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Health concerns associated with the advent of nanotechnologies
have risen sharply when it was found that particles of nanoscopic
dimensions reach the cell lumina. Plasma and organelle lipid mem-
branes, which are exposed to both the incoming and the engulfed
nanoparticles, are the primary targets of possible disruptions.
However, reported adhesion, invagination and embedment of
nanoparticles (NPs) do not compromise the membrane integrity,
precluding direct bilayer damage as a mechanism for toxicity. Here
it is shown that a lipid membrane can be torn by small enough
nanoparticles, thus unveiling mechanisms for how lipid membrane
can be compromised by tearing from nanoparticles. Surprisingly,
visualization by cryo transmission electron microscopy (cryo-TEM)
of liposomes exposed to nanopatrticles revealed also that liposomal
laceration is prevented by particle abundance. Membrane destruc-
tion results thus from a subtle particle-membrane interplay that is
here elucidated. This brings into a firmer molecular basis the
theorized mechanisms of nanoparticle effects on lipid bilayers
and paves the way for a better assessment of nanoparticle toxicity.

Frequent contact between particles of nanoscopic dimensions
and the lipid membranes of living organisms is an ineluctable
consequence of the rising abundance of nanoparticles in
modern technological applications.””** The fate of such con-
tacts between particles and membranes, whether accidental or
purposeful, is arguably a key determinant to evaluate levels of
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nano-toxicity or the efficiency of strategies for nano-therapy.
But a decade of scrutiny of the transformations induced by
nanoparticles on model lipid membranes has only reported
mild consequences for the bilayers,” see also ref. 8 for a
review of the field. For hydrophilic particles, moderate affinity
for the membrane surface leads to attachment to the outer
membrane leaflet, in a partially wrapped state.’ For larger
adhesion energies wrapping becomes complete and the particle
is invaginated from the outer to the inner side of the exposed
membrane.'® In a liposome, this leads to a final structure
where the particle has crossed the membrane barrier into the
liposome lumen in a wrapped - thus protected - state.” Hydro-
phobic particles can either stay embedded in the inner bilayer
or, when properly decorated, cross from one side to the other,”
a process referred to as translocation. In all cases, the
membrane is left undisturbed.

In the quest for unveiling the conditions under which the
interaction between nanoparticles and membranes might lead
to severe membrane disruption, we investigated colloidal sus-
pensions containing liposomes of DOPC, a zwitterionic lipid
forming liquid-phase bilayers of 5 nm thickness,'" and SiO,
nanoparticles of comparable radii. At such small particle
dimensions it is foreseen that, if wrapping occurs, membrane
deformations will be pushed well beyond their elastic deforma-
tion limit, thus increasing the likeness of irreversible
membrane damage.

Fig. 1 displays cryo-TEM images of SiO, nanoparticles, of
DOPC liposomes and their mixtures at a ratio of five nano-
particles per liposome at pH 5.5 and 10 mM of KCl, along with a
schematic representation of the typical features observed as
one increases the time lapse after the nanoparticles have been
added to the liposome suspension. As Fig. 1A shows, the SiO,
nanoparticles are round-shaped, albeit not perfectly spherical.
Their average diameter is 12.2 £+ 1.7 nm, as determined from
the mean and the standard deviation of the size distribution,
also displayed in the figure, sampled from over one hundred
particles. Comparable dimensions were also obtained from
small angle X-ray scattering (SAXS) experiments of particle
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Fig. 1 Cryo-TEM images of SiO, nanoparticles (SM30 Ludox®) and DOPC
liposomes at nanoparticles per liposome ratio r = 5 with corresponding
schema highlighting the relevant interaction aspects. (A) Image of the
SM30 particles in a dilute brine solution of 10 mM KCl and the associated
diameter distribution with average diameter 12.2 + 1.7 nm. (B) Image of the
DOPC liposomes in 10 mM KCLl. Liposome diameter distribution is also
represented with average diameter 125 + 34 nm. (C) Image of a NP/
liposome mixture, 20 seconds after the nanoparticles have been added to
the liposome solution. (D) Schematic representation of a chosen area in
the C image. The particles are shown in black, while the membranes are
displayed as a hydrophobic tail layer in green and a hydrophilic head region
in purple. All the particles are in contact with the lipid bilayer. (E and F)
Images of the NP/liposome suspension one minute after mixing. (G) Top
and side views of the NPs partially wrapped by the membrane of the larger
liposome in E. (H) A schematic illustration of the interaction topology in
image F where one particle bridges the bilayers from two neighbor
liposomes. (I and J) Images after 30 minutes of NP/liposome contact. (K)
Schematic representation of the tearing event pointed by the arrow in
figure |, caused by a NP which is not yet completely wrapped by the lipid
bilayer. (L) Schematics of a NP completely wrapped following the tearing
event shown in image J. (M and N) The NP/membranes systems respectively
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two and four months after mixing. (O) The scheme of image M shows NPs
completely wrapped by the bilayer membrane. Here, the NPs are not yet
dispersed. (P) Fully wrapped and dispersed NPs as shown in image N.
(Q) Thickness distribution of the bilayers from liposomes not exposed to
NPs, showing an average thickness of 4.7 + 0.5 nm measured from head to
head. (R) Thickness distribution of the bilayers completely wrapping the
nanoparticles from four months old samples, with an average thickness of
3.7 £ 0.3 nm measured from the head position far from the silica surface to
the tail-head interface on the silica surface. White scale bar 100 nm, black
scale bar 50 nm.

