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he biomedical applications of gold

nanoparticles (AuNPs) to be used as

delivery, diagnostic, and therapeutic
agents have been growing rapidly over re-
cent years.'® Their efficiency of transport-
ing DNA to nucleus is 8 times higher than
that of polyethylenimine.® They have also
been successfully utilized in novel cancer
therapies.” In most of these bioapplications,
the nanoparticles are required to pass cell
plasma membranes either by endocytosis®
or by direct penetration to reach target cel-
lular compartments, during which signifi-
cant toxic effects may be induced to the
cells.? Safe and efficient localization of
nanoparticles is critical for these bioapplica-
tions, which partly leads to the rising of a
new field, nanotoxicology.'®'" Controlling
the balance between efficiently crossing cell
membranes and the nanoparticles poten-
tial toxic effect is one of the key challenges
in designing and fabricating these synthetic
nanoparticles.'

Numerous experimental studies have
been conducted to probe AuNP-cell interac-
tions in the past few years. It has been re-
ported that the sign of surface charges can
dramatically influence the uptake of
AuNPs.”? In addition, different shapes,'
ligand structures,’ and compositions'® of
AuNPs can also lead to different levels of
cellular uptake. In particular, it is found that
cationic and anionic AuNPs follow different
internalization pathways (endocytosis or
penetration of cell membrane) to enter
cells.”® Interestingly, surface-structure-
regulated anionic AuNPs can bypass en-
docytosis without overtly disrupting cell
membranes.!”” However, the mechanism of
AuNP uptake is still poorly understood. On

Www.acsnano.org

ABSTRACT Nanoparticle penetration into cell membranes is an interesting phenomenon that may have
crucial implications on the nanoparticles’ biomedical applications. In this paper, a coarse-grained model for gold
nanoparticles (AuNPs) is developed (verified against experimental data available) to simulate their interactions
with model lipid membranes. Simulations reveal that AuNPs with different signs and densities of surface charges
spontaneously adhere to the bilayer surface or penetrate into the bilayer interior. The potential of mean force
calculations show that the energy gains upon adhesion or penetration is significant. In the case of penetration, it
is found that defective areas are induced across the entire surface of the upper leaflet of the bilayer and a
hydrophilic pore that transports water molecules was formed with its surrounding lipids highly disordered.
Penetration and its concomitant membrane disruptions can be a possible mechanism of the two observed
phenomena in experiments: AuNPs bypass endocytosis during their internalization into cells and cytotoxicity of
AuNPs. It is also found that both the level of penetration and membrane disruption increase as the charge density
of the AuNP increases, but in different manners. The findings suggest a way of controlling the AuNP—cell
interactions by manipulating surface charge densities of AuNPs to achieve designated goals in their biomedical
applications, such as striking a balance between their cellular uptake and cytotoxicity in order to achieve optimal
delivery efficiency as delivery agents.
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the other hand, while cytotoxicity measure-
ments give astounding results of AuNPs
with different physical and chemical
characters,'® 2 the principles underlying
AuNPs’ cytotoxicity is not yet established.
The lack of atomic-level details on
AuNP—cell membrane interactions prevent
us from gaining an in-depth understanding
of the observed phenomena. In addition,
the differences in experimental procedures
and characterizations of AUNPs make the
current results difficult to be normalized,
which yield a necessity for a systematic
study on the AuNP—cell membrane interac-
tions.?!

