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Amphiphilic gold nanoparticles with diameters in the 2—4 nm range are promising as theranostic agents
thanks to their spontaneous translocation through cell membranes. This study addresses the effects that
these nanoparticles may have on a distinct feature of plasma membranes: lipid lateral phase separation.
Atomic force microscopy, quartz crystal microbalance, and molecular dynamics are combined to study
the interaction between model neuronal membranes, which spontaneously form ordered and disordered
lipid domains, and amphiphilic gold nanoparticles having negatively charged surface functionalization.
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Nanoparticles are found to interact with the bilayer and form bilayer-embedded ordered aggregates.
Nanoparticles also suppress lipid phase separation, in a concentration-dependent fashion. A general, yet
simple thermodynamic model is developed to show that the change of lipid-lipid enthalpy is the domi-
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Introduction

The study of the molecular mechanisms of nanoparticle (NP)-
lipid bilayer interactions is the first step towards the under-
standing of the biological effects of NPs on cell membranes. A
better understanding of the NP-lipid interface at the funda-
mental level can assist the design and engineering of NPs with
a controlled interaction with the membrane biological environ-
ment. Here we focus on monolayer-protected gold nano-
particles (Au NPs) that are designed to enter living cells for
diagnostic or therapeutic purposes.” The NP size determines
to a large extent the internalization mechanism: large NPs,
with a diameter >10 nm, are usually internalized via active,
endocytic pathways, while smaller NPs can access both the
endocytic and the passive translocation pathway.® In particu-
lar, small Au NPs functionalized by a mixture of hydrophobic
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nant driving force towards the nanoparticle-induced destabilization of phase separation.

and hydrophilic ligands have been shown to stably interact
with model membranes® and even translocate through cell
membranes via energy independent mechanisms.>®
Experimental and computational approaches have joined their
efforts in the last decade to elucidate the molecular
mechanisms’® of passive interaction between small metal
NPs and model lipid bilayers, showing how all the physico-
chemical characteristics of the NP-lipid interface, including
NP surface chemistry,"* patterning,”>'*'* charge,"” and lipid
composition,"®'” concur with comparable influence to deter-
mine the fate of the NP at the bilayer surface.

On the lipid side of the NP-lipid interface, lipid heterogen-
eity is a key ingredient of any model system aiming to
approach the complexity of biological membranes. In biologi-
cal membranes, lipids can separate laterally into dynamic
nanocompartments with distinct composition and physical
properties.’® These nanocompartments, or rafts, are self-
assembled and specialized nanodomains, enriched in chole-
sterol and glycosphingolipids (such as gangliosides)."® The
lateral phase separation originating the liquid ordered phase
of rafts provides different lipid and protein diffusion rates and
the possibility of spatial compartmentalization and segre-
gation; rafts are directly involved in receptor and protein
trafficking processes, signal transduction, as well as endocytic
and  exocytic =~ membrane translocation  pathways."’
Multicomponent synthetic lipid membranes that exhibit spon-
taneous lipid phase separation into liquid ordered (Lo) and
liquid disordered (Ld) lipid phases, on the micron scale, have
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long been used as synthetic models of raft-forming biological
membranes. Recently, the direct imaging of both micro and
nano domains in giant plasma membrane vesicles has
reinforced the belief that the physical driving forces under-
lying phase separation in synthetic membranes are the same
regulating the appearance of nanodomains in biological
membranes.”’>*

Despite the important role played by rafts at biological
level, the study of the effects of monolayer-protected metal NPs
on the phase separation of model lipid bilayers is still in its
infancy. For the smallest NPs (<4 nm in diameter), the fluidity
of the liquid disordered phase seems to favor spontaneous NP-
membrane interactions*® and NP embedding;** another
driving force for the localization of NPs in the Ld - Lo bilayer
is the minimization of the hydrophobic mismatch between the
NP and the lipid phase: a behavior that may be modulated by
tuning the NP size, the degree of hydrophobicity and length of
its ligand shell.>>*® Larger metal NPs, which are expected to
adsorb at the membrane surface without being embedded,
have been also reported to affect lipid packing and membrane
rigidity.””?® On the membrane surface, the curvature has been
called into play as a driving force favoring the adsorption of
cationic Au NPs at the boundary between liquid ordered and
disordered domains.>**? Overall, the picture emerging from
these works shows a subtle dependence of the interaction
between NPs and phase separated bilayers on the NP size and
surface, and on the lipid composition, structure and mechani-
cal properties, but a comprehensive view is still lacking. And
most importantly, with the available knowledge no prediction
on the effect that a specific NP may have on the stability of
phase separation can be attempted.

Here we consider amphiphilic Au NPs, with a diameter of
2-4 nm, functionalized by a mixture of hydrophilic (anionic)
and hydrophobic ligands and study their interaction with a
model multidomain bilayer whose lipid composition mimics
that of the neuronal plasma membrane. Indeed, in neuronal
membranes, rafts have been shown to regulate fundamental
membrane functions, such as signal transduction and mem-
brane elasticity, thus impacting the exocytosis of synaptic vesi-
cles and the release of neurotransmitters.'**%%!

We find, by atomic force microscopy (AFM) images and
quartz crystal microbalance with dissipation monitoring
(QCM-D) measurements, that Au NPs stably interact with the
model neuronal membranes, leading to the formation of
bilayer-embedded, two-dimensional, ordered NP supra-aggre-
gates. We show that Au NPs can suppress lipid phase separ-
ation, in a concentration-dependent fashion. We interpret this
result using a simple thermodynamic model and compu-
tational simulations. We show that upon addition of a small
concentration of NPs in the bilayer, the change of lipid-lipid
enthalpy is the dominant driving force towards the NP-
induced destabilization of phase separation. Our model can be
applied to any small, bare or monolayer-protected NP with a
size comparable to the membrane thickness and, based on the
knowledge of the NP surface functionalization and of the
membrane lipid composition, it allows to predict whether the
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NP will have the tendency to stabilize or destabilize the lipid
lateral phase separation.

