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Nanoparticle transport across cell membrane plays a crucial role in the development of drug delivery sys-
tems as well as in the toxicity response induced by nanoparticles. As hydrophilic nanoparticles interact
with lipid membranes and are able to induce membrane perturbations, hypothetic mechanisms based on
membrane curvature or hole formation have been proposed for activating their transmigration. We
report on the transport of hydrophilic silica nanoparticles into large unilamellar neutral DOPC liposomes
via an internalization process. The strong adhesive interactions of lipid membrane onto the silica nano-
particle triggered liposome deformation until the formation of a curved neck. Then the rupture of this
membrane neck led to the complete engulfment of the nanoparticle. Using cryo-electron tomography
we determined 3D architectures of intermediate steps of this process unveiling internalized silica nano-
particles surrounded by a supported lipid bilayer. This engulfing process was achieved for a large range of
particle size (from 30 to 200 nm in diameter). These original data provide interesting highlights for nano-
particle transmigration and could be applied to biotechnology development.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The growing interest for nanoparticles is motivated by potential
developments in nanotechnology, biotechnology or in medicine,
but is also due to the health risk associated with their use (Nel
et al., 2006). Indeed, toxicological effects have been already identi-
fied and further investigations are required to examine fundamen-
tal mechanisms underlying these undesirable biological responses.
Among predictive pathways leading to nanoparticle toxicity, trans-
migration of nanoparticles into cell is one of main concerns.

Transport of nanoparticles into mammalian cells was proposed
to be mediated by a non endocytotic pathway as evidenced by the
entry of ultrafine particles within red blood cell and cyt-D –
blocked macrophages that both lack of endocytotic capabilities
(Geiser et al., 2005; Rothen-Rutishauser et al., 2006). However,
the passive transmembrane transport of gold particles studied
ll rights reserved.
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with liposomes mimicking biological membrane (Banerji and
Hayes, 2007) had revealed that gold particles did not diffuse
through the lipid membrane suggesting that interactions with lipid
membrane are likely required.

Adhesion of colloidal particles onto giant vesicles based on elec-
trostatic interactions induced the coverage of the particle by lipid
membrane. This coverage was not limited to the vesicle-bead con-
tact but rather extended to the entire bead while remaining at-
tached to the vesicle periphery (Fery et al., 2003). Theoretical
models have been proposed to predict adhesion and wrapping
mechanism for colloid–vesicle complexes. The penetration is pos-
sible for large vesicle radii compared to the particle radii whereas
for small vesicles (R = 300 nm) it will not be complete for any col-
loid radius (Deserno and Gelbart, 2002). Simulations of adhesive
interaction of lipid bilayers with a spherical particle have shown
the inducement of an engulfing process (Smith et al., 2007; Reyn-
war et al., 2007). The particle is wrapped by the membrane, but
may remain tethered to it. To have a complete engulfing process,
the presence of phase-separated membrane domains is needed to
promote fission, allowing the particle detachment from the larger
membrane (Smith et al., 2007). Other simulations based on
modeling thermodynamics of interactions between charged
nanoparticles and lipid membrane, confirmed the deposition of a
lipid bilayer around the particle triggering the formation of a hole
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in the membrane (Ginzburg and Balijepalli, 2007) as observed by
atomic force microscopy (AFM) on supported lipid bilayer (SLB)
interacting with dendrimer particles. In spite of these multidisci-
plinary approaches, nanoparticle internalization is not fully under-
stood and the mechanism by which the particle can transmigrate
across cell membrane or model membrane remains a matter of
debate.

Recently, interactions between lipid membrane and solid sup-
port have been investigated through the deposition of small lipid
vesicles on large solid support i.e. cm2-size monolithic substrates
(glass, silica, mica or titanium dioxide), lm-size and nm-size silica
beads (Richter et al., 2003; Reimhult et al., 2003; Rossetti et al.,
2005; Cremer and Boxer, 1999; Linseisen et al., 1997; Baksh
et al., 2004; Mornet et al., 2005). The strong adhesion of lipid ves-
icles on solid surfaces induces vesicle rupture and leads to the for-
mation of a continuous, free-defect SLBs. The interaction of small
unilamellar liposomes on silica nanoparticles (SNP) detailed by
cryo-transmission electron microscopy (cryo-TEM) revealed the
vesicle spreading and the formation of the so called nanoSLB faith-
fully following the surface of the particles (Mornet et al., 2005).

