure 6b,c) besides slowly recruiting
POPS lipids beneath itself (Figure 6a). We discuss this in more
detail below.

In the EC compartment, AuNP* positions itself partly
embedded in the pure POPC layer at a distance of 1.6 + 0.2 nm
(phosphorus atom in POPC) (see Figure 6d). While having a
larger separation distance than in IC, the nanoparticle appears
to be embedded deeper in the induced concave curvature of the
underlying layer. This slight membrane deformation allows the
system to reduce the repulsion between the lipid head groups
around AuNP", without exposing the hydrophobic acyl chains
to the water solvent. In this case no side chain interdigitation is
observed, and the lipid head groups are clearly pushed away
underneath AuNP* (Figure 6f). Similarly, the facing AuNP*
side chains bend toward the membrane plane, maximizing the
number of contacts with the ring of the negatively charged
phosphate groups (Figure 6e). This ring emerges because
phosphatidylcholine groups strongly orient themselves, with
the phosphates pointing toward AuNP*. The nanoparticle
penetration into the EC leaflet results in that the corresponding
electrostatic potential (EP) maps show considerable variation
in the contact area for both IC and EC (see Figure S2 in
Supporting Information).

Potential Mechanism for AuNP* Translocation. In
contrast to the IC system, not a single AuNP" side chain points
toward the hydrophobic lipid core (along membrane normal
direction), and we speculate that this could be a favorable initial
stage for self-penetration. The fact that AuNP" manages to
isolate its charged side groups from the hydrophobic (low
dielectric constant) lipid tail groups allows it to move across the
membrane without a large energy penalty. The lipids in contact
with AuNP" can bend toward the membrane plane as AuNP*
passes through the membrane, forming a pore. Recently
reported coarse-grained simulations of AuNP" s in symmetric
bilayers are in favor of this view, suggesting the formation of
torus-like pores.®® In the present case, in the absence of an
artificially created electrostatic potential, the driving force
pulling AuNP* into the membrane is the electrostatic attraction
from the negatively charged POPS lipids on the IC side, and
the described mechanism should evolve until AuNP* is fully
embedded in the membrane. Importantly, prior to the
translocation process, it is quite obvious that AuNP* has to
neutralize/deprotonate, at least in part, since there are
numerous studies showing that the translocation of drugs and
other charged compounds across lipid membranes has a very
high free energy barrier that is lowered substantially through
neutralization.>”

Overall, our observations are consistent with the formation of
holes>® observed in toxicity experiments.'"'>'*'%373% How-
ever, our observations are not fully conclusive as no AuNP*
penetration is observed during the simulations. This is due in
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Figure 7. Order parameters (-Scp) for the palmitoyl chains of lipids in the presence/absence of AuNP*. (a) EC leaflet close to AuNP", data for
POPC. (b) EC leaflet farther from AuNP*, data for POPC. (c) IC leaflet closer to AuNP*, data for POPC and POPS. (d) IC leaflet farther from
AuNP*, data for POPC and POPS. Data are given for -Scp, in the AuNP* system without added salt (black), AuNP* system with added salt (red),
and in the reference system without AuNP" or salt (green). Results for POPC (solid) and POPS (dashed) are shown separately. Data for the
constraint-released (C.R.) simulation is depicted with a dashed magenta line. The results are based on sampling over 150 ns after skipping S0 ns for
an equilibration phase. The results have been averaged over all the lipids in the leaflet in question.

part to the high charge concentration of the nanoparticle as well
as the geometrical constraints inherent to the double bilayer
setup used in the simulations. We discuss both of these features
in the end of the article.

Structural Changes at the Extracellular and Intra-
cellular Leaflets Are Consistent with the Proposed
Mechanism. AuNP'-induced perturbations in membrane
structure were determined by considering changes in the lipid
hydrocarbon chain order parameter (Scp). The results are
presented in Figure 7. The order parameters for the saturated
palmitoyl tail (sn-1) of both POPC and POPS were calculated
for both leaflets sharing the compartment with AuNP*. The
oleoyl (sn-2) tail provided qualitatively the same information
(data not shown). Overall, all the Sc, profiles show that on the
IC side AuNP" induces increasing order for POPC, and the
increase is quite substantial. In addition, increasing the salt
concentration to match the biological condition (~150 mM)
increases the ordering further. Meanwhile, the results also show
that AuNP" affects the POPC order very little on the EC side.
Only for the constraint-released case where the nanoparticle is
in direct contact with the leaflet, a slight effect can be observed
(Figure 7a), but the change is marginal.