In this paper, we probed the interac-
tions between AuNPs and cell membranes
by means of molecular dynamics (MD)
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Figure 1. A schematic illustration of the structure of the
AuNP. The alkyl thiol ligand terminals of the AuNP are func-
tionalized with ammonium or caroxylate groups to feature
positive or negative surface charges.

simulation. Previous simulation studies of AuNPs have
illustrated their ligand dynamics,?? solvent effect, and
the interaction between two AuNPs.? To the authors’
knowledge, however, their interactions with lipid mem-
branes have not yet been investigated with MD simula-
tion. Nevertheless there are papers concerning the in-
teractions of cell membranes with other classes of
widely used nanoparticles (e.g., carbon nanotubes,?
dendrimers,?> and fullerenes?®), which provide practical
approaches and methodologies for the current study.
Besides a typical zwitterionic lipid bilayer, we here first
included the negative lipid bilayer in combination with
a neutral bilayer to model typical mammalian cell mem-
branes that possess an overall negative electric fea-
ture.? Derived from a widely used force field,?® our
coarse-grained (CG) model of AuNPs is atomistically in-
formed and experimentally validated. The study re-
ported here has examined the AUNP—membrane inter-
actions under various conditions. The findings provide
a mechanistic explanation for the observed cellular up-
take and cytotoxicity of the AuNPs in experiments, and
also suggest a procedure of controlling AuNP—cell in-
teractions by manipulating surface charge densities of
AuNPs to achieve certain goals in their biomedical
applications.

RESULTS AND DISCUSSION

Figure 1 illustrates the structure of AuNPs in simula-
tions. The ligand terminals of the nanoparticle are func-
tionalized with different groups to feature different
signs of surface charges. In potential of mean force
(PMF) calculations and their corresponding unbiased
simulations, charged AuNPs have 70% cationic or an-
ionic coverage, which means they have 76 functional-
ized ligands (with ammonium or caroxylate terminals)
and 32 unfunctionalized ligands (alkanes). Both an elec-
tronegative bilayer and an electroneutral bilayer are
employed in our simulations. The neutral bilayer is com-
posed of pure dipalmitoylphosphatidylcholine (DPPC),
whereas the negative bilayer (PC/PG) is a mixture of
DPPC and dipamitoylphosphatidylglycerol (DPPG) in a
ratio of 3:1.

Free Energy Analysis. We began by obtaining the free
energy profile of AuNP—membrane interactions in or-
der to illustrate the thermodynamics of the system and
the preferences of the AuNPs as they relate to the bilay-
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ers. PMF of AuNPs as a function of their z-distance from
the bilayer center was calculated for six different cases
(three kinds of AuNPs, cationic, hydrophobic, and an-
ionic interact with two kinds of bilayers, DPPC and PC/
PG; see Figure 2 for case assignment). The bilayers’ pref-
erences for the AuNPs are clearly interpreted by the
PMF curves as shown in Figure 2. In cases 1, 2, and 6, tra-
jectory snapshots show that the AuNPs bound to the bi-
layers at the end of the 40 ns unbiased simulations. Cor-
respondingly, PMF curves in these cases have their
minimum located around the bilayer. Note that these
PMF curves tend to have a narrow well shape, indicat-
ing the probability of finding the AuNPs in the observed
positions (snapshots) is very high. In case 2 and case 6,
the AuNPs adhered to the bilayers surface, a situation
which is comparable to the absorption of an acetylated
fifth-generation polyamidoamine dendrimer onto a
DPPC bilayer.”® In case 3 and case 4 (hydrophobic
AuNPs), the PMF curves are relatively flat but drop
steeply at the bilayer interior. Although a lower PMF
value suggests a higher probability for a AuNPs to be lo-
cated at the corresponding position, the penetration
of the AuNPs into the bilayer interior was not observed
in the simulations. This can be attributed to the small
energy barriers located between the AuNPs and the bi-
layers, which prevent the AuNPs from moving down-
ward to reach the bilayer interior. The PMF profiles of
the neutral AuUNPs show agreement to that of
fullerenes?® for their hydrophobic nature, although the
size of an AuNP is larger than that of a Cg. Interestingly,
the AuNP shows a strong preference for the bilayer sur-
face in case 5, indicating that an anionic AuNP may
bind to a negative bilayer, which seems to be counter-
intuitive. The PMF results suggest that the total energy
gain upon binding is significant, although in some cases
the binding is not spontaneous and thus requires exter-
nal forces. The results also show that the signs of AuNPs
surface charges significantly affect their interactions
with lipid membranes and that the electric features of
the bilayers are also important. An experiment con-
ducted by Goodman et al. indicated that cationic AUNPs
are more disruptive to negative charged lipid vesicles
than their anionic counterparts, whereas they both
show similar levels of disruption to zwitterionic lipid
vesicles, which shows qualitative agreement to our PMF
calculations that the energy gain upon binding be-
tween cationic AuNPs and negative bilayers is the
greatest.

