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Lipid membrane fusion is an essential process for a number of
critical biological functions. The overall process is thermodynam-
ically favorable but faces multiple kinetic barriers along the way.
Inspired by nature’s engineered proteins such as SNAP receptor
[soluble N-ethylmale-imide-sensitive factor-attachment protein re-
ceptor (SNARE)] complexes or viral fusogenic proteins that actively
promote the development of membrane proximity, nucleation of a
stalk, and triggered expansion of the fusion pore, here we intro-
duce a synthetic fusogen that can modulate membrane fusion and
equivalently prime lipid membranes for calcium-triggered fusion.
Our fusogen consists of a gold nanoparticle functionalized with an
amphiphilic monolayer of alkanethiol ligands that had previously
been shown to fuse with lipid bilayers. While previous efforts to
develop synthetic fusogens have only replicated the initial steps of
the fusion cascade, we use molecular simulations and complemen-
tary experimental techniques to demonstrate that these nanopar-
ticles can induce the formation of a lipid stalk and also drive its
expansion into a fusion pore upon the addition of excess calcium.
These results have important implications in general understand-
ing of stimuli-triggered fusion and the development of synthetic
fusogens for biomedical applications.
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ipid membrane fusion is an essential component of funda-

mental cellular processes like cargo transport, pathogenic
interactions, reproduction, morphogenesis, and communication
(1-6). Multiple transient intermediates with associated energy
barriers, however, precede the fusion of membranes (7-10). The
fusion process requires close proximity between the membranes,
which creates repulsive hydration forces between polar head
groups of the proximal leaflets (11). Acyl chains of lipids from
the apposed membranes must develop contact in the intervening
solvent, resulting in the formation of a stalk between the proximal
leaflets that may facilitate lipid exchange between the membranes
(12, 13). Expansion of this fusion stalk is then necessary to drive
distal leaflet contact, which may result in a metastable hemifusion
intermediate or direct formation of a fusion pore (8, 14). In bio-
logical systems, this sequence of events is directed by an ensemble
of fusion proteins, with the effective pathway being specific to the
underlying process that the fusion process enables (15). An in-
teresting example is synaptic vesicle fusion, which happens at the
junction of two neurons where neurotransmitters are exchanged,
because it is fast and synchronized with the release of calcium
upon the arrival of an action potential (16). The process is driven
by a complementary set of SNAP receptor (SNARE) proteins that
are present in both the neurotransmitter vesicles and the plasma
membranes and form a tight complex that drives the membranes
into close proximity and also generates perturbations that pro-
mote the nucleation of a fusion stalk between the proximal leaf-
lets. Once calcium ions are introduced from nearby ion channels,
the stalk rapidly expands and ruptures into a fusion pore, causing
exocytotic release of neurotransmitters (17, 18).
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Inspired by this neural machinery, here we introduce a synthetic
fusogen that is analogously capable of performing calcium-triggered
fusion. In particular, the fusogen consists of an amphiphilic
nanoparticle composed of a gold core functionalized with a mixed
monolayer of alkanethiol ligands. Such nanoparticles had been
shown to induce protein-mimetic perturbations in surrounding
lipids (19), with their ability to promote the incidence of lipid
tail protrusions bearing striking resemblance to similar effects
hypothesized to underlie the function of membrane-bound fusion
peptides (20). There is prior evidence that the nucleation of a
fusion stalk between closely apposed lipid bilayers requires acyl
chains from the proximal leaflets to protrude and intercalate in
the intervening solvent (21). This creates a hydrophobic channel
that connects both bilayers. If nanoparticles can similarly facilitate
the creation of this channel by bridging the hydrophobic regions of
both bilayers, which is plausible given their ability to fuse with such
bilayers (22, 23), they may be able to function as synthetic bridges
or fusogens and mediate fusion between lipid membranes. To probe
this possibility, we modeled the interaction of planar 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) lipid bilayers separated by
a solvent layer of 10 water molecules per inner lipid through coarse-
grained molecular dynamics simulations (Methods). This corresponds
to an interbilayer head-group separation of ~1 nm and is com-
mensurate with the critical distance for spontaneous stalk for-
mation between protein-free lipid membranes as measured in
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prior work (24). With propensity for fusion of lipid bilayers being
correlated with curvature (25), this system additionally repre-
sents an upper bound to the fusion barrier and is, therefore, a
stringent test of a synthetic agent’s fusogenic ability. As a first
approximation, we assume that the nanoparticle has fully em-
bedded into one of the membranes through an insertion pathway
that has previously been extensively characterized (22, 26, 27),
and that the interacting membranes are already in close proximity.
Such conditions can be relaxed, but the results do not change
significantly, as we later see in the case of nanoparticle-mediated
interaction between lipid vesicles. We probe this system in the
presence of a 2-nm gold nanoparticle functionalized with a 1:1 mixture
of 11-mercapto-1-undecanesulphonate (MUS) and 1-octanethiol
(OT), as shown in Fig. 1.4 and B. Clearly, the nanoparticle initiates
a stable state of lipid exchange between the proximal leaflets, as
shown in Fig. 1C, after a latent state that persists on a micro-
second timescale. Note that this timescale is a lower bound and is
likely orders of magnitude higher in experiments where nano-
particle and lipid membranes are present at much lower con-
centrations. The end state is a stalk-like structure between the
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proximal leaflets, where the nanoparticle partitions charged li-
gand end groups to the periphery and has hydrophobic ligands
freely associating with the hydrophobic core of the stalk.