For the IC compartment, overall the ordering effects of
AuNP* and salt are hence significantly amplified for both
POPC and POPS, but the effect depends on the region
considered. In the contact layer AuNP" induces clear ordering
in POPC alkyl chains, but POPS actually becomes slightly
disordered close to the head groups (Figure 7c). The
underlying reason for this is the interdigitation of the AuNP*
side chains in the contact layer, especially with POPS
accumulated beneath the nanoparticle. In the opposite layer
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that is farther from the nanoparticle, we observe ordering to
take place when AuNP" is present, and this effect is amplified
with increasing salt (Figure 7d). The increased K* concen-
tration close to the membrane causes this phenomenon>*>®
(see Figure 4a).

The results are in agreement with the self-penetration
mechanism. When AuNP* approaches the EC leaflet, the high
fluidity of the lipid layer remains unaffected, and this allows
quick reordering of the lipids to form a hole around
AuNP+ V1214193738 1hgtead, on the IC side the ordering
increases in the contact layer, rendering this layer more
impermeable. On the basis of this finding and the attractive
electrostatic interaction (see Figures S1 and S2), one should
expect AuNP" accumulation on the cytosolic layer.

Hydrogen Bonding Shows Binding at the Intracellular
Leaflet To Be More Stable. For the overall view, it is
important to discuss the stability of the nanoparticle contacts at
the membrane interface. This is a topic largely related to
hydrogen bonding (H-bonding) in atomic resolution and
electrostatic interactions. To this end, we consider the
interaction of AuNP* with water, lipids, and Cl~ ions.

The average number and the lifetime of H-bonds and ion
contacts between AuNP* and solvent (Table 1) show clear
differences between the IC and EC solutions: The total number
of H-bonds between water and AuNP" are 141.2 + 3.7 and
169.7 + 0.1, respectively, and also the number of ion contacts
differs, 1.4 £+ 0.8. and 4.9 + 0.2. The number of water contacts
is close to three per amine group in EC (60 groups), as
expected, but the number of direct ion contacts is small despite
the counterion cloud around the nanoparticle (see Figure $).
AuNP" attaches to the cytosolic leaflet in IC, and hence it has
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Table 1. Hydrogen Bonds and Ionic Contacts between
AuNP* and Solvent/Lipids®

compartment A N, 74 [ps]

1C H,0 1412 + 3.7 10.3 +£ 0.8
CI~ 14 + 0.8 11.3 + 2.5
lipid 78 £ 12 99.9 + 19.7

IC (0.15 M KCl) H,0 1373 £ 41 9.5+ 13
Cl™ 3.6 +0.8 64 + 1.4
lipid 96 + 12 102.6 + 15.0

EC H,0 169.7 + 0.1 5.8 £0.2
Cl~ 49 +£02 5.5+ 03
lipid

EC (0.15 M NaCl) H,0 169.7 + 0.1 58 +
ClI~ 34 + 0.2 5.0 + 0.6
lipid

EC (CR) H,0 1386 + 1.7 119 + 07
CI- 73+ 03 80+ 1.0
lipid 1846 2243 £ 427

“N, is the average number of hydrogen bonds and contacts, and 7, is
the average lifetime of the contacts, per solvent molecule/lipid. EC and
IC are extracellular and intracellular compartments, respectively. C.R.
refers to the EC constraint-released case.

fewer available terminal groups to make contacts with water
and/or counterions. This is reflected not only in the number of
H-bonds but also in contact lifetimes, which are considerably
larger in IC. AuNP" moves freely in EC, whereas its movement
is restricted in IC by the interactions with the membrane—the
contacts are less interrupted and consequently last longer. For
EC, the values of the number of contacts and lifetimes are
similar to those in Heikkili et al.*® for the same AuNP* in
aqueous solution without the presence of bilayers, 170.8 + 0.2
and 6.5 + 0.2 ps, respectively. Adding 150 mM of salt (KCI,
NaCl) to the systems does not significantly affect the H-bonds
between AuNP* and solvent. The AuNP—membrane contacts
are numerous due to the NH;* groups, and their lifetimes are of
the order 100 ps, illustrating that AuNP moves relatively slowly
along the membrane surface.