In the present study, we focus on the interaction of SNPs with
large unilamellar liposomes (LUV) using cryo-TEM and cryo-elec-
tron tomography (cryo-ET) – a well-suited method for determining
3D assemblies of SNPs (Taveau et al., 2008). We evidence a com-
plete internalization of SNP into LUV mediated by lipid membrane
spreading around SNP surface. A transmigration mechanism
involving adhesion and bending energies is proposed based on
visualization of intermediate steps.
2. Materials and methods

2.1. Materials

All chemical products were purchased from Sigma. Absolute
ethanol (J.T. Baker) and ammonia (Carlo Erba) were used as re-
ceived. Water was deionized (resistivity higher than 18 MX). DOPC
Lipid was purchased from Avanti polar lipids.
2.2. Synthesis and surface modification of gold and silica-based
nanoparticles

Gold nanoparticles were prepared by citrate reduction method
derived from the protocol of Turkevich et al. (1951) and optimised
in order to obtain 10 nm diameter nanoparticles with a highly
monodisperse size distribution (Mornet and Brisson, 2007; Renault
et al., 2008). The gold surface functionalization based on the ex-
change of citrate ligand by a hetero-bifunctional PEO macromole-
cule bearing a thiol (–SH) group in x position and amine (–NH2)
group in a position was carried out following the method previ-
ously described (Mornet and Brisson, 2007; Renault et al., 2008).
The final concentration of aminated gold nanoparticles was
4.8 � 1017 particles/l in ultrapure water.

The synthesis of silica-based nanoparticles (SNP) were prepared
from a method derived from the Stöber process (Stöber et al., 1968)
and previously described for 110 nm diameter SNPs (Mornet et al.,
2005). Others sizes of SNPs containing 7 nm diameter maghemite
nanocrystals in core–shell morphology have been also produced
in the aim of this study by seed growth process. Maghemite nano-
particles prepared by coprecipitation method (Massart, 1981) were
used as seeds in the reaction media for the growing of the silica
shell in order to generate a large set of SNPs with controlled sizes
according to the method previously reported (Mornet et al., 2007).
For the study of the size effect on the internalization process, 15,
30, 40, 65 and 190 nm diameter cFe203@SiO2 nanoparticles were
generated. All SNPs were diluted to a concentration of 1 g/L in
10 mM Hepes buffer at pH 7.4.

2.3. Liposome preparation

LUVs were prepared by the reverse phase evaporation tech-
nique in 150 mM NaCl 10 mM Hepes pH 7.4, followed by filtration
of the preparation (10 mg/ml) through a polycarbonate membrane,
successively at 1, 0.4 and 0.2 lm (Lambert et al., 1998).

2.4. Sample preparation

For SNP internalization experiments, SNPs (100 lg/ml) were
mixed for 1 h at room temperature with LUV (45 lg/ml). In these
conditions, the lipid bilayer surface is expected to be in 10 times
in excess compared to SNP surface (Mornet et al., 2005). For the
inhibition experiments involving the aminated gold beads, lipo-
somes and gold beads were first mixed together. An equal volume
of SNP solution was then added to maintain the same final concen-
tration as above.

2.5. Cryo-electron microscopy and 3D tomography

A 5 ll sample was deposited onto a holey carbon coated copper
grid; the excess was blotted with a filter paper, and the grid was
plunged into a liquid ethane bath cooled with liquid nitrogen (Lei-
ca EM CPC). Specimens were maintained at a temperature of
approximately �170 �C, using a cryo holder (Gatan), and were ob-
served with a FEI Tecnai F20 electron microscope operating at
200 kV and at a nominal magnification of 50,000� under low-dose
conditions. Images were recorded with a 2 k � 2 k slow scan CCD
camera (Gatan).