The incidence of stalk formation on this timescale is anoma-
lous because, owing to the requirement of hydrophobic contact
between a pair statistically independent lipid tail protrusions
(21), planar lipid membranes are typically not observed to fuse
on biologically relevant timescales in the absence of a fusogenic
agent. The ability of membrane-embedded nanoparticles to drive
lipid mixing under these circumstances is therefore an intriguing
result that merits further investigation. As shown in Fig. 1D, a
time series of hydrophobic contacts between the nanoparticle
and the adjacent bilayer’s lipids and between lipids from the two
bilayers reveals that the formation of the stalk is initiated by
hydrophobic contact between the nanoparticle’s exposed surface
monolayer and a lipid from the adjacent bilayer. Subsequent
persistence of nanoparticle-lipid contact and a continuous increase
in lipid-lipid hydrophobic contacts indicate that the nanoparticle
functions as a bridge over which lipids can be exchanged between
proximal leaflets. The overall behavior is consistent with the cis lipid
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System components and nanoparticle-mediated stalk formation. (A) Coarse-grained representation of the amphiphilic MUS:OT nanoparticles studied

in molecular dynamics simulations shown alongside chemical structure of the nanoparticle surface ligands and a DOPC lipid molecule. (B and C) Snapshots of
initial simulation state and nanoparticle-induced stalk between dehydrated lipid membranes (water molecules not shown for clarity). (D) Time series plot of
hydrophobic (alkyl-alkyl) contacts between nanoparticle and lipids from apposed bilayer and between lipids from the two bilayers. (E) Transition state for
nanoparticle-mediated stalk formation, identified through committor analysis of the 2-nm MUS:OT trajectory, involves the extraction of a lipid from the

adjacent bilayer toward the membrane-embedded nanoparticle.
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mixing that is characteristic of stalk formation between lipid vesicles
as observed in previous work (2).