Because different signs of surface charges of AUNPs
lead to different outcomes, electrostatic interactions
between AuNPs functional terminals and lipid head
groups are expected to control the AuNP—bilayer inter-
actions. This is confirmed by monitoring system poten-
tial energy fluctuations during the simulations. In cases
1, 2, and 6, where the binding between AuNPs and bi-
layers occurred, system Coulombic energy fluctuations
are several times larger than Lennard-Jones (LJ) energy
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Figure 2. PMF profiles of cationic (a, b), hydrophobic (c, d) and anionic (e, f) AuNPs as a function of their distance from the center of
DPPC (a, ¢, and e) and PC/PG (b, d, and f) bilayers. The left half of each graph is the PMF profile while the right is a trajectory snapshot
of the equilibrated AuNP—Dbilayer system. Au core is shown in yellow, hydrophobic ligands in green, cationic ligands in red, anionic
ligands in blue, DPPC head groups in ice blue, DPPG head groups in pink, lipids tails in sliver and water in transparent white. The AuNPs
were initially placed 7 nm above the bilayer center. Each PMF curve is estimated by a 0.1 nm sampling interval. Panels a to f are sequen-

tially assigned as case 1 to case 6.

fluctuations, indicating that electrostatic interactions
are dominant over hydrophobic interactions (see Sup-
porting Information, Table S2). In each case, long-range
Coulombic potential accounts for most electrostatic
interactions.

Penetration of Lipid Membranes by AuNPs. Figure 3 charac-
terizes the structural properties of the disrupted bi-
layer, in which case penetration occurred (cationic
AuNP vs PC/PG bilayer). As the AuNP moved to the in-
terior of the bilayer, it generated a severely disruptive
pore which in turn induced defective areas (areas on
the bilayer surface which are absent of lipid head
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groups) and altered bilayer surface texture. Figure 3b
is the top view of the disrupted PC/PG bilayer. The re-
moval of the AuNP had resulted in a visible pore. The
“pore” region of the bilayer is substantially hydrated
and is water permeable (Figure 3d). The inward water
flux across the pore is about 17 molecule/ns, which is
comparable to the flux of a ~2 nm? hydrophilic pore
generated on a lipid membrane by mechanical
stretch.?” Permeation of ions across the bilayer, how-
ever, was not observed throughout the simulation. The
defective areas, totaling 10 nm?, are generated across
the entire surface of the upper leaflet of the bilayer,
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Figure 3. Structural changes of the cationic AuNP and the PC/PG bilayer upon binding. (a) Binding between the AuNP’s

ligand terminals and the lipid head groups. The lipids formed a shell to enwrap the AuNP. (b) A typical pore and defective ar-

eas were generated on the bilayer by the AuNP penetration. (c) Radial distribution functions of gold atoms with respect to
DPPC, DPPG, water, and counterions for 20 ns. (d) The penetration of the AuNP makes the bilayer water permeable. (e) The
lower leaflet of the bilayer extrudes to accommodate the penetration of the particle. (f) A schematic illustration of the

AuNP—bilayer interface.
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Figure 4. Interactions of AuNPs with different cationic surface charge densities with a PC/PG bilayer. Snapshots are taken at
the end of every 40 ns MD simulation. Gold core is shown in yellow, hydrophobic ligands in green, cationic ligands in red,
DPPC head groups in ice blue, DPPG head groups in pink, lipids tails in sliver, and water in transparent white. The percent-
age of cationic coverage of the AuNP is indicated in each snapshot.