suspensions, see ESIf Fig. S1. A typical image of the DOPC
liposomes, shown in Fig. 1B, confirms that our preparation
method yields a majority of unilamellar structures, with a
fraction of multilamellar liposomes. The liposome size distri-
bution, also presented in the figure, provides values for average
size and mean deviations at 125 + 34 nm. Size distributions
from measurements of the bilayer thickness, displayed in
Fig. 1Q, yields 4.7 + 0.5 nm, in agreement with literature
values.'>'* Comparable conclusions can be drawn from small
angle neutron and X-ray scattering, SANS and SAXS, as well as
from static and dynamic light scattering, SLS and DLS, as
displayed in the Fig. S1 and S9 (ESIt). Under our conditions,
the attractions between the nanoparticles and the liposomes
result in a fast attachment. Fig. 1C shows an image of the
system 20 s after the NPs have been added to the liposome
suspension. As the image and its corresponding schematic
representation in Fig. 1D show, all the NPs are found to be in
contact with the liposome bilayers, albeit with little develop-
ment yet of wrapping, a feature that is associated with the
majority of NP-membrane contacts in the samples imaged
later, one minute after addition of the NPs. Typical images of
such samples are shown in Fig. 1E and F with the corres-
ponding schematic representations displayed in Fig. 1G and H.
At this stage, most of the NPs have been partially wrapped by
the lipid bilayer, a typical situation consisting in membrane
wrapping of about a half of the NP surface, which can be
perceived from both top and side views of the membrane
deformations around the particles. Note that top views alone
cannot discriminate between partial wrapping and particle
engulfment by the liposome. In our case, we confirmed that
engulfment does not occur by imaging tilted samples under the
electron beam. Partial wrapping results also in the presence of
bridges between the membranes of different liposomes, a
situation depicted in Fig. 1H. Partial wrapping is not however
the final equilibrium state resulting from NP-membrane inter-
actions. As Fig. 1I and J show, exposure of the membranes to
the NPs over a period of 30 minutes results in many events
where the membrane is torn by the nanoparticles. The
sequence of tear formation can be deduced by careful inspec-
tion of the micrographs as summarized in Fig. 1K and L. In a
first step, that we call tear and wrapping, a partially wrapped NP
lacerates the membrane in a localized incision, allowing further
wrapping to occur by the membrane to which the NP stayed
attached. Continuation of this process results in a complete
covering of the NPs and the consequent detachment of a fully
wrapped particle from the membrane. We call this step
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“wrapping and detach”. Observation of the membrane and NP
system over longer period of times confirms the destruction
potential of these interactions as unwrapped NPs can no longer
be observed in the micrographs. After two months, all the NPs
are protected by a phospholipid bilayer, the dominant spatial
distribution exhibiting many bunches of NPs, see Fig. 1M and
O. This long-time, slow evolution eventually leads after four
months to a suspension of fully wrapped NPs well dispersed in
the suspension as shown in Fig. 1IN and P. At this point,
measurement of the thickness of the membranes wrapping
the NPs reveals that the thickness of the attached bilayers is
comparable to that of free liposomes. The difference of 1 nm
between the mean values in the histograms of Fig. 1Q and R
being due to the missing head region in contact with the silica
surface that cannot be captured by the electronic contrast. Note
that images presented here are representative of phenomena
observed in several tens of images from independent experi-
ments performed at least three times for each condition.