To identify the origin of this effect, we performed committor
analysis on the simulation trajectories to identify the transition
state for nanoparticle-mediated stalk formation between lipid
membranes. Briefly, this process involves extracting a subset of
the simulation trajectory surrounding the critical event, launch-
ing a series of independent simulations with randomized velocities,
and determining the fraction that proceed to stalk formation to
determine a transition probability (see Methods for further details).
As shown in Fig. 1E, the transition state (corresponding to the state
with transition probability of 0.5) between sonly surface attraction
and stalk formation occurs with the nanoparticle extracting a single
lipid from the adjacent bilayer into its surface monolayer.
Following this commitment, subsequent lipid exchange be-
tween the inner bilayer leaflets is spontaneous and bridged by

A Initial state

the initial nanoparticle-lipid complex. The ability of the nano-
particle to perform lipid extraction on a microsecond timescale is
itself intriguing, given the high energetic penalty associated with
such an extraction under ordinary circumstances (28). As shown in
the plot of the interaction energy between the extracted lipid and
system components (S Appendix), however, this energetic penalty
is substantially compensated by significant compatibility between
the extracted lipid and the amphiphilic character of the nanoparticle’s
exposed surface monolayer.

While the above simulations demonstrate a mechanism through
which nanoparticles may support stalk formation between lipid
membranes, the preexistence of a dehydrated interface and extreme
absence of curvature preclude an understanding of the broader
mechanism through which nanoparticles may fully modulate the
fusion of lipid-bound compartments. To uncover the full pathway
for nanoparticle-mediated fusion of small unilamellar vesicles
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Fig. 2. Molecular dynamics simulation of nanoparticle-driven vesicle fusion. Coarse-grained molecular dynamics simulations reveal a mechanism through
which nanoparticles can drive fusion between lipid membranes. (A and B) The presence of membrane-embedded nanoparticles drives the vesicles into close
proximity, which, in turn, facilitates the ability of the nanoparticle to extract lipids from the adjacent bilayer and nucleate the formation of a fusion stalk
between the membranes. (C) Subsequent influx of Ca** results in mechanical tension between the inner and outer leaflets of this complex, modeled here by
removal of a subset of lipids from the outer leaflets at 1,000 ns, and causes expansion of the stalk into a fusion pore. (D) Proposed pathway summarizing how
the nanoparticle reduces key free energy barriers during membrane fusion. The free energy profiles are schematic and not to scale. (E) The transition to stalk
proceeds through a lipid extraction pathway similar to that observed for nanoparticle-mediated stalk formation between planar lipid membranes. The
extracted lipid is in white and highlighted with an arrow. (F) Expansion of the fusion stalk upon condensation of outer area-per-lipid requires reorganization
of the nanoparticle ligands in a manner that permits contact between inner leaflets of the two vesicles.
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Experimental realization of vesicle fusion driven by amphiphilic nanoparticles. Cryogenic electron microscopy images are shown on the left for:

unilamellar DOPC vesicles as synthesized (A), vesicles upon addition of CaCl, in absence of nanoparticles (B), vesicles upon addition of 3-nm MUS:OT gold
nanoparticles (C), and vesicles upon influx of CaCl, following incubation with nanoparticles (D). (Scale bars, 50 nm.) (E) Vesicle size distribution as measured
from quantitative analysis of the microscopy images. Each colored point corresponds to a different vesicle and in total the analysis was done over more than
4,000 SUVs. The error bars correspond to the SD and is centered around the mean of the distribution. (F) Fluorescence emission spectra from the sulfo-
rhodamine B content mixing assay. As the dye gets diluted by fusion with empty vesicle, the signal increases (see text for details). (G) FRET assay indicating full
fusion for the case in which CaCl, is added to a system already incubated with NPs. The signal is clearly seen at 582 nm and does not disappear when quencher
Q is added, indicating inner-leaflet mixing. The excitation wavelength is 463 nm. In the absence of CaCl,, the FRET signal disappears upon the addition of Q

implying lipid mixing only in the outer leaflets.