For cryo-electron tomography, tilt-series were collected auto-
matically on both FEI Tecnai F20 and Tecnai G2 Polara from �60�
to +60� with 2� angular increment using the FEI tomography soft-
ware. Images were recorded on CCD camera at a defocus level be-
tween �8 and �4 lm. The pixel size at the specimen level varied
between 0.5 and 0.36 nm. For image processing, using colloidal
gold particles as fiducial markers, the 2D projection images, binned
by a factor of two, were aligned with the IMOD software (Mastro-
narde, 1997), and then tomographic reconstructions were calcu-
lated by weighted back-projection using Priism/IVE package
(Chen et al., 1996).

2.6. Segmentation and radius measurements

As delineation of contours and surfaces is a tedious and error-
prone for humans, a semi-automated procedure was developed
using the continuous maximum flow automated segmentation
technique of Appleton and Talbot (2006). It requires a source, a
sink and computes a metric-weighted, continuous domain, glob-
ally optimal minimal cut between them. This method interpolates
missing edges optimally, including topological and shape con-
straints. The 3D source seeds were obtained incrementally from
2D axial sections with strong edges via manual gradient threshold-
ing and linked together for topology preservation. The sink was
provided by the feature’s bounding box. The scalar metric was
computed from the image gradient as 1/(1 + |rI|2), following Case-
lles et al. (1997). Segmentation software was produced by the
authors. The resulting segmentation figures were produced with
Amira.

Curvature was computed from the resulting segmentation by
finding its Euclidean medial axis extremities (Couprie et al.,
2007) in the region of interest, and fitting the osculating sphere
to the external membrane surface at each extremity. The reported
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curvature radius is the median value of all measurements in the re-
gion of interest, and is sub-voxel accurate.

3. Results and discussion

In a first part, we describe experiments carried out in a con-
trolled environment allowing us to reproduce the nanoparticle
transmigration as observed in red blood cells and in giant vesicles.
By adjusting LUV and SNP sizes, the engulfing process was limited
to one SNP event or even prevented. In a second part for slowing
down the process and visualizing intermediate steps, aminated
gold beads were added providing a better understanding of the
mechanism underlying the SNP transmigration.

3.1. SNP internalization into liposome

This study aimed at analyzing by cryo-TEM and cryo-ET interac-
tions of SNP with LUV mimicking cell membrane. After mixing
40 nm SNPs mixed with LUV, liposomes appeared loaded with sev-
eral SNPs (Fig. 1A). To ensure that SNPs were unambiguously inter-
nalized into the liposome and not bound to the membrane surface,
3D architectures of SNP-containing liposomes were determined by
cryo-ET. SNPs were definitively internalized into the liposomes
regarding the extracted central slice and the volume surface repre-
sentation (Fig. 1B, C). Clearly, SNPs were embedded in ice layer
whose thickness was estimated to 200 nm regarding to the dis-
tance between ice contaminants present at both surfaces of the
ice layer (black arrows). The liposome was trapped within the ice
layer and must have kept its overall closed structure although
the upper and lower parts of liposome were not visible due to
the missing wedge artefact. The three SNPs, located in equatorial
plane (coloured in yellow in Fig. 1C) were far enough from the
Fig. 1. Cryo-ET of 40 nm SNP internalization into LUVs. (A) Cryo-EM image at 0� tilt. (B) Ex
segmented tomogram. Lipid membrane and SNPs are coloured respectively in blue and l
contaminants (black arrows) present on both sides of ice layer provide an estimation of
LUV boundaries to be considered as complete internalized SNPs
without any interaction with the LUV membrane. To detail the
mechanism of SNP entry, it deserves further experiments involving
single internalization event of SNP for the sake of clarity.

For this purpose, 110 nm SNPs were mixed with LUVs. A large
number of liposomes exhibited one or two SNPs in the centre
(Fig. 2A). At high magnification, SNPs were surrounded by the lipid
membrane of the liposome forming a closed circle (Fig. 2B, C).
More importantly they were wrapped by an electron-dense ring
that corresponds to a nanoSLB (white arrows in Fig. 2B, C) accord-
ing to our previous work on formation of SLB on silica nanoparti-
cles (Mornet et al., 2005). These results suggest that SNPs are
internalized into liposome according to an invagination process
as schematically represented in Fig. 2E and not by a passive diffu-
sion across the membrane. About 20% of nanoparticles were in-
volved in the internalization process. The other nanoparticles
were solely covered by a SLB corresponding to nanoSLBs (asterisk
Fig. 2B) (Mornet et al., 2005).

