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We show by molecular dynamics that amphiphilic Au nanoparticles
(NP) with a diameter of 4 nm generate curvature in phosphatidyl-
choline lipid membranes. NPs generate negative curvature when
they adsorb on the membrane surface but, as they get spon-
taneously and progressively embedded into the membrane core,
the curvature turns positive. As membrane embedding is kinetically
slow, both configurations can be observed by Cryo-EM. NP-
induced curvature explains the peculiar structure of liposome—
liposome interfaces in presence of NPs.

The spontaneous curvature of a pure lipid bilayer with sym-
metrical composition is zero. A non-zero curvature can arise
from the asymmetry of lipid composition, or from different
solution conditions across the membrane." In most biologi-
cally relevant cases, the presence of membrane inclusions
(proteins) is fundamental to have stable, large curvature
regions in the bilayer.”> Indeed, it is now well known that
different families of membrane proteins have an important
remodeling effect on the lipid membrane and influence its
local curvature, either favoring a positive or negative curvature.

Membrane proteins adhering to the membrane surface can
sense and modify the local curvature by different mechanisms.
The family of BAR (Bin/amphiphysin/Rvs domain) proteins,®™
which have a banana-shaped backbone and can vary in length,
intrinsic curvature, and binding affinity to the membrane,*
can generate membrane curvature by scaffolding,” that is, by
leaving their imprint on the membrane surface. Another way
to generate membrane curvature is by inserting a protein
segment into the bilayer (wedging),’ a mechanism that has
been shown to co-operate to stabilize hemispherical clathrin-
coated structures.” Oligomerization and crowding at large con-
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centrations, resulting from curvature-mediated forces,® can
also cause or increase membrane bending.*%°**

Synthetic molecules that stably interact with the lipid
bilayer can have important remodeling effects, as well.
Synthetic DNA origami scaffolds, for example, can reproduce
the activity of membrane-sculpting proteins,'* an effect that is
modulated by DNA curvature, membrane affinity, and surface
density. Synthetic nanoparticles (NPs), such as carbon NPs,
can induce local membrane curvature in a size-dependent
fashion, an  effect enhanced wupon  spontaneous
aggregation.'®'* Overall, the effect of synthetic NPs on mem-
brane curvature has yet to be understood from a fundamental
perspective.'® NPs are often functionalized by shells of flexible,
amphiphilic organic ligands, which make the NP capable of
adopting different shapes; ligand flexibility allows to change
the hydrophobicity of the NP accessible surface as a response
to different environments. These features cause different and
dynamic interactions with biological membranes, with effects
on membrane curvature that cannot be easily interpreted
based on the knowledge of NP size and composition only.

Gold nanoparticles (Au NPs) are very promising as diagnos-
tic or therapeutic agents.’®'” It has been shown that they can
favorably interact with lipid membranes and spontaneously
penetrate them in the 2-5 nm core diameter range.'®>°
Functionalized Au NPs can aggregate on liposome surfaces,”"
destabilize the phase separation in multi-domain
membranes,”*>* mediate the interaction between liposomes
(populating liposome-liposome interfaces)*! and even affect
membrane fusion in presence of calcium.>*

Recently, experimental and computational studies shed
some light on the molecular details of the interaction of small
(2-4 nm diameter) amphiphilic Au NPs with lipid bilayers. It is
now well established that Au NPs functionalized with a
mixture of the negatively charged 11-mercapto-1-undecanesul-
fonate (MUS) and 1-octanethiol (OT) ligands can adsorb onto a
lipid bilayer and spontaneously penetrate into its hydrophobic
core.'”?' This spontaneous insertion (see ESI Fig. S1f) is a
multi-step process that has been elucidated by molecular
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dynamics simulation studies using both atomistic and coarse-
grained models.”® The first step is the one in which the
MUS: OT Au NP is simply adsorbed on the bilayer surface, with
the MUS ligands in contact with the lipid heads. Then, as soon
as a hydrophobic contact is established between the NP mono-
layer and the membrane core, the NP starts diving into the
bilayer and eventually anchors one of its charged ligands to
the headgroups of the distal leaflet (semi-snorkeling configur-
ation). Snorkeling proceeds by anchoring more and more
ligands to the distal leaflet: the NP eventually reaches the final,
most stable state, in which the NP core is symmetrically
immersed in the membrane hydrophobic core (snorkeling con-
figuration). The energy barriers associated to these kinetic
steps can be very large,>?° meaning that the various meta-
stable states can have long and experimentally relevant life-
times. Indeed, cryo-EM images are able to capture several
stages of this interaction, showing the NPs adsorbed, or par-
tially embedded into the bilayer.*!

