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NANOPARTICLES

Direct proof of spontaneous translocation of
lipid-covered hydrophobic nanoparticles through a
phospholipid bilayer

Yachong Guo,' Emmanuel Terazzi,® Ralf Seemann,® Jean Baptiste Fleury,? Vladimir A. Baulin*

Hydrophobic nanoparticles introduced into living systems may lead to increased toxicity, can activate immune cells, or
can be used as nanocarriers for drug or gene delivery. It is generally accepted that small hydrophobic nanoparticles are
blocked by lipid bilayers and accumulate in the bilayer core, whereas big nanoparticles can only penetrate cells
through slow energy-dependent processes, such as endocytosis, lasting minutes. In contrast to expectations, we dem-
onstrate that lipid-covered hydrophobic nanoparticles may translocate through lipid membranes by direct penetra-
tion within milliseconds. We identified the threshold size for translocation: nanoparticles with diameters smaller
than 5 nm stay trapped in the bilayer, whereas those with diameters larger than 5 nm insert into the bilayer, opening
pores in the bilayer. The direct proof of this size-dependent translocation was provided by an in situ observation of a
single event of a nanoparticle quitting the bilayer. This was achieved with a specially designed microfluidic device
combining optical fluorescence microscopy with simultaneous electrophysiological measurements. A quantitative
analysis of the kinetic pathway of a single nanoparticle translocation event demonstrated that the translocation is
irreversible and that the nanoparticle can translocate only once. This newly discovered one-way translocation mech-
anism provides numerous opportunities for biotechnological applications, ranging from targeted biomaterial elimi-
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nation and/or delivery to precise and controlled trapping of nanoparticles.

INTRODUCTION

Nanoparticles (NPs) of different sizes and shapes are involved in many
biomedical applications because of their abilities to insert into mem-
branes and to internalize into cells (1, 2). These applications range
broadly from microscopy imaging (3, 4) and cell manipulation (5, 6)
to diagnostics and therapeutics (7-10). Apart from numerous practical
applications, NPs may also result in increased cytotoxicity (11). In par-
ticular, gold nanoparticles (AuNPs) may induce death of human endo-
thelial and epithelial cells (12) and show increased cytotoxicity for other
types of cells even at low concentrations (11, 13-15). Cytotoxicity of AuNPs
increases with concentration and depends on the size of the NPs (15, 16).
Hydrophobic NPs can trigger an immune response by activation of im-
mune cells (17), which also increases with hydrophobicity. Because of their
tiny size, hydrophobic NPs are highly mobile in aqueous solutions and
present in aerosols around the planet: smoke, dust, volcanic ash, and soot.
This reactivity and mobility of hydrophobic NPs raises questions about
their biological effects. This generalized behavior of hydrophobic NPs
can be linked to their great ability to interact with cell membranes and, in
particular, to their affinity to the hydrophobic cores of membranes and bi-
layers. The hydrophobicity of NPs, in general, has a great effect on their
binding capacity, membrane activity, and cytotoxicity (16, 18-20). In con-
trast, charged NPs interact with the heads of lipids perturbing the bilayer,
leading to a rich behavior including NP adsorption and bilayer rupture
(2, 21-25). The interaction of neutral hydrophobic NPs with the lipid bi-
layer, in turn, is rather controversial. One of the reasons for this controversy
is that hydrophobic NPs need to be solubilized in the solution either by
attaching ligands or by adsorbing lipids to the surface of the NPs. Depend-
ing on the molecular nature of the coating and whether it is chemically or
physically bound to the NP (permanently grafted ligands, self-assembled
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monolayer, protein corona, or adsorbed lipids), variable interactions with
lipid membranes can be found both with the lipid coating and with the core
of the NP. A membrane can interact with the coating of the NP and, in the
case of physically adsorbed coatings, potentially also with the core of the NPs.

Despite the large variety of coatings, chemically inert cores of neutral
NPs may be characterized by only a few parameters, such as shape, size,
and surface properties. This may be an indication of a universal inter-
action behavior of NPs with cell membranes, which, in turn, can be
classified according to these parameters into groups with similar or ex-
actly the same effect on cells.

NPs of large sizes (diameter >10 nm) usually penetrate into cells through
active processes, such as different types of endocytosis (1, 2, 26, 27).
Active translocation through the cell membrane is energy-dependent,
requires collective action of membrane proteins, and involves the cyto-
skeleton (26). As a result, this mechanism is slow, with a characteristic time
on the order of seconds to minutes (28). In contrast, small solute mole-
cules, ions, protons, and hormones (29, 30), as well as fullerenes (31, 32),
can directly translocate through the lipid bilayer by passive diffusion. This
process is energy-independent and usually takes only hundreds of nano-
seconds (29). Thus, a huge difference in internalization time may markedly
affect how cells respond to the presence of external substances, whereas
one of the critical factors controlling the uptake mechanism is the size
of these substances interacting with lipid membranes.