In addition, liposomes composed of two concentric lipid bilay-
ers were able to entrap SNP sandwiched between their two lipid
membranes (Fig. 2D). This original engulfing process revealed that
only the outer membrane triggered the SNP internalization and
that this process did not involve both membranes. The inner mem-
brane is deformed by the particle entry. These events give also evi-
dence that a SNP already covered by a SLB cannot enter into a
liposome.

3.2. Topology of liposome-internalized SNP by cryo-ET

Among all SNPs engaged in the engulfing process, few of them
were observed not completely internalized. The 3D structure
determination of such assemblies allows us to provide a 3D
tracted section of the calculated tomogram. (C) Parallel-eye stereoscopic view of the
ight gray. Three yellow SNPs are highlighted due to their equatorial localization. Ice
its thickness. Scale bar 200 nm.



Fig. 2. Internalization of SNPs into LUVs. (A) Cryo-EM field showing SNPs entrapped
within DOPC vesicles (white arrows). (B, C) Typical high magnification images of
liposomes containing engulfed SNPs appearing as dense grainy spheres that are
covered by a SLB (black arrows). SNPs covered only with a nanoSLB are also visible
(asterisk). (D) In the presence of a liposome made of two lipid membranes, SNP is
wrapped by only the outer lipid membrane triggering SNP internalization. The inner
liposome is not involved in this process. (E) Scheme of SNP internalized into LUV.
During this process SNP is wrapped by a SLB. Scale bars 1 lm (A) and 50 nm (B–D)
respectively.
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detailed organization of the vesicle spreading around SNP
(Fig. 3A–C). The vesicle almost fully covered SNP. SLB was clearly
visible on the extracted slices (white arrows in Fig. 3B, C). The
membrane boundaries of the vesicle demarcated on the silica
surface an oval-shaped area (black arrow in Fig. 3A). The shortest
distance between membrane edges was about 9 nm (Fig. 3B). To
pursue the internalization process, the most likely step would be
the extension of the vesicle spreading to reduce the size of the
oval-shaped area up to form a structure similar to a membrane
neck described previously (Kozlovsky and Kozlov, 2003; Markvoort
et al., 2007) leading to vesicle fission and a complete internaliza-
tion (step 3 in Fig. 3G). The edges had a round-shaped structure
inducing a strong curvature of the lipid bilayer. This membrane
deformation was estimated by the measurement of the radius a
of a circle delineated by the membrane curvature. A mean value
of a = 6 ± 1 nm was calculated from several slices using an auto-
matic procedure (see Section 2).

At first sight, the observation of highly curved necks seems
rather surprising and deserves a few comments. In a continuum
description, the elastic energy associated with a given conforma-
tion of a tensionless bilayer is shown in Eq. (1) (Leibler, 2004)

E ¼ 1
2

kb

Z
dS

1
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þ 1

R2
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þ kg

Z
dS

1
R1R2

ð1Þ

with R1 and R2 the local curvature radii. The integrals extend over
the whole surface of the liposome. The elastic constants kb and kg

are the bending and Gaussian rigidity, respectively. Both have the
dimension of an energy. For DOPC bilayers, the bending rigidity is
typically kb � 8 � 10�20 J at room temperature (Pan et al., 2008).
The Gaussian rigidity is more difficult to measure since it is related
to the topology of the membrane: in fact, integrating the second
contribution over any closed surface yields to a constant value
4pkg (Leibler, 2004) so that this contribution is not related to the lo-
cal shape of the liposome. According to the above expression, one
would naively expect the highly curved region seen on Fig. 3A–C
to give rise to a large bending energy. Indeed, since the a radius
of the membrane edge is of the order of the neck size, both curva-
ture radii should lead to equally important contributions. However,
the point is that the two curvatures actually contribute with an
opposite sign to the mean curvature. The bending energy of the neck
is therefore vanishingly small, scaling linearly with the membrane
edge radius (Fourcade et al., 1994).
3.3. Influence of the size of nanoparticle