In this paper, we show that the interaction between
MUS: OT Au NPs and model DOPC membranes can severely
affect the bilayer curvature, making it shift from negative, to
positive and zero curvature as the NP-membrane interaction
unrolls. NP-mediated curvature generation is enhanced by NPs
aggregation, leading to stabilization of liposome-liposome
interfaces with very different geometries.

Cryo-EM results: NPs induce liposome
clustering, affect bilayer curvature and
shape liposome—liposome interfaces

We synthesized Au NPs with a core diameter between 2 and
5 nm and a mixed ligand shell composed of 11-mercaptounde-
cane-1-sulfonic acid and 1-octane thiol (MUS : OT NPs) via one-
phase method, as described previously>"** and in the ESLf
Experimental cryo-EM images, whose setup is described in the
ESI,1 show that NPs induce liposome clustering in the 0-30%
OT composition range (Fig. 1a and ESI Fig. S21). The obser-
vation of liposome clustering is robust against the variation of
the NP core diameter in the 2-5 nm range. When liposomes
are small (<60 nm diameter), NPs gather at the liposome-lipo-
some interface and interact with two or even three liposomes
at a time, neither leading to membrane fusion nor to stalk for-
mation.** With larger liposomes (60 nm < diameter < 150 nm)
Cryo-EM has provided evidence for both adsorbed (Fig. 1b)
and snorkeled*’ NPs. As for the latter, the resolution did not
allow to distinguish between semi- and fully snorkeling con-
figurations. The tomograms shown in Fig. 1b suggest that iso-
lated NPs, adsorbed at the membrane surface of large lipo-
somes, may induce a slight negative curvature.

A characteristic feature of NPs in the 10-30% OT compo-
sition range interacting with large DOPC liposomes is NP
aggregation on the membrane surface. NPs preferably form
large bidimensional aggregates on the liposome surface such
as those shown in Fig. 1c: the aggregates are ordered, as pre-
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Fig. 1 MUS:OT NPs were incubated at room temperature with DOPC
liposomes (~2.5 mM lipid), then vitrified, and imaged by cryoEM. (a)
MUS : OT 30%0T (5.0 + 0.9 nm) nanoparticles incubated with small lipo-
somes (20—60 nm). (b) Frames from constructed tomograms of a lipo-
some (150 nm in diameter) incubated with MUS:OT 20% OT (2.8 +
1.4 nm) nanoparticles showing individual adsorption of nanoparticles on
the bilayer. Red arrows indicate the membrane adopting a negative cur-
vature as a result of NP adsorption. (c) Stereopair images of MUS: OT
10%0T (3.1 + 0.5 nm) nanoparticles incubated with liposomes with dia-
meter >100 nm; in stereopair images, the same sample is pictured from
different angles. This sample shows two different configurations in
which the liposome—NP-liposome interaction takes place. Liposomes
can either maintain their curvature, be flattened or deformed to adopt
negative curvature. NPs in both interface regions are ordered in a close
packed arrangement.

viously observed in supported model neuronal membranes.*
Like isolated NPs, also NPs within the bidimensional NP
aggregates can be found adsorbed on the membrane surface,
or snorkeled in the membrane. An example of an aggregate of
embedded NPs is shown in the tomogram reconstruction in
ESI Fig. S3.1

The effect of NP aggregates on the membrane curvature of
large liposomes, though, is hard to decipher. In Fig. 1c we
observe a cluster of 3 large liposomes (L1, L2 and L3, diameter
> 100 nm), and extended bidimensional NP aggregates. NPs
are found mainly at the interface between the liposomes, con-
firming their ability to induce liposome aggregation. The most
interesting feature is that the curvature of the L2 bilayer is
modified by the presence of the NPs in two different ways. At
the L1-L2 interface both bilayers are flattened, while at the L2-
L3 interface one liposome, L2, inverts its curvature to the
advantage of L3, whose bilayer remains positively curved.
Further examples of this NP-induced interface reshaping are
shown in the ESI ( Fig. S4t). Quite strangely, NP aggregates can
cause both curvature inversion and flattening when mediating
the interaction between two liposomes.

In the following, we use Molecular Dynamics (MD) to
explore the effect that isolated NPs and NP aggregates have on

This journal is © The Royal Society of Chemistry 2021
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membrane curvature, and we provide a molecular level
interpretation of the unexpected heterogeneity of liposome-
liposome interfaces observed in the experiments. We used the
MARTINI coarse grained force field to model NPs and DOPC
liposomes. Model and simulation details are reported in the
Computational methods section of the ESL.{

First, we solvated 2 DOPC small liposomes (27 nm dia-
meter) and a variable number of MUS : OT 2: 1 NPs in a box of
water. On the microsecond time scale, we observed liposome-
liposome interactions in each of the simulations containing
NPs, while no liposome aggregation was observed in the
control run without NPs. As soon as the first NP-mediated lipo-
some-liposome contact was established, other NPs, previously
adsorbed on the surface of the liposomes, gathered at the lipo-
some-liposome contact point (ESI Fig. S5t). Overall, these
simulations depict a scenario which fits well the experimental
data related to small liposomes.