Results and discussion

Experimental amphiphilic NPs and multidomain lipid
membranes

Amphiphilic Au NPs having negative surface charge (NP-)
were synthesized following a one-phase protocol (see the
Experimental methods and Fig. S1t). The NP— core size was
estimated by transmission electron microscopy (TEM) as 2.7 +
0.8 () nm. The Au core was functionalized by a thiol mixture
composed of the hydrophobic 1-octanethiol (OT) and the nega-
tively charged 11-mercapto-1-undecanesulfonate (MUS).
Nuclear magnetic resonance (NMR) measurements, after
decomposition, indicate a final MUS: OT ratio of 80:20. The
NP- {-potential was —51 + 5 mV, a value that assures colloidal
stability. The vesicles representative of the neuronal plasma
membrane (M1) are composed by 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), sphingomyelin (SM), cholesterol
(chol) and ganglioside GM1 in the molar ratio
DOPC:SM: chol : GM1 63:31:1:5.°>*> M1 vesicles showed a
(-potential of —64 + 3 mV, due to the negatively charged GM1.
This composition spontaneously leads to ordered - disordered
lateral phase separation in the bilayer, with ordered domains
enriched in SM, cholesterol and GM1.'®**** Control experi-
ments were performed on other two phase-separating mem-
brane compositions showing ordered - disordered phase
immiscibility:*>*> M2 vesicles composed of DOPC: SM : chol
66:33:1 (molar ratio) and M3 vesicles composed of
DOPC : DPPC: chol 40: 40 : 20 (molar ratio), where DPPC is the
saturated phospholipid 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline. Multidomain vesicles were then deposited on a solid
substrate, where their rupture leads to the formation of a sup-
ported lipid bilayer (SLB). Fig. 1 shows the typical morphology
of our multidomain SLB for the GM1-containing neuronal
membrane with composition M1. The ordered phase is well
visible, with domains having regular height profiles (Fig. 1a
and b). The height difference between the two phases is Az =
2.4 + 0.3 (o) nm, in agreement with previous AFM measure-
ments on GM1-containing ordered domains.*****” Both the
amount of large and small ordered domains and their lateral
sizes display an intrinsic degree of variability within the
sample, which is typical of the morphology of multidomain
lipid bilayers (see also Fig. S2f). GMil-free M2 and
M3 multidomain SLBs are reported in Fig. S3;f their Az
characterization is shown in Table S1 and Fig. S4.f

Computational models of the amphiphilic NPs and of the
multidomain lipid bilayers

Our computational model of the ligand-protected NP— has a
coarse grained resolution and is compatible with the Martini
coarse grained force field*® for biomolecular simulations. The
model is described in detail in our previous publications.’*°
Here, we consider NP— with an Au core diameter of 2 or 4 nm,
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Fig. 1 Formation of ordered and disordered domains by segregation of lipid species in M1 SLBs. a AFM image showing the typical morphology of
ordered — disordered phase separation; roundish ordered domains of different size are surrounded by the continuous disordered phase. b Height
profile (bottom) of two ordered domains taken along the white dashed lines in the AFM image (top). ¢ Top and side view of a disordered — ordered
phase separation, at equilibrium, in the simulated model bilayer (DLiPC in red, SM in light pink, GM1 in yellow, chol in grey).

functionalized by a mixture of MUS and OT ligands, in the
70:30 ratio (Fig. 2a). The in silico multidomain membranes
are modeled by the Martini force field®® as well. The model
neuronal plasma membrane is composed by a mixture of 1,2-
dilinoleoyl-sn-glycero-3-phosphocholine (DLiPC), SM, chole-
sterol and GM1, in the proportion DLiPC:SM:chol: GM1
56:18:17:9 (Fig. 2b). The simulated M1 membrane contains
a lipid with a double unsaturation and significantly more
cholesterol than the M1 composition used in the experiments.
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Fig. 2 Coarse grained models of the NP— and the lipids used to assem-
ble the in silico multidomain M1 membrane. a Ligand-protected NP—
with diameter of 4 nm. Anionic hydrophilic ligands (MUS) in cyan, hydro-
phobic ligands (OT) in blue, Au atoms in yellow. b Structural formula and
coarse grained representation of the lipids.
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This modification is necessary to obtain a stable Lo - Ld phase
separation in the simulations, with Lo - Ld domains character-
ized by neat boundaries and stable over a long simulation time
scale (about 50 ps, Fig. S51). A snapshot of the membrane,
with converged Lo — Ld phase separation, is shown in Fig. 1c.
Control simulations have been performed also with the
alternative composition M3, in which DOPC has been replaced
by DLiPC, in the same proportion used in the experiments
(DLiPC : DPPC: chol 40:40:20). The reliability of the Martini
coarse grained model to look at the interaction between model
anionic Au NPs and phosphatidylcholine bilayers has been
thoroughly discussed in our previous works.”'"** We showed®’
that the absence of long-range electrostatic interactions of the
standard Martini model accelerates the kinetics of NP-mem-
brane interactions, but does not alter the nature of the mole-
cular mechanisms involved.***°

We first aimed at verifying by QCM-D and AFM in which
experimental conditions the NP— interact with the multido-
main supported bilayers. We tested two alternative methods to
incorporate NP— into the lipid bilayer, as described in the fol-
lowing sections.

Amphiphilic NPs weakly adsorb on the SLB disordered phase

We injected the NP— in the QCM chamber after the formation
of the M1 SLB. The frequency signal, shown in Fig. 3d, indi-
cates that the NP— interact with the preformed SLB on a time
scale of hours. The data confirm that the interaction is weak,
leading to transient adsorption of NP— that can spontaneously
desorb from the bilayer and can be completely removed by the
sample upon rinsing. The maximum adsorbed mass, as calcu-
lated from the normalized frequency decrease in the first two
hours, corresponds to 54 ng cm ™2 of NP—. After complete NP—
removal by rinsing, the bilayer is intact, as indicated by the
recovery of the starting frequency. Dissipation is almost not

This journal is © The Royal Society of Chemistry 2020
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Incubation of NP— on preformed multidomain M1 SLBs: NP— slowly and weakly adsorb on the disordered phase. a AFM image acquired

~40 min after the addition of NP— (20 L, 0.12 mg mL™). b AFM image acquired ~15 h after the addition of NP— (10 uL, 0.12 mg mL™%). c AFM image
acquired ~40 h after the addition of NP— (40 uL, 0.12 mg mL™Y). NP— clusters are higher (i.e., lighter in color) than the ordered domains. d QCM-D
curves showing the frequency variation, Af, and dissipation variation, AD, recorded after NP— injection onto a preformed M1 SLB (7*" overtone). e
Simulation snapshot of a NP— adsorbed onto Ld phase, at 5.2 nm from the membrane midplane. f Potential of mean force (PMF) profiles for the
adsorption of a single NP— onto Lo and Ld phase of the GM1-containing membrane. See the Materials and methods section for PMF and error esti-

mation details.

affected by NP—, and after rinsing the bilayer is as rigid as
before NP— addition, confirming that NP— are not incorpor-
ated by the bilayer but are only weakly adsorbed on top of it.
In AFM experiments, we deposited different amounts of NP—
on preformed multidomain M1 SLBs and waited different
incubation times before imaging, as detailed in the
Experimental methods and in Fig. S6.f We could not observe
any NP- in images taken 40 minutes after deposition,
suggesting a weak interaction of monomeric NP— with the
bilayer surface. Only after several hours, it was possible to
observe large NP— clusters adsorbed on the bilayers (Fig. 3a-
c), presumably formed as a consequence of nanoparticle
diffusion on top of the bilayer. Even according to AFM the
interaction between the NP— and the M1 SLB is weak, as the
NP- clusters were often dragged by the AFM tip and most NP—
clusters could be removed from the bilayer by rinsing.