The situation changes in EC when AuNP" is pulled onto the
POPC leaflet (constraint-released case). The interaction with
water has decreased as the effective solvent interface of AuNP*
is smaller, whereas the number of CI™ contacts is larger,
reflecting changes in the dielectric medium (water/membrane)
and AuNP" screening charge. Comparing with the IC case, CI™
contact values are significantly higher, corresponding to a
tighter CI” cloud around AuNP" in the EC constraint-released
system. Despite being attached to the membrane, there are not
many H-bonds forming between AuNP* and the lipid head
groups in accordance with Figure 6d—f.

Summarizing, the analysis based on H-bonding and contacts
indicates that when AuNP* is bound to a membrane, it is more
stable at the IC side compared to the EC leaflet.

Why We Have Not Observed Spontaneous Perme-
ation in the Simulations? It is clear that this is, in part, due
to the high charge of AuNP" studied here. Regardless of the
environment, AuNP" is always equally charged (+60 ¢). A more
realistic model to consider penetration would include
deprotonation of the amine groups while AuNP* passes
through the low dielectric lipid tail region (see discussion
below). Based on earlier simulations, it is clear that
deprotonation (neutralization of the nanoparticle) would

strongly promote permeation across the membrane.”* How-
ever, consideration of this topic is out of the scope of this work.

The substantial charge of the nanoparticle is a seemingly
simple reason to explain why no translocation was observed in
simulations. This view is supported by the fact that in
experiments the coverage of positively charged alkyl chains
rarely exceed 70% in contrast to 100% in our case. Also, the
terminal choline groups are significantly more bulky than our
small amine groups, and the positive charge is more delocalized.
However, according to experimental results, also cationic Au
nanoparticles with terminal groups which cannot deprotonate
have proven to be capable of trespassing the membrane.”
Therefore, deprotonation of the amine groups can explain the
experimentally observed translocation rate only partially.

As for methodological matters related to simulations only,
the use of the double bilayer setup hampers the penetration
process as the lateral dimensions of the two membranes are
coupled to each other via the simulation box and the periodic
boundary conditions used (lateral strain). These imply that in
the simulations we have done the bilayer through which the
nanoparticle is translocating is not in a tensionless state, as it
should be, and the tension arising from the use of the double
bilayer setup will certainly increase the translocation free energy
barrier. This issue could be minimized by using membrane
systems much larger than the one employed in this work, but
we consider it to be beyond the scope of this work. It should be
noted that recent CG simulations using a double bilayer model
(1032 lipids per membrane) achieved AuNP* translocation by
using an external electric field of —1.5 eV, mimicking the
transmembrane potential,®® in favor of the views discussed
above.

B CONCLUSIONS

The nanoparticle—membrane interaction is very relevant for
studying biomedical applications and potential toxic effects of
nanomaterials. In this work, we have performed atomistic MD
simulations of cationic gold nanoparticles (AuNP*) in both
extracellular (EC) and intracellular (IC) environments in order
to test their tendency to penetrate through the cell membrane
and shed light on the molecular mechanisms involved. For this
purpose, we have applied a double asymmetric bilayer system,
using animal plasma-like membranes, with two solvent
compartments (EC and IC). Our theoretical approach is
unique, and the double bilayer setup differs from most previous
coarse-grained simulations. The atomistic description enables
us to unlock the roles of the underlying interactions and
chemical features in considerable detail.