Effect of isolated NPs on membrane
curvature, in equilibrium conditions

The unbiased simulation of a dispersion of large liposomes
and NPs is cumbersome. We thus resorted to quantifying the
curvature induced by NPs on a planar bilayer. We started with
isolated NPs, and set up three systems with one 4 nm
MUS: OT 30%OT NP (i) adsorbed on, (ii) partially snorkeled
and (iii) fully snorkeled in a flat DOPC membrane (15 x
15 nm?). In Fig. 2a we show the average membrane profile as a
function of the radial distance from the NP center obtained
after 2 ps of unbiased sampling. In the adsorbed state, the
membrane adopts a slightly negative local curvature, to
increase the contacts between the hydrophilic ligand terminals
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and the polar lipid heads. The negative curvature induced by
adsorbed NPs is visible also in the experimental image of
Fig. 1b. In this configuration, the NP acts by scaffolding. The
NP wrapping proceeds only as long as the enthalpic gain
associated to favorable NP-lipid headgroups overcomes the
cost of the elastic membrane deformation. As the NP diameter
is very small, the bilayer does not completely wrap the NP and
bends only slightly.

In the semi-snorkeled state, the NP induces a much more
pronounced positive curvature in the membrane, deforming
the membrane up to much longer radial distances (>10 nm,
Fig. 2a). This curvature is caused by the asymmetric defor-
mations that the NP imposes on the two leaflets. Since the
anchoring of more and more ligands on the distal leaflet
would shift the NP position towards the center of the bilayer,
we expect these deformations to decrease with the number of
anchored ligands. This is indeed the case: in the fully snorkeled
state, in which the NP position coincides with the center of the
bilayer, the curvature induced by the NP vanishes. Here, we
observe only a small and short-range deformation of the mem-
brane thickness, likely caused by the hydrophobic mismatch
between the NP and the lipids.

Effect of NP aggregates on membrane
curvature, in equilibrium conditions

Our simulations reproduce the spontaneous NP aggregation of
adsorbed, semi- as well as fully snorkeled NPs (see Fig. S67).
What is, then, the effect of NP aggregates on membrane
curvature?

When NPs are simply adsorbed at the bilayer surface, the
membrane adopts a slight negative curvature at the edges of

l max

(a) Average DOPC membrane profiles obtained from unbiased simulations with a single adsorbed, semi-snorkeled and fully-snorkeled MUS:

OT, 30% OT NP. Continuous red lines and shaded red areas indicate the average position of the lipid headgroups and its standard deviation over a
2 ps run. The yellow circle represents the NP Au core; lipid tails and NP ligands are not shown. (b) and (c) snapshots of spontaneous aggregates of 9
NPs in the adsorbed and semi-snorkeled configuration, respectively. Each snapshot is accompanied by a color map of the z coordinate of lipid head-

groups under and around the NP aggregate.
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the NP aggregate and flattens elsewhere (Fig. 2b). When the
NPs are partially embedded, the aggregate induces a signifi-
cant positive curvature on the membrane: we see the for-
mation of a dome-like region in the bilayer (Fig. 2¢). The curva-
ture vanishes in the presence of the aggregate of symmetrically
embedded NPs (Fig. S67).

The presence of NP aggregates drives
the membrane response to
mechanical stress

MUS: OT NPs can affect membrane curvature also in out-of-
equilibrium conditions, such as under the action of a mechan-
ical stress. In absence of NPs, when a flat membrane is subject
to an in-plane, uniaxial mechanical compression, the mem-
brane undergoes a buckling transition and assumes a roughly
sinusoidal shape with period equal to the length of the box.*
Curvature-inducing NPs have been shown to induce spon-
taneous buckling in large flat membranes, especially when
aggregating in linear patterns.’®> MUS:OT NPs can facilitate
membrane buckling, as a result of the NP-induced local mem-
brane curvature. Fig. 3a shows the time evolution of the lateral
size of the box during the compression (P, = 4 bar, Py, = P,, =
1 bar) of a bare membrane, of a membrane with an adsorbed
9-NP aggregate, and of a membrane with a semi-snorkeled
9-NP aggregate. The bare membrane has the slowest kinetics.
The slight negative curvature induced by the adsorbed aggre-
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Fig. 3 (a) Strain vs. time for a DOPC membrane (4158 lipids, 39 X
39 nm?), subject to a 4 bar pressure along the x direction. Continuous
lines and shaded area show the average and standard deviation over 4
independent runs; (b) Jellyfish-like structure as stabilized by unbiased
CG simulations: a small, open liposome sealed by a ring of MUS:OT 30%
OT (2.1 + 1 nm) NPs.