This weak adsorption of NP— on top of the supported
bilayer is coherent with the state of the art knowledge about
the mechanism of interaction between MUS:OT NP- and
neutral phosphatidylcholine bilayers. The partial or total

This journal is © The Royal Society of Chemistry 2020

embedding of anionic NPs in the bilayer is characterized by
large free energy barriers,®® which can be lowered by the pres-
ence of defects.”® The molecular mechanism allowing for the
stabilization of the NP-membrane interaction requires the
transient exposure of one or more hydrophobic lipid tails to
the NP interface.'®"' These lipid tail protrusions are more
likely to take place at bilayer edges, such as those forming at
the perimeter of hole defects in SLBs.*® Our M1 SLB samples,
though, are defect free on a scale of tens of pm (Fig. 3a-c and
Fig. S71). Furthermore, the physical constraints imposed by
the solid support on the defect-free SLB is likely to suppress
lipid dynamics in both in-plane** and out-of-plane directions,
slowing down the kinetics of NP-bilayer interactions.

As we observed in our AFM images that the vast majority of
NP-— clusters are located in the disordered phase of M1 SLBs
(Fig. 3a-c), we used molecular dynamics (MD) simulations to
understand what is the molecular mechanisms of adsorption
of the NP— on the Ld phase and to quantify the thermo-
dynamic advantage of the Ld-NP interaction over the Lo-NP
interaction. In our MD simulations, when the NP— (of 2 and

Nanoscale, 2020, 12,19746-19759 | 19749
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4 nm in diameter) were initially placed in the water phase, not
in contact with the membrane surface, either they spon-
taneously adsorbed onto the Ld phase (Fig. 3e), or they transi-
ently adsorbed onto the Lo phase and then quickly (after ~100
ns) diffused towards the Ld phase, where they remained for
the rest of the simulated time (20 ps). On the Ld phase, the
NP- adsorbed more stably and closer to the membrane mid-
plane than on the Lo phase, as disorder allows for the necess-
ary conformational adjustments of the lipid headgroups in
contact with the NP—.

We calculated the free energy of adsorption of a single NP—
on the surface of the Ld and Lo phase of M1 bilayers. The
potential of mean force profiles shown in Fig. 3f indicate that
the Ld phase, with a binding free energy of ~18 kJ mol™*
(~9%kgT), is favored over the Lo phase (~11 kJ mol™", ~5ksT).
This substantial difference between the two phases agrees with
the experimental results.

Membrane fluctuations influence NP uptake

The slow and relatively weak adsorption of NP— onto the pre-
formed M1 bilayer is consistent with the previous experimental
observation of little to no absorption of anionic Au NPs
injected on GM1-containing multidomain SLBs of slightly
different composition.?® On the other hand, the same anionic
MUS:OT Au NPs are known to interact stably with neutral
phosphatidylcholine vesicles®*® and with multicomponent
vesicles containing significant percentages of DOPC and SM.>*
Our previous computational results also indicate that the
spontaneous incorporation of anionic MUS : OT Au NPs in free
standing, liquid disordered phosphatidylcholine bilayers®**3°
is possible, though characterized by slow kinetics. Membrane
fluctuations and unrestrained lipid diffusion in the vesicle
bilayer allow for the transient defects that stabilize the contact
with the anionic NP and, if the NP size permits it, also allow
for the incorporation of the anionic NP into the bilayer core.
To overcome the motional constraints imposed on the
membrane by the solid support and yet exploit AFM imaging
and QCM-D investigation for the characterization of a stable
NP-bilayer complex, we devised a second experimental set-up
in which NP— are pre-incubated with multidomain lipid vesi-
cles for a variable lag of time. After pre-incubation, the vesicles
are deposited on the substrate (mica or the QCM-D sensor),
where they rupture and form a SLB with embedded NP— (see
the Experimental methods and Fig. S6t). Utilizing the QCM-D
technique, we verified the uptake of NP— by the bilayer of pre-
incubated M1 vesicles, as shown in Fig. 4. The QCM traces
indicate the adhesion of a larger mass in the case of pre-incu-
bated vesicles than without NP— during the entire process of
SLB formation. The frequency shift when SLBs are formed
corresponds to Am = 267 + 18 ng cm™ . Interpreting this differ-
ence as the mass of the embedded NP—, we calculated that the
number of embedded NP- is ~0.017 NP— nm>. Since for the
lipids we obtained a value of 1.34 molecule nm™2, the calcu-
lated ratio between the number of lipid molecules and the
number of NP— is ~80 lipids/NP— (see the ESIf for details).
Such a large NP— uptake is confirmed by AFM imaging, which
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Fig. 4 M1 SLB formation in the QCM-D chamber after deposition of
lipid vesicles with and without NP—. Frequency variation (continuous
lines), Af, and dissipation variation (dotted lines), AD, recorded after
injection in the QCM-D chamber of M1 lipid vesicles alone and M1 lipid
vesicles pre-incubated with NP— for 4 h (7" overtone). The vesicles
alone were injected at t = 5 min, the vesicles pre-incubated with NP— at
t = 10 min. The traces are typical of SLB formation via vesicle fusion. The
adsorbed mass is higher in the case of the vesicles pre-incubated with
NP—. When the vesicles attached to the substrate, a positive AD was
recorded, indicating the presence of a viscoelastic film (i.e., the vesicles
layer). During vesicle fusion AD decreased gradually to zero.

we will discuss in detail in the next sections. To further
confirm the role of membrane fluctuations in favoring the full
embedding of NP— into the M1 bilayer, we monitored by
QCM-D and AFM imaging the NP— uptake in a control mem-
brane with a larger mechanical rigidity. M2 bilayers, which
differ from M1 membranes only in the removal of the GM1
component, are expected to have a stiffer disordered phase
than M1 bilayers.>”** After the same pre-incubation time of
M2 vesicles with NP—, both QCM-D and AFM data, reported in
Fig. S8,1 confirm that the M2 composition shows a lower NP—
uptake than the M1 composition.

Now that we have devised an experimental protocol assur-
ing a spontaneous, consistent and stable uptake of NP— into
the M1 membranes, we can proceed with the investigation of
the effects of NP— absorption on the properties of the multido-
main bilayer.

Amphiphilic NPs alter the membrane phase separation

Fig. 5a and b show the AFM images of M1 SLBs formed after
vesicle pre-incubation with NP— for 10 min and 4 h, respect-
ively. Contrary to what happens when preformed SLBs are
incubated with NP— (Fig. 3a—-c), only 10 minutes of vesicle pre-
incubation with NP— are sufficient to alter the shape and com-
pactness of ordered domains, which here have irregular
shapes and ragged boundaries, with an overall morphology
dramatically different from that observed in the absence of
NP- (Fig. 1a and b). The distribution of the height difference
(Az) between ordered and disordered domains is way broader
than without NP— and shifts from Az = 2.4 + 0.3 (¢) nm

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Alteration of ordered — disordered phase separation upon interaction between the M1 vesicle bilayer and NP—. a AFM image showing the
ordered domain fragmentation induced by NP— (20 pL, 0.12 mg mL™Y) after 10 min of pre-incubation. b AFM image showing the disappearance of
ordered — disordered phase separation induced by NP— (20 uL, 0.12 mg mL™?) after 4 h of pre-incubation. The dashed white contour shows one of
the sparse disordered patches within the new rough phase. c. Comparison of the distributions of height difference (Az) between ordered and dis-
ordered domains in M1 SLBs without NP— (red bars) and in M1 SLBs deposited after 10 min of pre-incubation with NP— (blue bars). d Top view of a
starting configuration from a simulation in which a single NP— (4 nm in diameter) is embedded in the Ld phase of a M1 membrane with a stable Lo -
Ld phase separation. e End configuration (20 ps later), in which the lateral phase separation is no more appreciable. f Percentual variation of lipid-
lipid contacts in the bilayer containing the NP—, with respect to the case in which the bilayer does not contain NP— and shows stable Lo — Ld

domains. See the Materials and methods section for further details on the contact analysis and error estimation.