causing direct contact between water molecules and
the bilayer hydrophobic interior. In addition, the lower
leaflet of the bilayer protruded downward to accommo-
date the penetration (Figure 3e). The implications of
these disruptions are discussed in later sections. Figure
3c gives the radical distribution function of gold atoms
with respect to lipids, ions, and water over 40 ns. Few
water molecules can be found within 7 A of the gold
core, which means a hydrophobic environment was
maintained inside the alkyl thiol monolayer (Figure 3f).
Figure 3a shows that the ligands on the AuNP have re-
oriented themselves to adapt to the presence of the
surrounding lipids. As a result, ligands on the upper sur-
face of the AuNP are now horizontally aligned, which
makes the top area uncovered with ligands. This may
have certain implications to the cargo holding in drug
delivery applications.® It is clear that the severe disrup-
tion on the bilayer is caused by the strong attractions
between the terminals of AUNPs’ cationic ligands
(ammonium) and the phosphate groups of DPPC and
DPPG. In a recent experiment, it is found that highly
charged cationic AuNPs are able to generate holes on
supported lipid bilayers.>* These bilayers are supported
on a mica surface, which carries negative net charges
that provide the bilayer with a similar electric feature to
that of a PC/PG bilayer. Although the size of holes ob-
served in the experiment are larger than that the simu-
lation, they both indicate a highly disruptive nature of
cationic AuNPs shown to negative bilayers, which
shows qualitative agreement to each other.

Effect of Surface Charge Density upon Penetration and
Membrane Disruption. To investigate the effect of surface
charge density of AUNP on the degree of penetration
into the lipid membranes, we have constructed a group
of AuNPs with different cationic coverage (percentage
of ammonium-functionalized ligands on an AuNP), from
0% to 100% with an increment of 10%, to simulate
their interaction with PC/PG bilayers. Simulation setup
is identical to previously mentioned six cases. As illus-
trated in Figure 4, AuNPs bound to the PC/PG bilayer
and induced deformation to it at all density values
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simulated. Both the level of penetration and disruption
goes higher as the AuNPs’ surface charge increases but
in different manners. At the cationic coverage below
50%, the increase of the penetration is prominent. The
particle is already “inside” the bilayer when the cover-
age has reached 50%. However, further increase of cov-
erage promotes penetration to a much lesser degree.
Even at 100% cationic coverage, the particle still resides
in the bilayer interior and does not move downward
to breakout the lower leaflet of the bilayer. By contrast,
the disruption on the membrane is not significant until
the coverage reaches around 60%. Further increase of
coverage results in severe membrane disruption which
is clearly visible. (The membrane disruption is quanti-
fied in the next paragraph.) At 100% cationic coverage,
the bilayer formed a micelle to wrap the highly charged
particle, and the surrounding regions of the mem-
brane were substantially ruptured, which shows signifi-
cant agreement to the continuum study.?' For DPPC bi-
layers, although all the AuNPs with different cationic
coverage did bind to the membrane, the effect of
charge density is nonetheless insignificant on penetra-
tion (data not shown). The AuNP was not able to pen-
etrate into the bilayer interior even at 100% cationic
surface coating.