16882 | Nanoscale, 2021, 13, 16879-16884

View Article Online

Nanoscale

gate facilitates bending, with the NP aggregate sitting on the
concave side of the membrane. The strong positive curvature
due to the presence of the semi-snorkeled aggregate has the
largest effect on the kinetics of bending, quickly leading to
halve the x box edge, with the NP aggregate sitting on the
convex side of the buckle. Isolated NPs (adsorbed and semi-
snorkeled) also affect the kinetics of buckling, as shown in
Fig. S7.1

The strong positive curvature induced by semi-snorkeled
NPs can also lead to the formation of metastable open lipo-
some configurations, as the ones resembling jellyfish bells
shown in Fig. 3b. Here, semi-snorkeled NPs seal the open lipo-
some edge that, in absence of NPs, would spontaneously and
quickly close up to form a liposome. It has not been possible
to observe the spontaneous formation of this open liposome
configuration in unbiased simulations but, once artificially set
up, we could assess its stability. We did not observe any struc-
tural evolution over time scales of several microseconds.

Liposome—-liposome interface
geometries explained by different NP
embedding

We have shown that isolated and aggregated NPs can signifi-
cantly affect membrane curvature, and that different degrees
of NP embedding lead to the stabilization of different curva-
tures. We can thus propose an interpretation for the hetero-
geneous liposome-liposome interfaces shown in Fig. 1c. At the
L1-L2 interface, the NP aggregate is simply adsorbed on both
liposomes. The symmetric, flat L1-L2 interface maximizes the
favorable bilayer-NP contacts, overcoming the energetic
penalty associated to bilayer flattening. At the L2-L3 interface,

negative curvature region

-

Fig. 4 Simulation of a bicelle interacting with a semi-snorkeled 9-NP
aggregate. In absence of NPs, the bicelle would not interact with the flat
membrane and it would close quickly to form a small liposome. In pres-
ence of the membrane-embedded NP aggregate, the bicelle adheres to
the aggregate, adopting a negative curvature in the region of contact
with the NPs. This is the onset of the process that leads to the stabiliz-
ation of the interface shown in the upper Cryo-EM image.

This journal is © The Royal Society of Chemistry 2021
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NPs are only adsorbed on the L2 liposome and semi-snorkeled in
the L3 bilayer. The symmetry is broken: the curvature of the L3
bilayer is extremely stable due to the presence of the semi-snor-
keled NP aggregate. The enthalpic advantage resulting from the
adhesion of the L2 bilayer to the L3-embedded NPs is large enough
to compensate for the elastic deformation of the L2 bilayer, which
adapts to the curvature imposed by L3. As a final test, to demon-
strate the validity of our interpretation, we designed an in silico
experiment. We built a simulation box containing a membrane
with a semi-snorkeled NP aggregate, and a bicelle (See Fig. 4). If
isolated, the bicelle would close and form a small liposome.
However, after a few tens of nanoseconds, the bicelle lays on top of
the underlying NP aggregate, developing a local negative curvature.

Conclusions

In conclusion, we have shown that during the different stages
of Au NP-liposome interaction the NP is able to impose
different curvatures to the bilayer. NPs which are simply
adsorbed at the membrane surface induce a slight negative
curvature, with a range of deformation that does not exceed
one or two NP diameters. The most pronounced effect on
membrane curvature is obtained when the NPs are in the
a-symmetric semi-snorkeled configuration, causing the bilayer
to develop a positive curvature over length scales of several NP
diameters. The length of the anionic NP ligands, which
anchor to the distal leaflet and heavily deform it, is a key para-
meter to obtain such a significant curvature.

The slow kinetics of NP embedding plays a major role. As
the characteristic time for the complete embedding of a single
NP is longer than that characterizing NP diffusion, NPs can
form aggregates and impose different curvatures to the under-
lying membrane on large spatial scales. Aggregates of adsorbed
NPs flatten the liposome membrane, aggregates of semi-snor-
keled NPs well adapt to the positive curvature of the liposome
and further stabilize it. The molecular mechanisms we have
observed via molecular simulations offer an interpretation to
the puzzling experimental observation of both flat and curved
liposome-liposome interfaces. These results reveal that the
kinetics of NP-membrane interaction should be regarded as a
key physical descriptor guiding the design of nanoparticles with
controlled interaction with plasma membranes.

Overall, our results contribute to the fundamental under-
standing of synthetic NP-membrane interactions, and highlight
the importance of the physical properties of the NP ligand shell.
This understanding is fundamental to correctly interpret the
outcomes of experimental assays on model lipid membranes,
and to guide the design of monolayer-protected nanoparticles
with controlled interactions with cell membranes.
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