(without NP—) to Az = 1.5 + 0.5 (¢) nm after 10 min of pre-incu-
bation, as shown by the histograms in Fig. 5c. When the NP— are
pre-incubated for longer times (4 h in Fig. 5b), the ordered - dis-
ordered phase separation vanishes. Here, it is possible to identify
sparse disordered patches and few NP— clusters, but most of the
sample is characterized by a new rough phase containing both
lipids and NP-. The structural features of this mixed NP-lipid
phase will be discussed in more detail in the next sections.

Our MD simulations also show that after the spontaneous
adsorption of the NP— on the Ld phase (Fig. 5d), the Lo - Ld
phase separation is altered and no clear Lo domain can be
detected anymore (Fig. 5e, ~20 ps later). We observe the dis-
appearance of the Lo — Ld phase separation independently of
the NP— size (2 or 4 nm in core diameter), and on the degree
of NP— penetration into the membrane core. The mixing of
the lipid species in the M1 bilayer can be quantified by means
of lipid-lipid contacts; Fig. 5f shows the variation of lipid-
lipid contacts in the simulated bilayer upon the incorporation

This journal is © The Royal Society of Chemistry 2020

of a single NP—. At equilibrium, the contacts between the
unsaturated lipid, DLiPC, and the lipids that enrich the Lo
phase (SM, cholesterol, and GM1) increase at the expense of
all intra-domain contacts. The adsorption of the NP— on a
bilayer with the same composition, but no lateral phase separ-
ation, is thermodynamically favored with respect to the adsorp-
tion on both the Ld and Lo phases, as shown by the free
energy profile of adsorption reported in Fig. S9.1

Here, both AFM imaging and MD simulations indicate that
the NP— can alter the membrane phase separation of the
model neuronal membrane with composition M1.

In the next section, we propose a simple thermodynamic
model to explain this behavior.

NPs disrupt phase separation by altering lipid-lipid
interactions

In lipid bilayers, Lo - Ld spontaneous phase separation results
from the minimization of Gibbs free energy. A lipid mixture
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that, at equilibrium, is found in the Lo — Ld coexistence state
is such that:

AGS*)M — AHS*,M - TASSHM > 0

(1)

The transformation from a phase separated bilayer (state S)
to a mixed bilayer (state M) implies an enthalpic penalty
(usually referred to as “enthalpy of mixing”) and an entropic
gain.”® The entropic term comprises both lipid configurational
entropy and mixing entropy, the latter being the most signifi-
cant. In the following, we will omit the S — M subscript for the
sake of notation simplicity, but all energy differences will refer
to an S — M transformation. We want to analyze the situation
in which a phase separated membrane hosts a certain concen-
tration of NP inclusions. We assume that the partitioning of
the inclusions into the membrane hydrophobic core is favor-
able from a thermodynamic point of view, that is to say, we
assume that the NPs penetrate the membrane core spon-
taneously. Once inside the membrane, the sign of AG™* will
determine whether the NPs cause lipid mixing or not:

AGN? = AHN? — TAS™F

(2)

where the NP superscript indicates the presence of NPs in the
bilayer. We further assume that the molar concentration of
NPs remains way lower than lipid concentration, cyp < Cjip. If
this condition is satisfied, AS™® ~ AS. The enthalpy difference
is then what determines whether the membrane hosting the
NPs will or will not have a different tendency to mix with
respect to the membrane without NPs. There are two possible
scenarios:

1. AH > AH"". In this case, the presence of NPs embedded
in the Ld domain of the phase separated bilayer reduces the
stability of the phase separated state. We expect the term AH""
to depend on cyp. There may be a threshold in the NP concen-
tration, ¢, at which the mixed state becomes equally favorable
than the phase separated state (AH"" = TAS""). For concen-
trations higher than ¢y, the mixed state is favored over the
phase separated state. This seems to be the case for the NP—
in the M1 bilayer, in which phase separation is no more
observed when a large number of NP— are embedded in the
bilayer during pre-incubation (Fig. 4 and Fig. 5a and b);

2. AH"® > AH. This means that the presence of NPs stabil-
izes phase separation. This stabilization may be due to
different NP-lipid interactions. NPs may for example accumu-
late at phase boundaries driven by hydrophobic mismatch,
reducing line tension at the Lo - Ld interface.>® Or, NPs may
have extremely favorable dispersion interactions with lipids in
the Ld phase, such as fullerenes and other small hydrophobic
molecules.***
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Relatively short equilibrium MD simulations allow for the
explicit calculation of the enthalpic terms in eqn (1) and (2), as
detailed in the ESL{ In this way, MD can be effectively used as
a predictive tool to assess the propensity of NPs of different
composition to alter or stabilize phase separation in multicom-
ponent lipid bilayers. We thus calculated AH and AH"" for
NP- in M1 bilayers. We found that indeed AH > AH"", and
conclude that the NP— inclusion in the bilayer core disfavors
phase separation by altering the enthalpic gain associated with
lipid-lipid interactions within Ld domains (Table 1). We also
tested this approach on two control cases, in which both the
NP surface chemistry and the bilayer composition were varied.
We used hydrophobic nanoparticles and M3 membranes, as
detailed in the ESI (Tables S2 and S4t). The model correctly
predicts the effect of NPs on lipid lateral phase separation for
both controls, as confirmed by experimental data taken from
this work and from the literature.

Amphiphilic NPs form ordered supramolecular aggregates
within the membrane

A more in-depth investigation of the new rough phase
observed after pre-incubation of M1 bilayers with NP— for 4 h
(Fig. 5b) revealed membrane patches displaying ordered NP—
lattices. This behavior is completely absent after NP— incu-
bation on preformed SLB (Fig. 3a-c and Fig. S71). Fig. S12af
shows a representative image of these peculiar patches already
after pre-incubation for 10 min. With a pre-incubation of only
a few minutes, these lattices are isolated and not widespread.
They become much more evident and uniformly distributed
throughout the bilayer when the pre-incubation time is
increased to a few hours. Fig. 6a shows the periodic NP—
lattice observed after pre-incubation for 4 h. The supramolecu-
lar aggregate is quite regular, as shown by the digital zoom in
Fig. 6a in which an ordered lattice is recognizable. The period-
icity of the NP— lattice is highlighted also by the height profile
of a NP— row and the Fourier transform shown in Fig. S12c
and d,f respectively. The NP-NP distance is equal to 7.5 *
0.1 nm, as shown by the histogram in Fig. 6b. The standard
deviation, 1.6 nm, of NP-NP distances is consistent with the
NP- size distribution. In addition, we measured the height
difference Az between these supramolecular aggregates and
the disordered phase, by sampling the height step along the
contour of disordered patches located within the widespread
lattice (e.g., the one outlined by the dashed white contour in
Fig. 5b). The histogram of Az is shown in Fig. 6¢ and it reveals
that the NP— are at least partially embedded into the bilayer,
since Az = 1.2 + 0.3 (6) nm, way below the mean NP— diameter
(Fig. S137).