As previously mentioned, the SNP size influenced the engulfing
process (Figs. 1 and 2). For a more complete study, SNPs with var-
ious diameters (from 15 to 190 nm) were mixed DOPC liposomes
(Fig. 4). The transmigration process was observed with 190 nm
SNPs engulfed into large vesicles (Fig. 4A). For larger SNPs, cryo-
TEM observation was less suitable due to ice thickness leading to
a lack of contrast. To study the engulfing process for small SNPs,
we used maghemite silica core–shell particles providing a contrast
higher than pure silica particles, which was very convenient for
very small particles. SNPs with diameter of 65 and 30 nm were en-
trapped into liposomes as well, as evidenced with the SLB sur-
rounding the particles (Fig. 4B–D). However, SNPs with a
diameter of about 15–20 nm remained bound to the outer surface
of the liposome. Moreover, they did not exhibit at their periphery
typical densities corresponding to SLB. Although SNPs interacted
with DOPC lipid membranes in the same way as the larger ones,
the adhesive strength was not sufficient to induce a curvature of
the lipid membrane and then to trigger the engulfing process
(Fig. 4E, F). Then SNPs with diameter larger than 30 nm were en-
gulfed inside the liposome whereas those with diameter 15–
20 nm were not. This size effect was in agreement with recent
AFM study revealing a threshold for the membrane spreading over
nanoparticles (Roiter et al., 2008). This size dependence is a conse-
quence of the balance between adhesive and elastic forces. The
adhesive energy per unit area w that controls encapsulation is a
subtle combination of several short-range interactions: screened
electrostatics, van der Waals, hydration and steric forces, ... (Israe-
lachvili, 1992). Complete coverage of the particle then occurs when
the total adhesion energy overcomes the energy cost associated
with the bending of the bilayer. For tensionless membranes, this
criterion leads to a critical particle radius Rc = (2kb/w)1/2 (Deserno
and Bickel, 2003; Lipowsky and Döbereiner, 1998). Colloids with
radius smaller than Rc are expected to remain bound outside of
the liposome, whereas full wrapping occurs above Rc. The knowl-
edge of intramolecular forces would in principle give us the value



Fig. 3. Mechanism of an engulfed SNP into a liposome. (A–C) Cryo-ET of SNP engaged in the internalization process. Isosurfaces of segmented tomogram showing the overall
architecture of the partially engulfed particle (yellow) into the large liposome (blue) and small liposomes present within the liposome in red (A). The SLB is clearly visible
around the silica particle. Note the open area formed by the vesicle boundaries (black arrows) depicted on two tomographic 0.73 nm-thick slices (B,C). (D–F) Isosurfaces of a
double liposome showing the fully internalized SNP (yellow), the inner liposome in red (D). SLB is visible around SNP on two 2.5 nm extracted slices distant from 10 nm (E, F).
(G) Scheme describing the internalization in three steps: step 1: the vesicle spreading, step 2: Almost complete engulfing and step 3: Fully internalized particle. Scale bar
50 nm.

Fig. 4. Influence of SNP diameter on the engulfing process. The engulfing process has been studied for various SNP sizes. SNPs with a diameter of 190 nm (A), 65 nm (B) and
30 nm (C, D) respectively are internalized as evidenced by the presence of SLB surrounding SNP surface (black arrows). (E, F) 15 nm SNPs remain attached to the outer surface
of the liposomes. Scale bar 50 nm.
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of w and therefore of the critical radius. However, the various con-
tributions to the adhesion energy are not easily evaluated. We can
still estimate w from the experimental data (Fig. 4) leading to a Rc
in the range of 10–15 nm, corresponding to an adhesive strength w
of a few mJ/m2 (or erg/cm2) – a value comparable to usual interfa-
cial energies (Israelachvili, 1992).
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3.4. Visualization of intermediate steps of SNP internalization using
gold beads