All simulations show unequivocally that electrostatics drives
AuNP* to move fast toward the negatively charged surface of
the cytosolic leaflet, while it experiences a free energy barrier to
bind with the extracellular leaflet, in agreement with experi-
ments.”® These results are understandable considering the
opposite overall surface charge in the two leaflets. While the
surface charge in the IC leaflet is dominated by the negative
charge of the POPS headgroup (~20% of the lipids in the
leaflet), in the case of the EC leaflet constituted by pure
zwitterionic POPC, there is a local positive surface charge due
to the positively charged choline groups facing water solvent. In
other words, the distinct behavior, selectivity, arises from the
specific lipid composition of each leaflet.

The results also highlight the active role of ions regulating
the binding with a membrane. The counterions not only play a
critical role by shielding the large charge of AuNP" during the
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transit to the membrane, but they also foster the process by
migration to compensate for electrostatic potential imbalances.
The role of counterions in this context was most evident on the
IC side, and this process was further supported by POPS lipids
that were observed to play an active role by slightly popping out
of the membrane and capturing the nanoparticle, as the
membrane reorganized through lateral diffusion of POPS to
concentrate right underneath AuNP".

As mentioned above, AuNP" was found to experience a free
energy barrier to bind with the EC leaflet, in agreement with
experiments.”® This may appear puzzling given that several in
vivo experiments have shown AuNP* to interact with the EC
layer spontaneously.'"'>'*'?373% However, in real plasma
membranes other membrane bound components, such as the
negatively charged glycocalyx,56 can play a similar role as POPS
in the cytosolic compartment, thus facilitating the contact of
AuNP* and the EC layer.

What would be a plausible mechanism for AuNP*
permeation? AuNP* attaches to both the IC (POPC/POPS)
and EC (POPC) layers in a stable manner, the latter taking
place after the crossing of a free energy barrier. However, the
nature of AuNP* membrane interaction differs significantly.

On the EC side, there are no lipid head groups beneath the
nanoparticle as they migrate to the boundary of the AuNP*
contact region and orient themselves with the phosphate
groups pointing toward AuNP". The side chains of AuNP" also
bend toward the membrane plane to be in contact with the
surface phosphates. As a result, the AuNP" interacts with the
EC membrane in a very singular way: Below the nanoparticle,
hydrophobic interactions of the lipid tails and the mainly
hydrophobic alkanethiol tails of AuNP" prevail, while in the
borders of its projection there are ionic contacts between
AuNP" amine terminal groups and oriented phosphate groups
of POPC. This membrane reorganization gives room for the
formation of a patch that is largely hydrophobic. Meanwhile, on
the IC side, there is interdigitation between AuNP" side chains
and lipid head groups and considerable enrichment of
phosphatidylserines under AuNP".

We speculate that together these constitute the initial stage
for pore formation, gossibly having the torus shape®*** seen in
experiments.' "' >'*"%373% After AuNP* has adsorbed to the EC
leaflet, at least partial deprotonation of the amine groups will
occur before permeation takes place through formation of a
pore. The proposed mechanism could be tested in experiments
by decreasing the length of AuNP" side chains and monitoring
the hole formation/toxicity. Presumably, shorter side chains will
result in less holes/lower toxicity as the initial stages of the pore
formation is hampered.

Combining these results, we propose that AuNP" is able to
approach and attach to the plasma membrane aided by
negatively charged membrane-bound components, e.g. glyco-
calyx. After this, AuNP" can form a large pore while moving
toward the cytosolic layer, and we expect that the cytotoxicity
of AuNP" arises here. The nanoparticle can simply destabilize
the membrane as seen in experiments™ or favor the diffusion of
phosphatidylserine lipids from the cytoplasmic leaflet to the
extracellular one through the pore boundaries, which can
potentially initiate apoptosis. Finally, in case AuNP* manages to
permeate all the way to the cytoplasm, it will strongly attach to
the inner IC leaflet and accumulate. At this point, increasing
nanoparticle concentration is expected to disturb many critical
molecular functions due to the high AuNP* charge which can
alter membrane protein conformations.

B ASSOCIATED CONTENT
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distance from the membrane as a function of time for several
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