(SUVs), we performed unbiased molecular dynamics simulations
of 20-nm DOPC liposomes. These SUVs are initially separated by
a minimum distance of 2 nm. In the absence of an embedded
nanoparticle, the vesicles show no attractive interactions or fusion
events over multiple microseconds. When a 3-nm MUS:OT
nanoparticle is introduced into one of the vesicles as shown in
Fig. 24, there is a pronounced increase in the ability of the vesicles
to maintain their initial proximity, owing to electrostatic attraction
between exposed sulfonate groups of the embedded nanoparticle
and lipid head groups from the neighboring vesicle. The resulting
dehydrated interface bears similarities to the planar systems
studied above and, predictably, we observe nanoparticle-mediated
stalk formation between the vesicles (Fig. 2 B and E). The typical
timescale to stalk formation we find in simulations is around 1 ps,
but this might be just due to the fact that we are working at ex-
tremely high SUV concentrations. We allowed these simulations
to proceed for multiple microseconds and observed minimal
change in the structure of this complex. To probe if there would
be any difference if the nanoparticles are not embedded in the
membrane completely, we ran simulations with a free nano-
particle in the solvent region and allowed the system to evolve
under no constraints. As shown in SI Appendix, Fig. S11, we find
that this system also proceeds to stalk formation, with the resulting
formation more closely resembling those observed in experiments
on SUVs and visualized using cryogenic transmission electron
microscopy (TEM) (discussed below). The system being arrested
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at the stalk state is not surprising since further expansion of the
stalk requires the development of trans-leaflet contact, which the
nanoparticle is unable to drive because it is in a conformation that
does not permit it to assert point-like forces to this effect, whereas
for SNARE transmembrane domains are believed to be able to do
s0 (29, 30). Expansion of the fusion stalk into a fusion pore in our
case would therefore be entirely dependent on the effects of an
external stimulus. Previous insightful studies from Grubmuller and
coworkers have shown that mechanical stress due to the con-
densation of the area-per-lipid in the outer leaflet leading to
membrane asymmetry can drive complete fusion in a similar sys-
tem (7). An avenue to achieve this asymmetry is to have an excess
of Ca®" in the outer solvent, which has been shown by SAXS to
drive electrostatic condensation of the area-per-lipid of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipids (31), with
maximal condensation of ~9% obtained at an excess of 2 mM
Ca®*. We note that in this study the lipids were in their liquid
state. To probe this effect, we analogously introduce membrane
asymmetry in our simulations, by deletion of 9% of cis (outer)
leaflet lipids (Methods), and indeed observed spontaneous expan-
sion of the connecting stalk into a fusion pore that subsequently
enabled content mixing between the vesicles (Fig. 2 C and F). This
process appears to be stochastic in nature, and within the simula-
tion timescale of 10 ps per trajectory we observed five of seven
replicas proceed to full fusion.
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Fig. 4. Macroscale demonstration of nanoparticle-mediated fusion. Sulforhodamine B encapsulated in small liposomes (SUVs) is released into GUVs, upon
influx of Ca®*, only if the system is incubated with amphiphilic nanoparticles. (A) Time sequence of confocal fluorescence images showing fusion of liposomes
with GUVs in the presence of nanoparticles. (B) Time sequence of confocal fluorescence images showing that fusion does not occur in the absence of
nanoparticles. Time 0 represents a snapshot right before the addition of Ca?*. Note that the timescale of fusion in this case is limited by the diffusion of

calcium toward the fusion sites. (Scale bars, 50 pm.)