In turn, small hydrophobic NPs (diameter <10 nm) can penetrate
and accumulate in bilayer cores (33, 34), and it is commonly assumed
that once they are trapped in the bilayer core, they cannot escape from it,
which represents a potential well. Several studies, mainly based on nu-
merical simulations, proposed strategies to enable these NPs to translo-
cate (35, 36). These strategies suggest manipulating the NP shapes (35) or
the NP coatings by using peptides (37), disposable ligands (36), or stripped
nanopatterns with a controllable symmetry (19, 38-40). Some of these NPs
could be internalized into cell membrane; however, none of them were
shown to translocate experimentally through a simple phospholipid bilayer,
so the translocation pathway of hydrophobic NPs remains obscure.
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Here, we demonstrate, both theoretically and experimentally, one-
way and direct translocation of hydrophobic lipid-covered NPs through
lipid bilayers (see Fig. 1). We show that NPs larger than 5 nm not only
spontaneously translocate through the bilayer within milliseconds but al-
so translocate only once because of the exchange of coating lipids between
NPs and the lipid bilayer. Using the single-chain mean field (SCMF) the-
ory (41-43), we propose a mechanism of passive translocation through
lipid bilayers. By observing individual translocation events of AuNPs with
1-dodecanethiol chains (44, 45) through DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphorylcholine) bilayers, we confirm the particle trans-
location and characterize the kinetic pathway, in agreement with our
numerical predictions. The mechanism relies on spontaneous pore for-
mation in the lipid bilayer. The observed universal interaction behavior
of neutral and chemically inert NPs with the bilayer can be classified
according to size and surface properties. Because of size differences,
small NPs are trapped in the cores of bilayers, whereas large NPs and
big clusters of NPs can translocate through lipid bilayers.

MECHANISM OF DIRECT TRANSLOCATION

The interaction between NPs of different sizes and a lipid bilayer was
modeled using the SCMF theory for lipid bilayers (43). Previously, this
method was successfully applied in studying the energy barrier during

AuNP, 6 nm before translocation
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insertion of carbon nanotubes and small nano-objects into the lipid bi-
layer (46-48). A similar technique is used here to study the size-
dependent insertion and translocation of NPs through the phospholipid
bilayer. Details of the applied simulations are described in Materials and
Methods.

NPs are modeled as hydrophobic spheres (47), with diameters ran-
ging from 2 to 10 nm. Dodecanethiol groups grafted to the surface of
NPs alter the surface chemistry and are modeled through their interac-
tion with the phospholipid tails by an interaction parameter, €. This in-
teraction parameter varies from —5.0 to —7.0 kT, where a crossover
between the two regimes is observed. The interaction parameter
€ =-5.0 KT corresponds to a weakly hydrophobic particle and represents
relatively weak attraction between the NP and the bilayer, whereas
e =-7.0 kT corresponds to a strong hydrophobic interaction, leading to
a spontaneous coverage of NPs. Thus, we consider that the interaction
parameter € = —7.0 KT corresponds to lipid-coated NPs.

The different insertion regimes found in simulations are presented
in Fig. 2A for different NP diameters and interaction parameters. When
NPs with € = -5.0 and —6.0 kT interact with the lipid bilayer, they insert
into the core. The tails of the lipids are in direct contact with the NPs,
but the interaction is not strong enough to cover the surface of the NPs
with lipids and to significantly disturb the bilayer structure. For diam-
eters <5 nm, an NP is fully integrated into the bilayer and covered by

Transient pore

Fig. 1. Suggested translocation mechanism of hydrophobic NPs through a lipid bilayer. Dodecanethiol-capped AuNPs (6 nm) get wrapped by a lipid layer. The lipid-covered
AuNPs destabilize the bilayer by generating pores and pass through the bilayer by taking away nonfluorescent and fluorescent lipids. The lipid exchange mechanism is
demonstrated experimentally by starting with NPs having a nonfluorescent lipid coating, which then pick up fluorescent lipids from the bilayer upon translocation.
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continuous lipid leaflets. A deformation of the lipid bilayer is ob-
served in the vicinity of an NP because of its hydrophobic interaction
with the lipid tails. For large diameters, ranging from 6.0 to 10.0 nm, an
inserted NP disrupts the bilayer, creating a “hydrophobic pore” (49),
although the tails of the lipids are closely attached to the surface of the
NP. In contrast, a strong hydrophobic interaction of € = =7.0 kT leads
to a structural rearrangement of lipids in the vicinity of an NP, wrapping
a lipid monolayer around the entire surface of the NP. Because of the
strong binding of lipids to the NP surface in this regime, the size of the
NPs determines two possible scenarios of NP-bilayer interaction: (i)
small NPs, with diameters of <5 nm, can be fully inserted into the bi-
layer without significant disruption of the bilayer; (ii) large NPs, with
diameters of >5 nm, do not fit into the core of the bilayer, and thus,
their presence significantly alters the bilayer structure, wrapping the NP
with a lipid monolayer. Because the lipids are oriented toward the sur-
face of the NPs, there is a possibility to form a “hydrophilic pore” that is
slightly larger than the radius of the NP. This scenario is similar to ex-
perimentally reported pores in a bilayer due to inserted proteins (49).
The crossover between the two scenarios is controlled by the thickness
of the bilayer, ~5 nm, which represents a characteristic length of the