Analysis of cryo-TEM images and the scattering experiments
described in the ESIf - that as we will describe below, fully
support cryo-EM evidence - provides thus a clear scenario for
the sequence of events and for the key factors leading to
membrane tear and to the ensuing membrane destruction. As
a prime factor, a strong attraction between the NPs and the
lipid bilayer is at play in this system. While in pure NP colloidal
solutions the particles are mostly seen as single particles, well
dispersed with minor degree of aggregation, for all the suspen-
sions containing NPs and membranes the images show, at any
stage of the mixture, that all NPs have adhered to a bilayer. The
major direct consequence of this affinity is the deformation of
the membrane as it progressively wraps around the NPs.
Membrane deformations are also known to mediate attractive
13:14 Here, such attrac-
tions are clearly evidenced by the numerous particle-particle
contacts seen in the micrographs, often resulting in pearl-like
arrangements of NPs. As the membrane progressively wraps
around the NPs a point is reached where the membrane is torn
at the triple contact line between the free membrane, the
adhered membrane and the free particle surface. Wrapping
proceeds then further until a fully covered NP detaches from
the bilayer. The long-term consequence is complete wrapping
of all particles.

Our results show that less than 20 seconds are required for
all NPs to encounter and bind to the membranes, a short time
compatible with a diffusion limited mechanism for the adhe-
sion between NPs and liposomes. Indeed, under our condi-
tions, the diffusion time of a NP of 10 nm diameter over a
typical distance between liposomes (~ 500 nm) is smaller than
one second. Also, the first images at 20 seconds already exhibit
particle organization at the membrane surface, showing that
the development of the membrane deformation fields and the
consequent membrane-mediated interactions between the par-
ticles occur on fast time scales. However the steps that led to
further particle wrapping and eventually to membrane rupture
are much slower. Further wrapping requires of order of one
minute, rupture is only seen after tens of minutes and several

interactions between the adhered NPs.
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Fig. 2 Large nanoparticle per liposome ratios r stabilize the membranes.
(A) Cryo-TEM image of a NP/liposome mixture with r = 50, one minute
after the nanoparticles have been added to the liposome solution, scale
bar 100 nm. All particles adhere to the liposomes, without any visible
membrane disruption. (B) Light scattering spectrum from a mixture of
r = 280 at different stages after mixing and (C) the corresponding size
distribution from DLS measurement of the same systems.

months are necessary to completely enwreathe all the NPs and
destroy the membranes completely. Such large time scales can
only be understood by long-lived phenomena, such as the
collective lipid rearrangement that would be required for sig-
nificant membrane thinning.

A combination of factors contributes to the membrane
rupture. Most strikingly, the radii of the NPs are comparable
to the bilayer thickness. Wrapping leads thus to high bending,
a deformation state that imposes strong stresses in the two
leaflets of the bilayer. The middle plane of the hydrophobic
region of the outer leaflet, located at a distance of 3.5 nm from
the NP surface is stretched by 13% with respect to the middle
bilayer plane at 2.5 nm. For uniform stretching, lysis of the
DOPC bilayer is known to occur above membrane tensions of
the order of a few mN m™, at deformations between 5% and
10%."" For the upper bound of 10%, this simple argument
would predict that NPs with radii below 7.5 nm can induce
large enough stresses to rupture the bilayer. For our case, the
combined effect of the adhesion forces and the curvature
generates thus a wrapped bilayer state that is close to the

This journal is © The Royal Society of Chemistry 2022
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rupture point. Maximal gradients of bilayer properties are
obviously located at the triple contact line, where imposed
stresses overcome membrane cohesive forces when, according
to our estimation, the angle between the membrane and the
particle surface exceeds 90°, the point of half wrapping. That a
minimal angle is required to rupture the membrane is con-
firmed in a strikingly manner by experiments performed with a
high particle to liposome ratio r, see Fig. 2 and Fig. S2 (ESIt).