Table 1 Enthalpies of the M1 bilayer with and without an embedded NP—. This table is expanded with the control cases in Table S2}

Membrane composition AHs_ v [K] NP type (NP/lipid molar ~ AH"Ps_\ [k]  Model prediction Exp.
mol ] ratio in simulation) mol '] validation
M1 DLiPC: SM : chol : GM1 +9.96 10° NP—(0.35 107%) -1.210° destabilize phase separation This work

56:18:17:9 2850 lipids
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Fig. 6 Supramolecular lattice formed by M1 bilayer-embedded NP-. a
Widespread NP- lattice, imaged by AFM, after 4 h of pre-incubation
with NP— (20 pL, 0.12 mg mL™). Digital zoom of the area with blue
contour showing the lattice order at higher magnification. b Distribution
of NP—-NP distances. c Distribution of the height of the supramolecular
lattice, Az, measured with respect to the disordered phase. Az data have
been collected along the contour of the sparse disordered patches
located within the widespread NP- lattice (e.g., the one outlined by the
white dashed line in Fig. 5b).

In order to assess the thermodynamic stability of NP—
aggregates within the M1 bilayer, and characterize NP— aggre-
gation with molecular resolution, we performed simulations in
which two or more NP— were embedded in the bilayer. In
unbiased simulations NP— with a diameter of 2 nm form tran-
sient dimers within the simulation time scale (10 ps). On the
contrary, two NP— with a diameter of 4 nm spontaneously
form a stable dimer, as shown in Fig. 7a and b. From a
thermodynamic point of view, dimerization appears to be
highly favored for 4 nm NP— (Fig. 7c). The fine size depen-
dence of NP-bilayer interactions is expected in this specific
system.”® As a rule of thumb one may expect that, if NP aggre-
gation is membrane-driven, it may be observed only for NPs
whose size is comparable to or larger than the membrane
thickness. Indeed, the characterization of membrane defor-
mation when small, 2 nm NP- are embedded in the bilayer
indicate little to no perturbation of the bilayer structure; on
the contrary, NP— with a diameter of 4 nm can protrude sig-
nificantly out of the bilayer. The NP— we consider (2 and 4 nm
in diameter) are representative of the range of sizes of the
experimental sample (Fig. S131), and we speculate that the
transition from the non-aggregation to the aggregation regime
happens in between 2 and 4 nm in diameter. An in-depth
exploration of this effect will deserve our attention in future
work. Here we investigate in detail the structural features of

This journal is © The Royal Society of Chemistry 2020
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the dimer formed by the 4 nm NP-. In between the NP—
forming the dimer, the charged MUS ligands lead to the for-
mation of a small nanopore,'® containing both counterions
and water molecules (see Fig. 7b). Once formed, the pore is
stable for several microseconds and does not grow in size, so
that no further membrane damage has been observed. The for-
mation of nanopores at the interface between adjacent NP—
allows the ligands to re-orient all around the NP-. The
different configurations adopted by the ligands when the NP—
is embedded in the membrane in the monomeric and dimer
state are shown in Fig. S14.7

After having proved the spontaneous tendency to dimeriza-
tion, we continued the investigation of NP— aggregation using
bigger systems containing several NP— embedded in the
bilayer. As a first test, we started with a preformed hexagonal
lattice containing 7 NP— (see Fig. S15f) and we verified by
unbiased MD simulations that the aggregate is stable for
10 ps. During this MD run small pores spontaneously formed
between the NP—, as already observed for dimers. We also
used a starting configuration (Fig. 7d) in which 7 NP— do not
interact with each other, with the aim to assess if an ordered
lattice can spontaneously form. After ~23 ps of unbiased run,
the NP— form a stable hexagonal aggregate (see the Movie
S1t), in which the NP-NP distance nicely match the experi-
mental data (first neighbor peak at 7.5 nm, shown in the inset
of Fig. 7c). Once again, in between the NP— forming the hexag-
onal aggregate we can observe the spontaneous formation of
small pores. On the microsecond time scale, nanopores can
open and close several times, occupying in turn the interstitial
space between different pairs of NP—.

Fig. 7f shows the protrusion of a single NP— and of a NP—
dimer on top of the bilayer obtained from unbiased MD simu-
lations. In both experiments and simulations, the NP— average
height over the bilayer is way below the NP— diameter. This is
coherent with a picture in which the NPs are partially
embedded into the bilayer. More quantitatively, the slight
difference of the height difference Az between NP— and the
disordered phase in simulations and in experiments (average
protrusion of 1.5 nm in the simulations vs. 1.2 nm in the
experiments, see Fig. 6¢) can be attributed to the size dis-
persion of NP— in the experimental sample.

Materials and methods

The experimental uncertainties reported in the paper refer to
standard errors. When the standard deviation (o) is used, it is
explicitly indicated.

Experimental methods

Materials for anionic NP synthesis. Gold(u) chloride trihy-
drate (HAuCl,-3H,0, >99.999% trace metal basis), 1-octa-
nethiol (OT, >98.5%), sodium borohydride (NaBH,, fine granu-
lar, >96%), ethanol absolute (>99.8%), anhydrous methanol
(99.8%), methanol (>99.9%), acetone (>99.9%) were pur-
chased from Sigma Aldrich and used without further purifi-
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Fig. 7 Simulations show the spontaneous aggregation of bilayer-embedded NP— into ordered aggregates. a Top view of the spontaneous dimeriza-
tion of two NP— (4 nm diameter) embedded in the bilayer. b Side view of the NP— dimer, in which the formation of a nanopore is shown. Lipid head-
groups are shown as semi-transparent surface, lipid tails are not shown for clarity, Na* ions are shown in red and water in blue. c Potential of mean
force (PMF) for the dimerization of 2 NP— (4 nm) embedded in the bilayer. In the inset, the NP-NP radial distribution function, g(r), obtained during
the unbiased run with 7 NP— embedded in the bilayer. See the Materials and methods section for PMF and error estimation details. d Top view of the
initial configuration of an MD simulation in which 7 NP— (4 nm), embedded in the bilayer, are let to freely diffuse in the bilayer. e Hexagonal aggre-
gate spontaneously formed by the 7 NP— after 23 pus of simulations, and stable until the end of the run (30 ps). f Height profile of a single NP— and of

a dimer of NP— (4 nm), averaged along the simulation time.

cation. Sodium 11-mercapto-1-undecanesulfonate (MUS, 93%)
was prepared in house applying few minor modifications to
the procedure published by Guven et al.*® Information on the
MUS synthesis and purification is reported in the ESI (Fig. S16
and Tables S6 and S77). All aqueous solutions were prepared
using water purified with a Milli-Q ultrapure water system
(MilliPore).