To give a quantitative picture of the relationship be-
tween AuNP penetration and membrane disruption,
we have calculated several structural properties of the
PC/PG bilayers, which are the root-mean-square devia-
tion (rmsd), the average order parameter of lipid tails,
the defective areas, and the inward water flux, as a func-
tion of AuNPs’ cationic surface coating (Figure 5). As
AuNPs’ cationic coverage increases, the rmsd of the lip-
ids rises monotonically from 0.9 to 1.5 nm, with minor
fluctuations. The lipid average order parameter in-
creases slightly at low cationic coverage (10% and 20%)
and is moderately reduced at higher coverage. This
slight increase can be attributed to the reconstruction
of lipids toward a more ordered phase due to the ab-
sorption of a charged nanoparticle onto the membrane
surface.? The defective areas on the bilayer are negli-
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Figure 5. Changes of bilayer structural properties as a function of AuNP surface charge density: (a) The root-mean-square
deviation of distance between lipids, (b) averaged order parameter of lipid tails, (c) defective areas (bilayer surface on which
lipid head groups are absent), and (d) inward water flux (number of water molecules passed downwardly through the bi-

layer) during 40 ns simulation.

gible at the cationic coverage below 50% but begin to
increase sharply from 50% at a rate of ~4 nm? per 10%
coverage in a linear fashion. The result of inward water
flux shows that the bilayer becomes permeable to wa-
ter when the coverage reached 30% and the flux sud-
denly rises at 50% cationic coverage. However it subse-
quently increases slowly and remains at a level around
15 molecule/ns as the coverage maximizes, indicating
the bilayer has a preference for discrete states in which
water permeability remains relatively constant. There-
fore, exceeding a certain threshold, in this case around
50% cationic coverage, of the surface charge density of
AuNP would generate significant disruption to the
lipid membranes.

Concluding from the above analysis, the influence
of surface charge density of a AUNP on membrane can
be divided into two stages. In the first stage where the
AuNPs have lower charge densities, the effect of surface
charge mainly contributes to penetration. In the sec-
ond stage where AuNPs have higher charge densities,
the effect of surface charge mainly contributes to mem-
brane disruption since further penetration is not pos-
sible. The finding may provide us a clue on how to avoid
high toxic effect of AuNPs while achieve certain goal
in their biomedical applications.

Cellular Uptake of AuNPs. The sign of surface charge on
AuNPs significantly affects the affinity constant be-
tween the particles and cell membranes. Typical mam-
malian cell membranes carry an overall negative
charge,?” which naturally leads to the assumption that
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the bulk of their regions are electronegative, while mi-
nority regions tend to have a neutral or positive electric
feature. It can be learned from PMF analysis that the cat-
ionic AuNPs are strongly favored by the negative (PC/
PG) bilayer, whereas the anionic AuNPs have to over-
come an energy barrier in order to reach its surface,
indicating that cationic AuNPs are much more likely to
be absorbed onto the bilayer than their anionic coun-
terparts. Since neutral bilayers have the same prefer-
ence for the two kinds of AuNPs in PMF calculations, it
is concluded that cationic AuNPs will have an overall
higher membrane adhesion than their anionic counter-
parts on a typical mammalian cell membrane so long
as the membrane tends to have an overall electronega-
tive feature. A recent experimental study showed that
the membrane affinity constant of cationic AuNPs is
three times greater than that of anionic AuNPs in hu-
man cancer cell lines.” This result is promptly under-
pinned by the above analysis.

Furthermore, the aforementioned experiment dis-
covered that the internalization rate of the cationic
AuNPs is five times larger than that of the anionic
AuUNPs.'® The authors demonstrated that two kinds of
AuNPs are subjected to different internalization mecha-
nisms: The anionic AuNPs are endocytosed into cells
while half the amount of cationic AuNPs escape the en-
docytotic pathway. It is then postulated by the authors
that these cationic AuNPs may directly diffuse into the
cells by generating disruptions on the cell membranes,
a hypothesis which has been proposed by several other
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Figure 6. A schematic illustration indicating the effect of AuNPs’ sur-
face charge on their cellular uptake and cytotoxicity of a typical mam-
malian cell. Cationic AuNPs are favored by the cell membrane while
anionic and hydrophobic AuNPs cannot reach the membrane easily.
Increasing AuNP surface charge density will promote uptake but also
raise cytotoxicity. Exceeding a threshold of surface charge density
may have the AuNPs escape an endocytotic route and diffuse directly
into the cytosol. Further increase of charge density may result in
overt disruption of the membrane and thus cause acute toxic effect
to cells. A certain amount of surface charge density may allow the
AuNPs to strike a balance between cellular uptake and cytotoxicity
to achieve optimal delivery efficiency.