In order to test the simulation results experimentally and
confirm different parts of the uncovered pathway, we used several
complementary techniques. First, we used cryo-electron micros-
copy to directly probe the ability of amphiphilic nanoparticles to
modulate interactions between lipid vesicles in an experimental
setting. We formed small unilamellar DOPC vesicles (SUVs) with
an average diameter of 50 nm through repeated extrusion of a
lipid suspension prepared using the film rehydration technique
(Methods). A representative image of the resulting vesicle pop-
ulation is shown in Fig. 34. As a control for testing what is the
effect of purely stressing the membranes without NPs, we added
CaC(l, at a concentration of 2 mM to the system. This concen-
tration of CaCl, has been shown to roughly correspond to a
maximal condensation of area-per-lipid for this particular head
group, as explained above (31). As shown in Fig. 3B, minimal
fusion of the vesicles is observed. As shown in Fig. 3C, in the
absence of CaCl, but with the addition of MUS:OT NPs of average
diameter of 2.4 nm and incubation for 60 min results in significant
clustering of the vesicles, with the nanoparticles appearing to bridge
membranes in a similar manner to the simulations (Fig. 2E and SI
Appendix, Fig. S11). This can be clearly seen if one examines the
edge of the outer leaflet in the area where the nanoparticles are
present (SI Appendix, Fig. S12). As mentioned above, to induce
interleaflet tension we change the area per lipid in the outer
membrane by introducing 2 mM CaCl, into the system. We observe
a large increase in the average diameter of the vesicles that is in-
dicative of fusion events throughout the sample (Fig. 3 D and E). In
Fig. 3E, we observe that the diameter of vesicles increases markedly
upon the addition of CaCl, only if the solution is first incubated
with nanoparticles. We studied >4,000 SUVs to obtain the statistics
shown in Fig. 3E, where each colored point corresponds to a dif-
ferent counted vesicle. Note the large number of outliers toward
large sizes in the NP + Ca®* system. The minimum total efficiency
of fusion is represented by the number of vesicles bigger than the
average control size. In our case we find that 81% of the vesicles are
larger than the control average size.

To further probe this system, we used fluorescence assays to
directly test content mixing and lipid mixing in both leaflets. In
Fig. 3F, we show the results for content mixing, where we probed
this system using a sulforhodamine B content mixing assay (Methods).
Content mixing will be expected if empty SUVs fuse with SUVs
containing sulforhodamine B just above the self-quenching con-
centration. Commensurate with simulation and microscopy results,
we observe a significant uptick in the emission signal indicating
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content mixing only upon influx of calcium if the vesicles are
previously incubated with the MUS:OT nanoparticles. Previous
experiments have shown using Forster resonance energy transfer
(FRET) that amphiphilic nanoparticles can induce lipid mixing,
but not content mixing (32), further underscoring the necessity of
calcium in driving the system from “frozen-stalk” to full fusion.
To further probe if this system undergoes full fusion upon calcium
stimulation, we perform a lipid mixing assay to probe lipid mixing
in the inner leaflet only. To do this, we use two populations of
DOPC SUV containing different lipid dyes that serve as a FRET
pair as was done previously (see Methods for details). However,
this time we add a fluorescence quencher to the external medium.
If mixing occurs only in the outer leaflet, the FRET signal can be
quenched, while if the inner leaflets mix, we should still observe a
FRET signal. Our results shown in Fig. 3G indicate that a 1:1
mixture of the different vesicles containing each one of the FRET
lipid-bound dyes incubated with NPs under the same conditions as
those used for content mixing indeed undergo full fusion upon
2 mM CaCl, addition. This can be seen by the fact that the peak at
582 nm, which is the emission wavelength of the receptor dye,
does not disappear even with the addition of the quencher Q
(lowest dashed curve). In the absence of calcium, however, we
observe a weak mixing signal that gets suppressed once we add the
quencher (upper continuous and dashed lines). The experiments
in the current work thus provide direct evidence that amphiphilic
nanoparticles can prime lipid vesicles for fusion and, upon the
arrival of calcium, drive pore expansion and full fusion.

To see if this effect could potentially work on a larger scale, we
formed giant unilamellar DOPC vesicles (GUVs) and charac-
terized their interaction using confocal optical microscopy. SUVs
containing sulforhodamine B at self-quenching concentration
were first incubated in a mixture with GUVs and with MUS:OT
nanoparticles for 60 min. As shown in Fig. 44 and Movie $4,
introduction of calcium at 20 mM following incubation results in
fusion, as indicated by the increase in fluorescent intensity of the
GUV interior. We used a higher concentration compared to the
SUV experiments because calcium is inserted locally using a
pipette and mixing is slow as we do not stir the suspension. As a
control, we also add calcium in the same way to the mixture of
GUVs and SUVs without MUS:OT nanoparticles. As shown in
Fig. 4B and Movie S5, we do not see a distinct increase in GUV
fluorescent content following the introduction of calcium in this case.