To investigate the influence of the electrostatic charge on
the liposome-NP interaction experiments were performed
under the same conditions (ratio of five NP per liposome,
10 mM KCl) but with different pH (7 and 10). These experi-
ments (see Fig. S2, ESIf) gave results comparable to those
performed at pH 5.5. Also, experiments performed at pH 5.5
without KCI showed that the presence of 10 mM KCI has no
effect in the tearing-wrapping mechanism (Fig. S3, ESIt). More-
over, at pH = 5.5 and 10 mM KClI, the zeta potential of Silica NPs
and DOPC liposome was measured at —21 mV and —6 mV
respectively. After the mixture of Silica NPs and DOPC lipo-
somes, the zeta potential was reduced to —8 mV, a reduction
likely to be due to the decoration of the silica NP particles by
the lipid membrane. The most standard explanation of the
attractive interactions between the zwitterionic lipids and the
silica surface involves the attractions between the silanol
groups on the silica surface and the quaternary amines of the
lipid heads as described in the literature.'®

For all the ratios explored here, r = 50, r = 140 and r = 280 no
membrane rupture was detected, despite the strong coverage of
the membranes by the NPs, see also Fig. S4-S6 (ESIt). This
apparently counterintuitive result obtained by increasing only
the ratio of NP to liposomes, can be rationalized in the follow-
ing way. Simple geometric considerations show that a NP of
5 nm radius requires 0.5% of the area of a 50 nm radius
liposome to be half wrapped. Since it is unlikely that liposomes
possess more than 5 or 10% of excess available area, angles of
the triple line as large as 90° cannot be achieved if more than 10 or
20 NPs are attached to the membrane. In our case, amongst all the
ratios tested, experiments (not shown) with r = 8 was the largest still
leading to membrane tearing. Note that preservation of membrane
integrity does not imply that membrane properties are kept
unchanged, and we anticipate that in further studies of these
systems reminiscent of Pickering emulsions one is likely to find
that NP coverage leads to significant modifications of membrane
mechanics and permeability.

We stress that the scenario put forward above from the
observation of tens of EM images is fully supported by data
from multi-angle light scattering, a technique that probes
trillions of liposomes simultaneously, see ESIt for a complete
description. In brief, at high nanoparticles per liposome ratio
(r = 280), the whole scattering profile increases with little
change of the form factor (Fig. S9A, ESIT), consistent with the
formation of liposomes decorated by attached NPs. At inter-
mediate ratios (7= 140 and r = 50), cluster formation is observed
as evidenced by the strong upturn of the curves towards low
scattering vectors (Fig. S9B and C, ESIT). Finally, at r = 5, the
whole scattering curve decreases, a loss of scattering ascribed to
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the disruption of a large fraction of liposomes into much
smaller objects (Fig. S9D, ESIt).

As a summary, we reported here evidence for lipid bilayer
tearing by SiO, NPs of 12 nm diameter and identified strong
adhesion, high curvature and a large degree of wrapping as the
key factors that compromise membrane integrity. We expect these
key results to hold across a variety of more complex membrane
systems and NPs suspensions, and in particular to provide useful
guidelines for the evaluation of NPs toxicity in biological systems.

Experimental section
Chemicals and materials

DOPC, (1,2-dioleoyl-sn-glycero-3-phosphocholine) was pur-
chased from Avanti Polar Lipids Inc. and has been used to
form LUVs. Ludox® SM colloidal silica nanoparticles were
purchased from Sigma-Aldrich.

Sample preparation

Vesicles were prepared by the sonication method, using the proto-
col described in the ESLt In order to disperse the NPs, the solution
was sonicated in the bath for 15 min before added to DOPC
vesicles. The SM30 NPs initial concentration obtaining isolated
NPs have been determinate by cryo-TEM and SAXS analyses.

Cryo-transmission electron microscopy (cryo-TEM)

Images were taken at room temperature from vitrified samples.
Sample vitrification was carried out in a homemade vitrifica-
tion system. The samples were observed under low dose con-
ditions in a Tecnai G2 microscope (FEI) at 200 kV. Images were
acquired using an Eagle slow scan CCD camera (FEI). To check
inner liposome content some images were observed at different
tilting angles by tilting the cryo-holder. The size distribution of
the NPs, the lipid vesicle diameter and the membrane thick-
ness were measured with the Analysis software (SIS-Olympus,
Miinster, Germany). The size of NPs and lipid vesicles were
determined with the circular shape predefined by the software.
The membrane thickness of the lipid vesicle and the one
surrounded the NPs were determined by a horizontal density
profile. Membrane thickness was measured for the free lipo-
somes between the darkest values of the radial grayscale
profiles, which corresponds to the distance between the lipid
heads. For the bilayers attached to the particles the head region
in contact with the silica is not visible, the distance was
measured between the external heads (darkest external value
of the grayscale profile) and the end of the internal hydropho-
bic leaflet (last light greyscale level of the profile). Differences
between both methods are of order of 1 nm, the thickness of
the head region. For each experiment, the diameters and the
membrane thicknesses of more than 60 liposomes and 170 NPs
were measured and averaged.
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