bilayer. This length determines the NP size when two solutions coexist
simultaneously. When small NPs aggregate into clusters of larger size,
they can behave similarly to NPs with larger diameters.

To quantify the interaction of NPs with a bilayer, we calculated the
free energy difference per lipid molecule for the equilibrium insertion of
an NP, where AF (46) is calculated with respect to the free energy of an
unperturbed lipid bilayer without any NPs. The free energy difference AF
for different interaction parameters € is plotted in Fig. 2B as a function of
NP diameter. These calculations correspond to the thermodynamic equi-
librium; thus, there are no constraints on the distribution of lipids be-
tween the NP and the bilayer. Hence, the number of lipids covering
the NPs is the equilibrium coverage, and the free energies correspond
to the equilibrium. The more hydrophobic and larger an NP is, the more
favorable is its insertion into a bilayer. A lipid bilayer thus represents a
potential well for hydrophobic NPs, and one could expect that a bare hy-
drophobic NP, once trapped in the core of a bilayer, cannot spontaneous-
ly escape as commonly believed. We found that this is true for small NPs
with diameters of <5 nm and for relatively weak attractions to lipid tails,
when the topology of a lipid bilayer is not perturbed by the presence of
NPs (see Fig. 2A).

€ (kT)
A
2
E 3
1Sy
2
Q
£
8 4
a
5 = ———— e — 3
B - C 100
0
-200 80 -
—400 oL
3 -600 £ \ if
o H = 40+
S -800 5 I /
-1000 20 - 1
-1200 0 T T T =1
i L )| T +
-1400
" 1 " 1 1 1 " 1 " 1 20 { | H | H | i | H |
0 2 4 g 8 10 0 4 8 12 16 20

Diameter of NP (nm)

Distance from bilayer center (&)

Fig. 2. Interaction of hydrophobic NPs with lipid bilayers obtained from SCMF theory. (A) Density profiles of lipid heads and tails around embedded NPs. The NP diameter
varies between 2 nm < d < 10 nm, and the interaction parameter varies between —5 kT > & > —7 kT. (B) Free energy difference AF as a function of the NP diameter for different
interaction parameters €. (C) Free energy difference AF as a function of the distance between the bilayer center and the core of an NP, € = =7 kT.
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However, in the case of large NPs, with diameters of >5 nm, and
strong attraction, € = —7 KT, the structural rearrangement of lipid tails
around NPs leads to a bilayer rupture with the formation of a hydro-
philic pore. In this regime, the energy gain mainly results from covering
the NPs with lipids, whereas the lipid-coated NPs are only weakly
connected to the lipid bilayer.

To further explore this phenomenon, we calculated the free energy
cost per lipid for an NP to escape from a bilayer, AF, which is defined as
the energy cost of moving an NP out of the center of the bilayer in a per-
pendicular direction. The result for € = -7 kT is shown in Fig. 2C. Small
NPs with diameters of 2.0 and 4.0 nm remain trapped in the bilayer and
would require large energies to be extracted from the bilayer because
considerable deformation and rupture of the bilayer would be needed.
In contrast, there is almost no free energy barrier to extract NPs with
diameters of 6 nm from the bilayer. In consequence, hydrophobic NPs
>6 nm can escape from the bilayer by virtually pulling lipids out of the
bilayer. The transition between a “closed” and an “open” pore may be
triggered by thermal motion with relatively small free energy cost.