recent publications.'”333* Qur simulations further cor-
roborate this postulation by presenting insightful de-
tails. Cationic AuNPs with high surface charge densities
can penetrate into the bilayer interior, generate a hy-
drophilic pore on it, and induce significant deforma-
tions to the surrounding lipids. Endocytosis, which is
typically assisted by receptor-mediated formation of
endosomes that enwrap the nanoparticles at the bi-
layer surface, is unlikely to occur when a AuNP is in such
a deeply embedded position in the bilayer or when
the surrounding region of the bilayer is severely
disrupted.®*3¢ Conversely, anionic AUNPs will merely
be absorbed onto the bilayer surface (both negative
and neutral bilayers, indicated by PMF profiles), creat-
ing an environment conducive to endocytosis.>®* The
reason that half of cationic AUNPs in experiments did
not escape endocytosis in the experiment is that they
somehow have weaker interactions with the cell mem-
branes (lower level of penetration, less membrane dis-
ruption) which are still within the grasp of the endocy-
totic mechanism. Further investigations are needed to
understand the differences between the two internal-
ization pathways.

Cytotoxicity of AuNPs. A recent experimental study re-
ported that cationic AuNPs are, on average, 27 times
more toxic than their anionic counterparts in three dif-
ferent cell lines.'® Our simulations reveal two causes for
this discrepancy: First, cationic AuNPs have higher ad-
hesion to cell membranes than anionic AuNPs do,
which is also a reason for their high uptake; second,
their membrane disruption ability is far more signifi-
cant than that of their anionic counterparts. AUNPs with
high cationic surface coating can disrupt a bilayer mem-
brane to a great extent, which subsequently compro-
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mises the membrane integrity and thus breach the hy-
drophobic barrier. The hydrated channel will lead to the
exchange of medium between extracellular fluid and
cytosol, which may cause acute cytotoxicity.?' Although
not enough to compromise bilayer integrity, anionic
AuNPs are capable of altering cell functions by induc-
ing changes on membrane protein properties as well as
bilayer properties, which can in turn affect the function-
ing of membrane proteins (see ref 37 for an in-depth re-
view). Changes on the functioning of membrane pro-
teins are able to alter cell functions substantially, which
may be one of the reasons for the observed minor cyto-
toxicity of anionic AuNPs, since the AuNPs are still able
to induce negative effects once inside the cells.’

Relationship between Cellular Uptake and Cytotoxicity.
Analysis of the experimental results indicates that cellu-
lar uptake and cytotoxicity of the AuNPs are in fact
two linked factors which are jointly controlled by the
surface charges of the AuNPs.'>'6 Simulation results
give further information on how these factors are re-
lated to each other. For a typical mammalian cell mem-
brane that carries a negative net charge, cationic AuNPs
are more effective in interacting with cells than an-
ionic AuNPs for their higher membrane adhesion (fa-
vored by either neutral or negative regions of the mem-
brane), which is the reason that cationic AuUNPs have
much more clinical usages than their anionic counter-
parts.?! Meanwhile, increasing AuNPs’ cationic charge
density will simultaneously promote both their cellular
uptake and toxic effect, since higher densities will result
not only in higher levels of adhesions (or even a quicker
internalization pathway, i.e., direct diffusion into cells)
but also in increased disruptions to cell membranes,
which may lead to acute cytotoxicity. The latter should
be avoided in most AuNPs’ biomedical applications. In
the scenario of delivery applications, carefully tuning
surface charge densities of the AUNPs can have them
penetrate into the membrane while not generating sig-
nificant membrane disruption, and thus can achieve a
relative high uptake while not inducing acute cytotox-
icity (Figure 6). A recent experiment has utilized cationic
AuNPs to transfect DNA into mammalian cells.® It is
found that an AuNP with cationic coverage of 68% is
more effective in promoting transfection efficiency than
AuNPs with other cationic coverage. Higher cationic
coverage induces an overt toxic effect on cells that
compromises the transfection efficiency of the AuNPs.
This particular surface charge density of cationic AuNPs
manages to strike a balance between uptake and cyto-
toxicity for the given cell type, thus resulting in a
greater transfection efficiency than others. It should be
noted that the payloads contained in or conjugated to
AuNPs can also influence their interactions with cell
membranes. Therefore there is great interest in study-
ing the AUNP—membrane interactions with different
cargos.
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TABLE 1. Comparison of the Structural and Dynamical Properties of the CG AuNP Model with Experimental Data (Terrill
et al.). Cg, Cq,, and C;4 are Octanethiol, Dodecanethiol, and Hexcanethiol Stabilized AuNPs, Respectively