In order to get insight into the mechanism of internalization, at-
tempts to observe intermediate steps by freezing samples at differ-
ent incubation times after mixing SNPs and liposomes were not
successful mainly because the process occurred in a time laps fas-
ter than that can be experimentally analyzed. To overcome this
drawback, we developed a method that blocks or slows down the
engulfing process with the use of 10 nm positively charged gold
nanoparticles. Gold nanoparticles were mixed with SNPs at a gold
bead to SNP ratio r equal to 200 fully covering SNP surfaces. Then,
their interactions with SNPs prevented liposome spreading onto
silica surface (Fig. 5A). Therefore, the coverage of SNP with lipo-
somes in the presence of gold beads was studied by cryo-TEM.
The gallery revealed intermediate steps of SNP covered by the lipo-
some engaged in the engulfing process (Fig. 5B–F). LUVs were ob-
served partially spread onto SNP, as schematically drawn in Fig. 3G.
The interactions of gold beads with SNP were strong enough to
block the vesicle spreading. This process was stopped at different
stages which were directly related to the amount of gold beads at-
tached to SNP. These results definitively prove that SNP is en-
trapped into the liposome via an internalization process driven
by the spreading forces of the lipid bilayer on the silica surface
(step 1, Fig. 3G). Intermediate steps were also observed with lipo-
somes made of two concentric lipid layers and revealed that the
outer lipid membrane creeps up the silica surface inducing the
deformation of the inner membrane (white arrows in Fig. 5E, F).
Then, the outer membrane initiates the engulfment of SNP driven
by strong adhesive interactions. To fully internalize SNP, the ulti-
Fig. 5. Internalization process prevented by gold beads. (A) Gold beads fully covering S
intermediates steps of vesicle spreading (step 1 in Fig. 3G). The use of positively charge
Intermediate steps are observed on double membrane liposomes. The outer liposome cree
pushes the inner liposome. Scale bar 50 nm.
mate stage corresponds to the fission of the edges of the vesicle
membrane creeping on the SNP surface (steps 2–3 in Fig. 3G) (Des-
erno and Gelbart, 2002).

Besides adhesion and bending energies, the notion of Gaussian
rigidity has to be invoked in order to explain the complete internal-
ization of SNP. Indeed, the fission process involves a modification
of the topology (separation of the vesicle/colloid complex from
the large liposome, step 3 in Fig. 3G). Although there is no available
estimation of kg for DOPC bilayers, the spontaneous fission of the
liposome certainly reflects a negative value of the Gaussian rigid-
ity. This assertion is fully consistent with the criterion for a stable
vesicle phase: kg < �2kb (Leibler, 2004).

In summary, our results indicate that the full internalization of
SNP into LUVs is mediated by an invagination process as shown by
the tomograms of intermediate steps. Our success at observing this
process at nanometer scale provides new insights into the transmi-
gration mechanism regarding information retrieved from giant
vesicles (Fery et al., 2003; Fleck and Netz, 2004; Benoit and Saxena,
2007; Livadaru and Kovalenko, 2006; Dietrich et al., 1997; Koltover
et al., 1999). In particular, we have shown that SNPs (30–190 nm in
diameter) are fully internalized into vesicles whose diameters
range from 100 to 300 nm, well below the 300 nm threshold esti-
mated by Deserno and Gelbart (2002). We have also evidenced that
complete internalization of nanoparticle does occur with pure
DOPC lipids in the fluid phase, meaning that phase-separated
membrane domains are not a prerequisite for membrane fission,
as it was recently suggested (Smith et al., 2007). The idea that
SNP may induce the rupture of the lipid membrane and the forma-
tion of nanosized hole (Ginzburg and Balijepalli, 2007) is not sup-
ported by our results either. Note however that different
NP prevents SNP/liposome interaction. (B–D) Gallery of cryo-EM images revealing
d gold beads allows blocking the DOPC liposomes spreading on silica surface. (E, F)
ps up the nanoparticle surface (white arrows) progressively internalizing SNP which
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translocation pathways may occur in experiments on SLBs, in
which the underlying support is expected to have a valuable influ-
ence (Mecke et al., 2005; Leroueil et al., 2008). In the case of SLB, it
is possible that the mica support (usually negatively charged) used
for AFM imaging may have an attractive effect on the cationic
nanoparticles beyond the SLB and then facilitates the subsequent
hole formation.

4. Conclusion

In the present study, we demonstrate that nanoparticles inter-
acting strongly with lipid membrane can be transported through
it via an invagination process without the need of supplementary
energy. It is now of importance to investigate their interactions
with cell membrane at nanometer scale. This invagination process
evidenced on model membrane could be helpful for a better under-
standing of the underlying mechanisms involved in nanoparticle
cellular uptake, including passive or active transports and pro-
cesses associated with their cytotoxicity.
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