Having found that large and strongly hydrophobic NPs with the in-
teraction parameter € = -7 kT corresponding to NPs wrapped by lipids
can leave a bilayer with a negligible cost of energy, we also explored the
full translocation process across a bilayer for the interaction parameter
e = —7 KT, which corresponds to the experimental system of NPs
coated with lipids. Then, we considered the insertion of these hydro-
phobic NPs into the bilayer. It turns out that the insertion of a hydro-
phobic lipid-coated NP into a lipid bilayer is a multistep process
accompanied by the exchange of lipids between the NPs and the bi-
layer. The free energy difference as a function of the distance from the
center of the bilayer is plotted in Fig. 3, with reference to an un-
perturbed bilayer and an NP in solution covered with lipids. Lipid-
coated NPs approach a bilayer and touch its surface. The deformation
of the lipid bilayer without rearrangements of lipids leads to an in-
crease of the free energy and is not taken into account. However, if
the NPs are brought in contact with the core of the bilayer, they can
spontaneously embed into the bilayer (Fig. 3, embedding regime); this
process is energetically favorable and leads to a considerable decrease
of the free energy. Upon insertion, the lipid-coated NPs exchange their
lipid coating with the bilayer. The transition between approaching and
embedding is accompanied by a topological change in the structure of
the bilayer, and thus, this transition is a first-order transition, leading
to an abrupt jump from one solution to another. One can see a distinct
difference between the behavior of 2- and 4-nm NPs and that of 6-nm
NPs. Small NPs have only two solutions, “insertion” and “embedding”
(Fig. 3, A and B), whereas 6-nm NPs have an extra regime, “escape”
(blue curve in Fig. 3C). Fully embedded 6-nm NPs can rearrange lipids
and form pores with almost no energy cost and leave the bilayer as pre-
viously discussed. Note that the free energy values corresponding to the
escape regime in Fig. 3 (blue) are the same as those in Fig. 2C (blue). The
constant energy shift between the curves is due to the choice of the ref-
erence state of the free energy of the NP embedded in the center (Fig. 2)
and the unperturbed bilayer with noninteracting NPs (Fig. 3). In addi-
tion, the jumps between the solutions correspond to energy barriers,
which correspond to the time of staying in metastable states.

It is noteworthy that the energy corresponding to the escape regime
is ~90 kT lower than the energy of the insertion regime. This is because
the initial lipid coverage of an NP due to lipid self-assembly in the solution
before entering the bilayer differs significantly from that of an NP leaving
the bilayer, which corresponds to the equilibrium lipid coverage. Thus,
the driving force for the translocation of 6-nm NPs is the difference in
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the lipid surface coverage of the NPs before and after the contact with
the bilayer. However, embedded NPs can escape with equal probability
on both sides of the bilayer, providing symmetrical distribution of NPs
around the bilayer.

EXPERIMENTAL STUDY OF A SINGLE PASSIVE

TRANSLOCATION EVENT

A variant of the droplet interface bilayer technique (50, 51) was used to
produce a free-standing lipid membrane in a microfluidic chip (50, 52, 53).
Using a volume-controlled system with syringe pumps, we injected two
fingers of an aqueous phase (100 mM NaCl) face-to-face into micro-
channels of a cross-geometry (see Fig. 4A), which were previously filled with
squalene containing a phospholipid mixture of 99% DMPC and 1% fluo-
rescent NBD-DPPE [1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl)] (see Materials and Methods). After a
few seconds, the water-oil interface of each finger is covered with a mono-
layer of phospholipid molecules. Once the two liquid fingers are brought
into contact, their lipid monolayers interact, forming a lipid bilayer within
a short time (51, 52). The bilayer is stable and can be analyzed simulta-
neously by optical microscopy and by electrophysiological experiments
(53). The capacitance of the formed particle-free bilayer in this geometry
is measured as C ~ 140 pF for a pure DMPC bilayer (see Fig. 5). Knowing
the optically measured bilayer area, we can calculate the specific capaci-
tance as C, ~ 4.46 mF/m”. From that, the corresponding bilayer thickness
can be calculated as d = €;€(/C, = 4.4 nm, where £; = 2.2 is the dielectric
constant of the lipid membrane (5I) and €, = 8.85 X 1072 F/m is the
vacuum permittivity. These estimates agree with literature values (51-53).
Monodisperse AuNPs with diameters of 2, 4, and 6 nm are rendered hy-
drophobic by a covalent 1-dodecanethiol coating and are additionally
covered with a DMPC monolayer to allow their dispersion in an aque-
ous phase (see Materials and Methods). These NPs can be added to ei-
ther of the aqueous fingers.

For the first set of experiments, AuNPs are dispensed in only one of
the aqueous fingers at a concentration of ~0.1 ug/ml, which is suffi-
ciently large for the NPs to form small clusters in solution. The other
finger only contains buffer solution without any lipids or NPs. These
two aqueous fingers in contact are just separated by a DMPC bilayer
containing 1% of fluorescent lipids. Once the DMPC bilayer was formed
and equilibrated for 20 to 30 min, AuNPs of 2 nm in diameter, covered
with DMPC, were added into one of the aqueous fingers. After a few
minutes, we observed a reduction in capacitance from C =~ 140 pF, as ob-
served for the pure bilayer, to 127 pF for the same membrane area (see Fig.
5A). The resulting effective bilayer thickness d ~ 4.85 nm is larger than that
of a pure lipid bilayer. The increased effective bilayer thickness indicates
either insertion or accumulation of individual NPs in the bilayer. The ca-
pacitance signal is constant in time, similar to the pure bilayer, and excludes
a significant exchange of NPs or their clusters with the surrounding liquid.
This suggests that the particles are either partially or completely inserted
into the bilayer and cannot escape (54). When the same experiment was
repeated with 4- and 6-nm AuNPs, the capacitance is further reduced,
corresponding to effective bilayer thicknesses of d ~ 5.3 and 5.8 nm, respec-
tively. However, in the case of the larger NPs, the capacitance signal fluc-
tuates on the millisecond time scale. This might result from direct contacts
between the lipid bilayer and the AuNPs, which are continuously trying to
insert into and to escape from the bilayer.