Anionic NP synthesis. To obtain amphiphilic and negatively
charged NPs (NP—) we followed, with few minor modifications
as reported in the ESI,T the one-phase approach described by
Guven et al*® (Fig. S1f). Prior to all characterizations and
experimental investigations, final NP— were suspended in
water. The NP size distribution was measured by transmission
electron microscopy (TEM) and dynamic light scattering (DLS).
To check whether the final product was free from unbounded
ligands and to characterize the MUS : OT ligand ratio, "H NMR
analysis was performed before and after decomposition of the
gold core, respectively. The colloidal stability of NP— disper-
sions was assessed by {-potential measurements.

19754 | Nanoscale, 2020, 12, 19746-19759

Materials for multidomain lipid vesicle preparation. 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 18:1), 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0), sphingo-
myelin (SM) (brain, porcine), and ganglioside GM1 (brain,
ovine - sodium salt) were purchased from Avanti Polar Lipids.
Cholesterol (chol), chloroform (>99.5%), and methanol
(299.9%) were purchased from Sigma Aldrich. All chemicals
were used without further purification; all aqueous solutions
were prepared using water purified with a Milli-Q ultrapure
water system (MilliPore).

Multidomain lipid vesicle preparation. Multidomain vesicles
were prepared from the following lipid mixtures:
DOPC : SM : chol : GM1 63:31:1:5, DOPC : SM : chol
66:33:1, and DOPC:DPPC:chol 40:40:20. These molar
compositions are referred to as M1,>> M2*? and M3, respect-
ively. Only the M1 GM1-containing composition is representa-
tive of the neuronal plasma membrane. M2 and M3 compo-
sitions were used for control experiments. We used multido-
main vesicles to prepare multidomain SLBs for both AFM and

This journal is © The Royal Society of Chemistry 2020
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QCM-D investigations. Briefly, stoichiometric quantities of the
four components dissolved in chloroform : methanol (2: 1, v/v)
were mixed and then dried under gentle nitrogen flux. The
solvent evaporation was performed at 60 °C, above the tran-
sition temperature of all the lipids in the mixture. The dried
lipid film was stored one day under mild vacuum and resus-
pended in water at a lipid concentration of 0.5 mg mL™". For
QCM-D measurements, the film was hydrated to a lipid con-
centration of 1 mg mL™" in phosphate buffered saline (PBS;
1x) to help the merge of the vesicles on the sensor of the
QCM-D chamber.” The lipid suspension was first sonicated
for 15 min at 60 °C and then extruded 11 times at the same
temperature to form unilamellar vesicles. Extrusion was per-
formed using the Avanti Mini-Extruder (Avanti Polar Lipids)
with a 100 nm pore size polycarbonate membrane. All vesicle
suspensions were stored in a fridge at 4 °C and used within
few days. Vesicle size distribution and colloidal stability were
measured by DLS and {-potential measurements, respectively.

Electron microscopy analysis. Bright-field transmission elec-
tron microscopy (BF-TEM) images of NP— were collected using
a Tecnai G2 F20 TWIN TMP TEM, operated at 200 kV. BF-TEM
characterization allowed the investigation of both NP— core
morphology and size. Sample preparation and results are
reported in the ESI (Fig. S13 and Table S5%).

Dynamic light scattering and {-potential analyses. NP— and
hydrodynamic size distributions
measured by dynamic light scattering (DLS) analysis. In
addition, {-potentials were evaluated from electrophoretic
mobility measurements to assess the colloidal stability of final
suspensions. Both DLS and (-potential measurements were
performed using a Malvern Zetasizer Nano ZS instrument
(Malvern Instruments, UK). Sample preparation and results are
reported in the ESI (Tables S5 and S8,} respectively for NP—
and vesicles).

'H NMR analysis. NMR spectra of NP— were recorded with a
Varian Mercury Plus 300 (300 MHz for 'H) spectrometer
equipped with ATB (USA) broad band probe at 27 °C using as
internal standard tetramethylsilane (TMS, 0.00 ppm). "H NMR
analysis was used to assess the presence of unbound ligands
and to assess the ligand shell composition, after decompo-
sition of the gold core.*® Sample preparation and results are
reported in the ESI (Fig. S177).

AFM analysis. We used atomic force microscopy (AFM)
imaging to study both the morphology of M1, M2 and
M3 multidomain SLBs and the effect of NP— on the phase sep-
aration. Tapping mode AFM images were acquired in liquid
(Milli-Q water) using a Multimode SPM equipped with “E”
scanning head (maximum scan size 15 pm) and driven by a
Nanoscope V controller (Digital Instruments-Bruker). V-shaped
silicon nitride cantilevers with an elastic constant of 0.24 N
m~"' (DNP-10, Bruker) were used. The drive frequency was in
the range 12-14 kHz, the scan rate was in the range 0.5-1.5
Hz. All mean height differences (Az) reported in the paper
were calculated counting at least 200 values on 5 different AFM
images. The same counting was considered for the NP - NP
horizontal distance shown in Fig. 6b.

vesicle in water were

This journal is © The Royal Society of Chemistry 2020
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AFM samples without anionic NPs. For each bilayer, a
diluted vesicle suspension (40 pL, 0.1 mg mL™") and a fresh
CacCl, solution (10 pL, 10 mM) were deposited onto an approxi-
mately 1.0 x 1.0 cm” freshly cleaved mica foil glued on a metal
support. Samples were stored for 10 min at room temperature
and then incubated for 15 min at 60 °C in a close chamber at
100% relative humidity. The samples were let to cool down at
room temperature and finally gently rinsed with Milli-Q water.
This step is necessary to remove non-deposited vesicles from
the liquid prior to AFM investigation. AFM imaging usually
started at least two hours after rinsing.