a

Au core radii (A) radius of gyration (A)°

simulation experiment® simulation experiment®
G 11.136 10—13
(@ 11.136 10—-13 11.45 = 0.04 9.24 + 0.05
Cie 11.136 10—13

average carbon distance ()

diffusion coefficient’ simulation experiment®
simulation experiment® Kia) (Xs—g) -2 (Xs—s)
1333 £0.25 26+03 3.643 6.849 3.250 6.597
0.918 = 0.04 2302
0.708 = 0.12 1.6 +0.2

“Radius of gold core was determined by averaging the distance between surface Au atoms and geometric center of the polyhedron with the addition of the radius of a
single Au atom (1.44 A). *Radius of gyration was calculated from Cy; cluster in hexane. ‘Diffusion coefficients have a unit of 10~ cm?/s. They were calculated from the
mean square displacements of AuNPs dissolved in chloroform over 64 ns. “Average carbon distance is the averaged normal distance of the ith carbon atom on octanethiols
of C; from the gold —hydrocarbon interface (see Figure S$1-d), which was calculated from the AuNP dissolved in hexane over 4 ns. See Supporting Information for details.

CONCLUSION

We have probed the interactions of AUNPs with
model lipid membranes by CG MD simulations. A CG
model of AuNPs is first constructed and verified against
structural and dynamical properties of AUNPs mea-
sured in experiments. The simulation results reveal that
different signs and densities of surface charge on AuNPs
will result in either repulse of, adhesion to, or penetra-
tion into the lipid bilayers. PMF analysis shows that the
adhesion and penetration are highly energy favorable
while in the case of repulsion the particle is prevented
from reaching the bilayer by small energy barriers. The
binding between AuNPs and bilayers indicated to be
mainly governed by the electrostatic interactions be-
tween the functionalized ligand terminals of the AuNPs
and the bilayer head groups. It is found that upon pen-
etration, a hydrophilic pore which transports water mol-
ecules is generated on the membrane, defective areas
are induced across the entire surface of upper leaflet of

METHODS

The MARTINI force field?® developed by Marrink et al. is em-
ployed in our simulations. The model is specialized in lipid mem-
brane simulations and has recently been extended to include
proteins.®® The CG model is able to enhance computational effi-
ciency by 3 orders of magnitude when compared to atomistic
models.