The capacitance measurements discussed above were complemented
by optical fluorescence measurements. The DMPC-coated NPs are
nonfluorescent and become visible by fluorescence microscopy only
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Fig. 3. Interaction regimes of trapping and translocation for hydrophobic
NPs with € = —7.0 kT. The interaction regimes are given by three solutions of SCMF
equations for 2 nm (A) and 4 nm (B) NPs showing trapping of NPs in the bilayer and for
6-nm NPs (C) showing translocation of NPs. Insertion (purple): Lipid-coated NP touches
the upper leaflet without structural rearrangement. Embedding (yellow): The NP fuses
with the upper leaflet and exchanges its lipid coating with the bilayer. Escape (blue):
The NP is wrapped by lipids, forms a pore in the bilayer, and is thus free to leave.
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when taking up fluorescent lipids from the lipid bilayer. Twenty to 30 min
after adding lipid-coated NPs to only one side of the bilayer, we ob-
serve a similar number of fluorescent NPs on both sides of the lipid
bilayer. Conducting the same type of experiments with the nonfluo-
rescing bilayer and NPs coated with fluorescent lipids, we observe the
presence of the fluorescent lipids in the bilayer 20 to 30 min after adding
the lipid-coated NPs around the bilayer (see Supplementary Materials).
This shows that lipid-coated NPs can insert into the lipid bilayer and
exchange lipid molecules with the bilayer. After insertion, the NPs can
leave the bilayer to either side with equal probability, as predicted by the
numerical results. Additional experiments with two adjacent bilayers
(Supplementary Materials, Proof 3) demonstrate that NPs that translo-
cated once across a bilayer cannot retranslocate or at least have a suffi-
ciently lower ability to retranslocate (and remain trapped at the bilayer
side to which they initially translocated). These experimental findings
can be understood in line with the numerical results: while translocat-
ing, a single NP mixes its lipid coating with the bilayer upon insertion
into the bilayer and extracts lipids from the bilayer upon leaving such
that the lipid coating of the NP is denser after translocation than before
translocation. Because this lipid wrapping after/during translocation
lowers the free energy, the bilayer crossing is irreversible and can be
considered as an undirected, one-way process.

From individual trajectories of NPs or clusters of NPs, the respective
diffusion coefficient and the corresponding cluster or particle size can be
estimated (for the conversion of diffusion coefficient to size, see the Sup-
plementary Materials). Using this strategy, we analyze the Brownian
motion of the lipid-coated NPs in the initially NP-free aqueous phase,
that is, the NPs that crossed the bilayer (see Fig. 5, B to D). In the case of
2-nm NPs, no individual particles could be detected, and only the
clusters of NPs could cross the bilayer. The smallest cluster size that
could cross the bilayer had a diameter of 6 nm. A similar behavior
was observed in the case of 4-nm NPs: individual particles could not
cross the bilayer, and the smallest cluster size that could cross the bilayer
had a diameter of 8 nm. The behavior observed for 6-nm NPs is remark-
ably different: for this particle size, individual particles could also cross
the bilayer. Since smaller particles and dye molecules are unable to cross
the bilayer (see the Supplementary Materials), the ability of lipid-coated
particles or clusters with diameter d > 6 nm to cross the bilayer excludes
spontaneous membrane poration as the governing effect. Together with
the previous electrophysiological results, this demonstrates passive
translocation as the mechanism that allows NPs to cross the bilayer.

To also explore the pathway of the translocation, the abovemen-
tioned experiments were repeated for 6-nm AuNPs, which were shown
to cross the bilayer as individual particles. To exclude cooperative
effects, we conducted the experiments at an extremely low particle con-
centration of 0.01 ng/ml, making clustering of NPs into aggregates very
unlikely. Thus, this setup ensures the observation of a single NP trans-
location. Moreover, because of the resulting low frequency of trans-
location events, a particle translocation observed by fluorescence
microscopy can be unambiguously correlated to a simultaneously
measured electrophysiological signal. Figure 4C shows a single NP with
a diameter of 6 nm leaving the bilayer to the initially NP-free side; the
size of the NP is confirmed by the Brownian motion analysis. The
corresponding membrane conductance during the translocation is
presented in Fig. 6A, showing a three-step process. Starting at ¢ = 0,
the membrane conductance G is equal to the control value, which
confirms that the membrane is impermeable to ionic charges. At t =
2.5 ms, the conductance increases to G = 1.3 nS. At t = 5.2 ms (that is,
2.7 ms later), a second jump in conductance is observed at G = 30 nS.
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Lipid bilayer