AFM samples with anionic NPs. Aqueous NP— dispersions
were filtered using a 20 nm pore size filter (Anotop 10,
Whatman) before the interaction with multidomain mem-
branes. The concentration of filtered dispersions was deter-
mined by absorption measurements after calibration, using a
Jasco V-530 UV/VIS spectrophotometer. For all the experi-
ments, a 0.12 mg mL™" (1.2 pm) filtered NP— stock solution
was used. NP— were added to the multidomain bilayer follow-
ing two different procedures: (a) in the incubation method,
NP- were added on a preformed multidomain bilayer; (b) in
the pre-incubation method, NP— were pre-incubated with mul-
tidomain vesicles before their deposition on mica and planar
bilayer formation. A schematic drawing illustrating the two
addition methods is shown in Fig. S6.7 With the incubation
method, a drop of NP— dispersion was cast onto a preformed
multidomain SLB obtained as described above. The bilayer
was rinsed with Milli-Q water immediately before NP—
addition and no second rinse was carried out before AFM
investigation.  Different NP—  volumes were tested
(10-20-40 pL). Each bilayer was observed either shortly after
the addition of NP— or after several hours (Fig. 3a-c¢ and
Fig. S71). With the pre-incubation method, multidomain vesi-
cles (40 pL, 0.1 mg mL™") and NP— (20 pL) were pre-incubated
for different times (10 min and 4 h) before their deposition on
mica and the addition of CaCl, to induce vesicle fusion. Each
SLB sample prepared with this protocol was rinsed a few hours
before AFM investigation. In both methods, NP— were let to
interact with the multidomain membrane before AFM
imaging. In the first method, NP— interact directly with a sup-
ported planar membrane, whereas in the second case the
interaction takes place in the presence of the curved and free-
standing membrane of the vesicle, without any constraints
from the substrate.

QCM-D analysis. QCM-D measurements were performed
with a QCM-Z500 (KSV, Finland) microbalance equipped with
a thermostated flow chamber. SiO, coated gold sensors (reso-
nance frequency 5 MHz) were used. Before usage, the sensors
were subjected to UV/Ozone for 10 min. The higher harmonics
3"-11" (overtones) were recorded every 1 s during all experi-
ments. Before starting the measurement, the chamber and the
access tubing to the chamber (pre-chamber) were filled with
PBS and let to equilibrate at 40 °C until the frequencies of all
overtones were stable.

QCM-D samples without anionic NPs. For bilayer formation,
the concentrated vesicle suspension (1 mg mL™") was diluted
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in PBS to a final concentration of 0.25 mg mL™". The vesicle
suspension (2 mL) was injected into the thermostated pre-
chamber and let to equilibrate at 40 °C for 30 min. When all
overtones were stable, the recording was started and the fre-
quencies of all overtones set as baselines (i.e., frequency, f,
and dissipation, D, zero values); after 300 s or 600 s the vesicle
suspension was injected in the chamber, carefully avoiding
microbubble formation. After the SLB formation the buffer
was exchanged to PBS (thermostated at T = 40 °C) to remove
the vesicle excess and subsequently exchanged to ultrapure
water (thermostated at T = 40 °C). Finally, the temperature was
set to T'= 22 °C.

QCM-D samples with anionic NPs. Also in QCM-D measure-
ments, NP— were added to the bilayer using the two pro-
cedures described for the AFM measurements (see Fig. S67).
As for AFM investigation, the same 0.12 mg mL ™" filtered NP—
stock solution was used for all experiments. In the case of the
incubation method, after SLB formation and rinsing, a diluted
NP- water dispersion (2 mL, 0.03 mg mL ") was injected in
the pre-chamber, let to equilibrate at 22 °C for 20 min and
then injected in the chamber. The monitoring of all overtones
was carried out for 18 h, at a sampling rate of 10 s. The solu-
tion containing excess NP— was finally exchanged to ultrapure
water. In the case of the pre-incubation method, vesicles
(500 pL, 1 mg mL™") and NP- (500 pL) were added to PBS
(1 mL), to obtain final concentrations of 0.25 mg mL™" and
0.03 mg mL™", respectively. Vesicles were incubated with NP—
for 4 h; then, the vesicles suspension was injected in the QCM
pre-chamber at 40 °C and let to equilibrate for 30 min before
starting the measurement. The recording of fand D of all over-
tones was started immediately after vesicle injection in the
chamber; the buffer was exchanged to PBS after vesicle fusion
and SLB formation.

The data were interpreted in the assumption of rigid film
formation; in this case, the Sauerbrey equation describes the
relationship between Af and mass variation (Am): Am = —CAYf,
with C = 17.8 ng em™> Hz " (for a quartz crystal oscillating at
5 MHz).

Computational methods

Computational model of multidomain lipid membrane. The
multidomain membrane is a quaternary mixture of
DLiPC:SM:chol: GM1 56:18:17:9 modeled by the Martini
coarse grained force field.*>>" For GM1 we used the topology
proposed by Dasgupta et al.:>* this parametrization combines
the bonded parameters by Lopez et al.>® with the non-bonded
parameters by Gu et al.>* In this description, the tendency of
GM1 to self-aggregation shows a good agreement with the
experimental data and it does not suffer from strong clustering
behavior as observed with alternative topologies. For the other
lipids the standard Martini topology is used.’®>® The mem-
brane reference system consists of 2850 lipids solvated by
approximately 35 coarse grained water beads per lipid and salt
at a physiological concentration (150 mM); the final system
size is 30 x 30 x 18 nm®. We started from a preformed multido-
main membrane generated using the insane.py script®® (see

19756 | Nanoscale, 2020, 12,19746-19759

View Article Online

Nanoscale

the ESIT for details). Then, the lipids diffuse from the Lo
phase to the Ld phase and vice versa until the convergence of
the number of contacts between the different types of lipids is
reached (about 20 ps). The system is then simulated at equili-
brium for 30 ps. The NP— are inserted in the aqueous phase of
the equilibrated system resulting in the different configur-
ations presented in the Table S9f together with all relevant
simulation parameters. All the MD simulations were per-
formed with Gromacs v. 2018.%”

Computational model of anionic NP. The core of the 2 nm
NP- is made of 144 Au atoms and 60 S atoms, in an atomistic
representation, as described in our previous works.”'"* The
core of the 4 nm NP—, instead, is a hollow sphere made of 346
Au atoms and 240 S atoms placed at the same distance from
the center of the sphere, as shown in the ESL{ An elastic
network with constant 1500 k] mol™" and a cut-off of 0.8 nm,
is used between Au-Au, S-S and Au-S atoms in order to main-
tain the spherical shape of the 4 nm NP-. The S atoms are ran-
domly chosen on the NP surface in order to have the same
ligand density of the 2 nm NP— (p;, = 4.78 ligands nm~?). The
ligands are MUS and OT in 70:30 ratio, and their coarse
grained Martini model is described
publications.®*’

Unbiased MD simulations. The full list of the unbiased
simulations used in this work is reported in Table S9.1 All the
MD simulations were performed in the NPT ensemble: velocity
rescale thermostat®® was used to keep constant temperature (T
=310 K, zp = 1 ps) while the Berendsen®® (zp = 4 ps) and the
Parrinello-Rahman® (zp = 12 ps) barostats were used in the
equilibration and production runs, respectively, to keep con-
stant pressure (P = 1 bar), with semi-isotropic coupling. The
time step used was 20 fs for all simulations, except for the
reference membrane system (30 fs). van der Waals and electro-
static interactions were treated with the cut-off method (r, =
1.1 nm, & = 15).