Our CG AuNP model is compatible with the MARTINI force
field. The gold core of the AuNPs is a truncated-octahedron®
with a diameter of 2.2 nm and comprises 309 gold atoms. The
three-dimensional monolayer that covers the gold core contains
104 alkyl thiol ligands. The CG AuNP model was constructed by
three separate steps: obtaining the structure of the AuNP by at-
omistic MD simulations,*® coarse-graining the atomistic model
into CG beads, and calibrating the CG force fields to fit experi-
mental data (see Supporting Information). Our CG AuNP model
is faithful in reproducing several structural and dynamic proper-
ties of AuNPs in experiments.*’ These are the radius of gyration,
the diffusion coefficient, and the average carbon distance (see
Supporting Information, Figure S1-d for definition). We empha-
size that our model is also capable of reflecting the difference be-
tween the ligands length (octanethiol, dodecanethiol, and hexa-
decanethiol) of AuNPs dissolved in organic compounds. Table 1
presents these properties of the AUNPs with simulation and ex-
perimental results. After coarse-graining, we added functional
groups (ammonium and carboxylate) to ligand terminals of the
AuNPs to introduce charges onto the nanoparticles for mem-
brane simulations.
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the bilayer, and the lipids close to the nanoparticle are
considerably disarranged. Both the cytotoxicity of the
AuNPs and the bypass of the endocytotic pathway
upon their internalization into cells observed in experi-
ments are interpreted by the penetration of lipid mem-
brane and its concomitant membrane disruption dis-
covered in the simulation. It is also found that both the
level of penetration and membrane disruption increase
as the charge density of the AuNP increases, but in dif-
ferent fashions. The degree of penetration increases
prominently at low charge densities while the mem-
brane disruption begins to rise rapidly at higher charge
densities. The finding suggests that it is possible to
gain control over the interactions of AUNPs with cell
membranes in order to promote their cellular uptake
while minimizing their toxicity by carefully tuning their
surface charges densities. The results provide critical in-
formation for AuNPs to achieve designated goals in
their delivery, diagnostic, and therapeutic applications.

Two kinds of lipids, DPPC and DPPG, are involved in the
present paper. DPPC is a typical lipid in the MATINI force field,
which comprises 12 CG beads. DPPG has the same structure as
DPPC but has a glycerol group instead of a choline group, which
impels a negative net charge on the lipid. The neutral bilayer
was created by self-assembling DPPC molecules. The negative bi-
layer, which is a mixture of DPPC and DPPG, was obtained by ran-
domly substituting DPPC molecules with DPPG. Together, the
neutral and negative bilayer are presented here to model typi-
cal mammalian cell membranes that tend to have an overall
negative electric feature.

For each bilayer, we created a cubic simulation box in which
the bilayer is submerged in water. The dimensions of the box
are 24.1 X 24.1 X 17.2 nm? with 1152 lipid molecules and ap-
proximately 50300 water molecules. First, the water—bilayer sys-
tems were equilibrated for 10 ns. After equilibration, the AUNPs
were inserted into the water 7 nm above the bilayer center.
Counterions were subsequently generated to neutralize the
AuNP—Dbilayer systems. The AuNPs and the bilayers were then
harmonically constrained for 10 ns to equilibrate water and ions.
After the constraint run, the AuNPs and the bilayers were re-
leased to interact freely. Each unbiased production run was per-
formed for 40 ns with a time step of 20 fs. For biased simulation,
the umbrella sampling technique®? and weighted histogram
analysis method* were applied to calculate the PMF. Because
of the smoothed energy barrier of the CG model, the effective
sampling time is four times longer than the marked time.?® All
simulation times mentioned in the paper are the effective time.

VOL. 4 = NO.9 = 5421-5429 = 2010

NANO

5427



Temperature was controlled at 305 K and the Berendsen thermo-
stat pressure coupling* was applied to maintain the pressure
at 1 bar by freely adjusting three dimensions of the box. The cut
off radii of both van der Waals and short-ranged Coulombic in-
teractions are 1.2 nm. A particle mesh Ewald summation (PME)
method was employed to account for the long-ranged Coulom-
bic interactions.?>* lons have a reduced charge of 0.7 in order to
mimic the implicit screening of the first hydrogen shell.?® All CG
MD simulations were performed using the GROMACS 3.3.2 pack-
age.*®
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