Fig. 4. Microfluidic setup. (A) Two aqueous fingers surrounded by squalene-lipid solution form a bilayer at their contact area. NPs can be added to the aqueous phase of either
of the aqueous fingers. (B) Visualization of the most probable conformations of lipids around a pore formed by large hydrophobic NPs, d = 6.0 nm and € = -7 kT, and modeled by
SCMF theory. (C) Optical fluorescence microscopy time series demonstrating a single NP translocating through a lipid bilayer. AuUNPs were added to the aqueous finger at the right.
The NP leaving the bilayer (bright spot) to the initially particle-free side of the bilayer is indicated by a dashed circle. Another NP leaving the membrane to the side of the bilayer,
which initially contains NPs, is visible from t = 30 ms.
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Fig. 5. Experimental interaction of NPs with the bilayer. Measurements were performed for lipid-coated AuNPs with diameters of 2 nm (pink), 4 nm (orange), and 6 nm (blue)
at a concentration of ¢ ~ 0.1 ng/ml. (A) Capacitance measurements as a function of time of a pure DMPC bilayer (green) and of a DMPC bilayer in the presence of NPs dispersed in
the aqueous phase. (B to D) Size distribution of NPs that crossed the bilayer [2 nm (B), 4 nm (C), and 6 nm (D)], as analyzed from their Brownian motion. For the sake of clarity, the
histograms are plotted as a function of the particle core diameter without the 1-dodecanethiol and DMPC coating.
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At t = 9.3 ms (that is, another 4.1 ms later), the conductance drops
down again to the control value.

Let us interpret the conductance measurements shown in Fig. 6A in
view of the numerical results that describe the entire translocation event
as a three-step process: insertion, embedding, and escape (see Fig. 3).
The insertion and embedding should not be seen with conductance
measurements because no pores are associated to these steps. However,
the previous fluorescence measurements showed a lipid exchange be-
tween a lipid-coated NP and a bilayer, demonstrating the insertion
and embedding steps as predicted by the numerical results. According-
ly, the first jump can be understood as the formation of a hydrophilic
pore, which is the first part of the escape process. The second jump
corresponds to the particle leaving the pore, whereas the return of the
conductance to the control value corresponds to the pore closure.

The formation of the hydrophilic pore results in a gap size d, be-
tween the lipid-coated NP and the bilayer and can be estimated as

Gd

~ ——— = (0.1lnm
& ZﬂkRNpL

(1)

where k = 1.15 S/m is the bulk electrolyte conductivity (measured for
100 mM NaCl at 30°C), d = 4.4 nm is the bilayer thickness, and Ryp, =
6 nm is the radius of the used NPs with a core diameter of 6 nm, func-
tionalized with 1-dodecanethiol with a length of 1.6 nm and a DMPC
monolayer coating of ~2.5 nm (55). Therefore, we can suppose a lipid
interdigitation with the dodecanethiol layer of ~1 nm. The obtained gap
size agrees with the numerical model and is large enough to allow NPs
to escape the bilayer by thermal motion. The typical lifetime of the hy-
drophilic pore can be considered as translocation time and was found to
be on the order of a few milliseconds (see Fig. 6B). We suppose that the
gap is not uniform during its lifetime, and thin lipid bridges might main-
tain the contact of the NP to the bilayer. This explains that the process of
lipid extraction and reorganization of the bilayer is not instantaneous.
When the lipid-covered NP finally escapes the hydrophilic pore, the
bilayer conductance is expected to increase massively, and the experi-
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This value again agrees with the coated NPs used. The lifetime of this
open pore without a particle is found to be also on the order of a few
milliseconds. The pore created during translocation does not lead to bi-
layer rupture, despite the fact that the transiently occurring pore is larger
than the critical pore radius R. = o/I" = 1.2 nm, calculated from the
membrane free energy. The membrane rupture is likely prevented by
the short pore lifetime. Similarly, there are experimental measurements
demonstrating the nondestructive presence of large NP clusters in
vesicles (33).

The translocation process is a one-way process: while translocating,
a single NP extracts lipids from the bilayer such that the lipid coating of
the NPs is denser after the translocation. Because this lipid wrapping
and translocation process lowers the free energy, the bilayer crossing
is a one-way process and the translocated NP cannot enter the bilayer
again, which is confirmed experimentally in the Supplementary Materials
(Proof 3).