Free energy calculations. The potential of mean force (PMF)
profiles were derived by means of the umbrella sampling tech-
nique. The PMF profiles of the adsorption of the 4 nm
MUS:OT 70:30 NP— on the Lo (DLiPC:SM:chol: GM1
1:45:16:38), Ld (DLiPC:SM:chol:GM1 72:10:12:6) and
homogeneous (DLiPC:SM:chol: GM1 56:18:17:9, with no
Lo - Ld domains) phase were calculated using, as a reaction
coordinate, the vertical distance between the center of mass
(COM) of the membrane and the COM of the NP—. The
umbrella harmonic potential had a spring constant of 1000 kJ
mol™" nm™>. For each phase, windows of 0.15 nm width were
used to sample the distance in the range 5-8 nm, for a total
simulated time of about 12 ps and 24 ps for the equilibration
and production runs, respectively. The starting configuration
consisted of a NP— placed above the membrane, in the water
phase. The membrane had either the composition of the Lo,
Ld or homogeneous phase, and contained 574, 574 and 1346
lipids, respectively. Each lipid phase was equilibrated for 1 ps
in order to ensure the membrane equilibrium. The lipid com-
position in the Lo and Ld phase were obtained with an in-
house script relying on python MDAnalysis libraries.®"®*> The

in our previous
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script is freely available upon request. The NP-membrane
complex was solvated with coarse grained water, counter ions
and physiological salt solution.

For what concerns the PMF profile of the NP— dimerization
in the membrane, only the homogeneous phase was con-
sidered. The reaction coordinate was the distance between the
NP— COM along the membrane plane and an umbrella poten-
tial with a spring constant of 400 k] mol™* nm™> was used. To
generate the PMF, 11 windows were used in the range 7-9 nm
and 19 windows in the range 9-14.8 nm, for a total simulated
time of 1.5 ps and 40 ps for the equilibration and production
runs, respectively. In the starting configurations two NP— were
placed inside the membrane at a given distance between them,
performing a pre-equilibration of 50 ns, before starting the
umbrella sampling window simulation. In that case, a box of
about 31 x 31 x 13.5 nm® with a membrane made of 2978
lipids, solvated with coarse grained water, Na' counter ions,
and physiological salt solution (150 mM), was previously gen-
erated and pre-equilibrated. All the PMF profiles and the
associated error estimation via bootstrapping of trajectories
were computed with the Gromacs tool wham.®®

Contacts analysis. The percentual variation of lipid-lipid
contacts of Fig. 5f is computed as follows. First the lipid-lipid
contacts as a function of the time are obtained with the
Gromacs mindist tool with a cut-off distance of 0.8 nm. Then,
they are averaged over time and normalized respect to the sum
of all lipid-lipid contacts. The variation between the case with
NP- and the case of pure bilayer is computed and plotted in
Fig. 5f. The standard deviation is propagated accordingly.

Conclusions

We have shown, by means of AFM and QCM-D, that small,
amphiphilic, and negatively charged Au NPs (NP-) can signifi-
cantly perturb the lipid lateral organization of a model neuro-
nal plasma membrane. These NP—, which have the peculiar
capability to enter the cell via passive plasma membrane trans-
location,'* can alter the stability of ordered domains, leading
to their suppression, and form stable, widespread supramole-
cular aggregates in which NP— are organized in ordered, two-
dimensional lattices comprising NP— and lipids.

The NP- studied in this work disfavor phase separation in
a concentration-dependent fashion: when the uptake is very
large, as in our model neuronal membranes M1, the ordered -
disordered phase separation vanishes. We have provided a
simple thermodynamic model to interpret the effect of NP—
on lipid phase separation. The model shows that the lipid-
lipid enthalpy difference between the phase-separated and the
mixed bilayer, with and without NPs, is the main physical indi-
cator of the effect that the NP will have on lipid phase separ-
ation. The model is quite general: we tested it on three
different NP-bilayer compositions and it can be applied to any
NP embedded in the bilayer core and with a size comparable
to the thickness of the bilayer. MD simulations can be used as
effective tools to predict whether a specific NP will have the

This journal is © The Royal Society of Chemistry 2020
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tendency to disrupt or stabilize the ordered - disordered phase
separation.

We envisage that the same approach could be used to inves-
tigate the effects of other membrane inclusions, such as trans-
membrane peptides and proteins, on the lateral heterogeneity
of lipid membranes.®*® Among transmembrane proteins one
can find examples of both raft-stabilizing®®” and raft-de-
stabilizing proteins.®® These two opposite behaviors may also
belong to the same protein in slightly different lipid environ-
ments. Gramicidin-A, for example, is a hydrophobic helical
peptide that has been shown to partition in the disordered
domain of DOPC/DSPC/cholesterol mixtures and then,
depending on the relative lipid composition, stabilizes or
destabilizes lipid lateral phase separation.®®

We also investigated in detail the formation of ordered NP—
aggregates within the bilayer. The interaction of the single
NP- with lipids is favored by hydrophobic contacts, and this
explains the spontaneous incorporation of the monomeric
NP- in the bilayer.®'* When a single NP— is embedded in the
bilayer, though, its charged ligands are strongly confined to
the polar interface of the membrane. Ligand flexibility is a
peculiar feature of these monolayer-protected NPs. Thanks to
the large flexibility of thiol ligands, the NP is able to adapt to
different environments by exposing more or less hydrophobic
surface to the surrounding. When embedded (or snorkeled) in
the bilayer, the NP adopts a roughly cylindrical shape exposing
its lateral surface, which is made of hydrophobic carbon
chains, to the lipid tails, and its hydrophilic basis, covered by
the sulfonate ligand terminals, to the water phase. Such a con-
figuration closely resembles that of many transmembrane pro-
teins. Taking the comparison further, the physical factors
determining protein-protein aggregation in membranes are
present also in the case of amphiphilic Au NPs. The presence
of a hydrophobic mismatch between the protein (or NP) and
the hosting lipid domain can cause protein (or NP)
aggregation.®”* Protein- (or NP-) induced membrane curva-
ture can also cause aggregation as a result of the minimization
of membrane deformation. In the case of NPs, ligand flexi-
bility, which is large compared to protein conformational flexi-
bility, concur to stabilize NP aggregates: after NP-NP aggrega-
tion has taken place, the ligands re-orient all around the NP—
and ion-stabilized transient water nanopores form in the inter-
stices between adjacent NP— surfaces. An in-depth analysis of
the different driving forces causing the aggregation of NP— in
phosphocholine bilayers will be the object of future work.

We speculate that the combination of the NP targeting
potential and the high degree of order of these NP aggregates
within the membrane may be exploited also for sensing pur-
poses, in vitro. The self-assembly of NPs in the bilayer environ-
ment may be exploited for the creation of new hybrid materials
containing ordered two-dimensional NP lattices with selective
response to electromagnetic radiation. As for NP applications
in biomedicine, our data provide yet another evidence that the
specific physical and chemical features of the nano-bio inter-
face, involving both the NP surface functionalization and the
bilayer composition, are crucial issues in shaping the nano-bio
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interaction. More efforts need to be devoted to the understand-
ing of the molecular details of such interaction, also by means
of combined experimental and computational approaches,
towards the rational design of NPs as drug vectors, transdu-
cers, or imaging probes.
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