~

(2)

6nm

CONCLUSIONS
In a combined numerical and experimental study using the SCMF the-
ory and a microfluidic approach, we investigated a process of passive
translocation of single hydrophobic AuNP through a lipid bilayer. For
this purpose, we developed an apparatus that can monitor the trans-
location of a single NP and suggest the mechanism of nanotoxicity on a
single-NP level. In contrast to general expectations, we demonstrate that
lipid-covered hydrophobic AuNPs can not only spontaneously translo-
cate but also translocate only once and within milliseconds.

It was found that the interaction of NPs with the lipid bilayer depends
on the size of NPs. We could identify a threshold size of NP determined
by the bilayer thickness as a natural lengthscale. In particular, single NPs

-]
-—

o N~ OO O O

o

Translocation

Frequency

1 2 3 4
Time (ms)

5 6

Fig. 6. Kinetic translocation pathway. (A) Conductance measurement during a single translocation event from a 6-nm AuNP recorded at low particle concentration of ¢ ~
0.01 ng/ml. The insets represent the different stages of the translocation pathway, as found by numerical simulation. (B) Translocation times measured from several

individual translocation events.
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with diameters d > 5 nm translocate through the bilayer, whereas
individual NPs with diameters d < 5 nm are trapped in the bilayer.
These small NPs can leave the bilayer only when forming clusters
exceeding the threshold size. Other conditions and parameters, such
as lipid composition and elastic and curvature energies, may addition-
ally influence this threshold, but we expect no change in the order of
magnitude.

The translocation pathway numerically predicted by the SCMF the-
ory is confirmed by studying single translocation events with time-
resolved optical fluorescence and electrophysiological measurements in
our microfluidic setup. After the insertion of a hydrophobic NP into a
bilayer, the lipid molecules reorganize and flip their tails toward the NP,
completely wrapping the NP. This lipid-wrapped NP is only weakly
bound to the lipid bilayer and forms a spontaneous pore that can open
with thermal energies, enabling passive translocation of NPs. The
measured lifetime of this spontaneous pore during translocation was
found to be on the order of a few milliseconds, and the pore closes again
without rupturing the bilayer. During the insertion process of a lipid-
coated NP into the bilayer, the NP exchanges its lipid coating with the
bilayer and, in turn, extracts lipid molecules from the bilayer during the
translocation event, similar to the reported lipid extraction by graphene
nanosheets (56). However, as predicted by the theoretical analysis, the
coating of an NP entering the bilayer is not the same when leaving
the bilayer. Because this lipid wrapping and translocation process lowers
the free energy, the bilayer crossing is a one-way process, and the trans-
located NP cannot enter the bilayer again, which is confirmed experi-
mentally in the Supplementary Materials (Proof 3).

The observed and described mechanism allows for the translocation
of homogeneously coated NPs without the need of any nanopatterning,
as reported by Verma et al. (18) and Verma and Stellacci (19). Further-
more, understanding this phenomenon can shed light on several biolog-
ically and environmentally relevant questions, such as dangers related to
the uptake of tiny hydrophobic NPs by aquatic animals and the
potential harm of NPs present in cosmetics and skin creams. The re-
ported lipid exchange between NPs and the lipid bilayer can be used
to alter cell membrane composition and delivery “to” and “from” the
lipid bilayer. This mechanism provides numerous opportunities for bio-
technological applications, ranging from targeted biomaterial elimina-
tion and/or precise delivery to the membrane or trapping in the cells.
Specific coating of NPs opens perspectives to deliver objects such as
RNA, ligands, or short biopolymers through the membrane or into
the membrane.

MATERIALS AND METHODS

SCMF theory

The SCMF (46-48) can reproduce equilibrium and mechanical proper-
ties and free energies of self-assembled objects with different geometries
and molecular structures. Phospholipids were modeled at a coarse-
grained level within the three-bead model (43), which provided accurate
equilibrium and mechanical properties of DMPC lipid bilayers. NPs
were modeled as hard spheres fixed in the center of the bilayer. More
precisely, an NP represents a spherical region in the simulation box that
is not accessible for phospholipids. We assumed that the sphere could
interact with hydrophobic tails of phospholipids but that the lipids
could not go inside this region. The interaction parameter with NPs
varies between € values of —5.0, —6.0, and —7.0 kT, whereas the interac-
tion range is fixed and equal to 8.1 A. The lipid molecule was modeled as
three freely jointed spherical beads of equal radius, 4.05 A, connected by
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a stiff bond of 10 A (43). The beads interacted through square-well
potentials: between two hydrophobic beads, e = —2.1 kT with the
interaction range r = 12.15 A, and between one hydrophilic bead and
implicit solvent, e = —0.15 kT with the interaction range r = 12.15 A.
The solvent molecule was considered to be of the same radius as the
spherical beads. The simulation box with a size of 300 A x 300 A x
150 A was divided into two-dimensional cylindrical layers around the
z axis in the center of the simulation box. The conformational sampling
of lipid molecules was 4,000,000 conformations.

To calculate the free energy, we assumed that the simulation box
represents a part of an extensive system with an NP located inside
the simulation box, where the rest of the extensive system is a contin-
uous repetition of the NP perturbed membrane, used as a reference state
for the free energy. This allowed the calculation of the free energy F of a
large system from the calculation of the simulation box. It can be written
as a sum of the free energy of the simulation box, F,.x, and the free
energy of the equilibrium system out of the box, Fy. If we assume that
there is no NP inside the simulation box as a reference state, F can be
denoted by the total volume V and the total number of lipids N of the
large system, the free energy per lipid of the bilayer, f4, and the free
energy of pure solvent, f; = (¢o/ Vo) In(¢po/ Vior), where Vi is the volume
of the solvent and ¢y is the bulk solvent volume fraction

F:Fb0x+F0ut:st+NfA (3)

The free energy per lipid difference due to the insertion of an NP
(Fig. 2C) yields the form

AF = Fyox — Nfy = (Voox — Vo )f s (4)

where N is the equilibrium number of lipids in the box, Vi, is the
volume of the box, and V; is the volume of part of the NP inside the box.
The reference state for free energy difference was chosen to be the energy
of unperturbed bilayer (zero energy in Fig. 3), whereas in Fig. 2, the
reference state was the energy of an NP inserted in the bilayer.

Lipid molecules and solutions

All phospholipid molecules were purchased from Avanti Polar Lipids.
To prepare the lipid solutions, 20 mg of DMPC was dissolved in 1 ml of
squalene (Sigma) with 1% NBD fluorescence-labeled lipids [DPPE-NBD
(ammonium salt)]. The electrolyte for electrophysiological measurements
consisted of 100 mM NaCl (Sigma-Aldrich) in Milli-Q water. All ex-
periments were conducted at 30°C, where the lipid bilayer was in a fluid
phase.

Microfluidics

Microchannels with rectangular cross sections were fabricated using
typical soft lithography protocols. Channel dimensions were 300 um
in width and 140 um in height. The device was molded in SYLGARD
184 (Dow Corning) from an SU-8 photoresist structure on a silicon
watfer. The surface of the SYLGARD 184 device was exposed to oxygen
plasma (Diener electronic GmbH) and sealed with a plasma-treated
glass cover slide. The sealed device was rendered hydrophilic by heating
it to 135°C overnight. The liquids were dispensed from syringes (Hamilton
Bonaduz AG), which were connected to the microfluidic device by tub-
ing. Custom-made, computer-controlled syringe pumps were used to
control the injection of the water and the oil phase. For the fluorescence
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microscopy experiments, a commercial micro-particle image velocime-
try setup from LaVision was used, with an illumination wavelength of
473 nm and a sensitive CCD (charge-coupled device) camera (Imager
pro X).

Patch clamping

Ag/AgCl electrodes were prepared by inserting a silver chloride wire
into a borosilicate glass pipette (outer diameter, 1.5 mm; inner diameter,
0.86 mmy; Sutter) containing an electrolyte agarose solution. Lipid mem-
brane capacitance was measured using the LockIn function provided by
the patch clamp amplifier EPC 10 USB (HEKA Electronics). A 10-mV
sinusoidal wave, with a frequency of 20 kHz, was used as the excitation
signal. The electrodes were carefully introduced into the aqueous com-
partment of the SYLGARD 184 device using a micromanipulator.

Nanoparticles

AuNPs were synthesized from the one-step process described by Zheng
et al. (57). These NPs were composed of a gold core (2, 4, or 6 nm) and
coated with a dense monolayer of 1-dodecanethiol with a length of
1.6 nm, as described in detail by Donnio et al. (58). These AuNPs have
been characterized in detail by Mancini et al. (59) using ultrafast small-
angle electron diffraction. Transmission electron microscopy analysis
showed a size dispersion of around +0.5 nm for the used NPs with aver-
age diameters of 2, 4, and 6 nm. To disperse these particles in an aqueous
phase, we added a mixture of NPs and DMPC lipids on top of the aque-
ous phase. Subsequently, the system was sonicated for a few days. The
formation of a stable dispersion of single NPs into the aqueous phase
was confirmed by dynamic light scattering and zeta potential analysis
(Supplementary Materials).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/11/e1600261/DC1

Proofs of lipid exchange after NP insertion

fig. S1. Fluorescence micrograph showing that lipids from the NP coating go into the bilayer
upon translocation.

fig. S2. Fluorescence microscopy time series.

fig. S3. The three water droplets, described in this section, are observed under epifluorescence
microscopy.

fig. S4. Hydrodynamic diameter measurements from dynamic light scattering technique.

fig. S5. Schematic view of 6-nm dodecanethiol-capped AuNPs.
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