To further analyze this SUV + GUYV system in a similar
fashion to the case of pure SUVs, we also conducted FRET

Tahir et al.
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experiments with a pair of lipid dyes consisting of Sulforhod-
amine B-labeled lipids and NBD-labeled lipids to directly ob-
serve lipid mixing. We also incorporated free Sulforhodamine B
at self-quenching concentrations in the interior of the SUVs to
probe content mixing simultaneously, in a manner that is similar
to previous experiments (33, 34). In Fig. 5, we show the evolution
of a vesicle after 20 min of incubation in each successive state
(Methods). Clearly, in the presence of NPs alone the FRET
signal is present, particularly for the small vesicles outside the
large GUV in the center. As mentioned above, previous studies
from our groups had already demonstrated lipid mixing using a
more sensitive FRET assay for this system and found maximal
mixing at ~2 h (32), which corresponds to a longer time scale
than the one studied here. However, upon the addition of cal-
cium, we see rapid mixing (within seconds) in a large population
of GUVs, indicating a large number of lipids labeled with NBD
have been added to the membrane of the GUVs (SI Appendix,
Fig. S13), further corroborating the fusion hypothesis. In Fig. 5,
Right, it is also evident that the interior of the vesicle is more
fluorescent than the background, indicating content mixing and
not leakage as responsible for the increase in fluorescence in the
interior of the GUV. We must note that while our work shows
unequivocally that our synthetic fusogens promote SUV docking
and lipid exchange, and can serve for controlling fusion even
with larger GUVs, further work in this area is needed to find the
optimal conditions to control the fusion cascade in GUVs.

In conclusion, we have introduced a synthetic nanoparticle
fusogen that can mediate fusion between lipid membranes and
be controlled using an external stimulus. The pathway through
which this occurs demonstrates that amphiphilic nanoparticles
facilitate fusion through the reduction of key energy barriers
associated with development of initial membrane proximity and
stalk formation somewhat resembling its natural counterparts. In
particular, the embedded nanoparticle exposes excess anionic sul-
fonate groups that demonstrate attractive interactions with polar
head groups of the opposing bilayer and counteract the repulsive
hydration forces that would otherwise inhibit close approach of the
membranes. The amphiphilic character of this exposed monolayer
also reduces the energy barrier associated with extraction of a
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GUVs + SUVs + NPs GUVs + SUVs + NPs + Ca?*

Simultaneous lipid and content mixing assay of small unilamellar vesicles (SUV) and giant unilamellar vesicles (GUV). Confocal microscopy images of
GUVs labeled with Rh-1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) (red) and large unilamellar vesicles (LUV) labeled with NBD-DOPE
(green) containing sulforhodamine at self-quenching concentration. In Upper, we use two different lasers with wavelength corresponding to the excitation

wavelength of NBD and Rho to excite the different fluorophores. In contrast, in Lower, only the excitation wavelength of NBD is used to obtain FRET. Each
collection of four images is a different GUV representative of the situation indicated in the labels after 20 min of incubation. (Scale bars, 10 pm.)

lipid from the opposing membrane, resulting in spontaneous
hydrophobic contact and nucleation of a fusion stalk between the
membranes on a microsecond timescale. With these principal
energy barriers to fusion overcome by the action of the embedded
nanoparticle, the introduction of calcium condenses the cis leaflet’s
area-per-lipid, creating a mechanical asymmetry between the
membranes leaflets that ultimately drives trans leaflet contact
and rapidly expands the stalk into a fusion pore. Our results thus
uncover an area of designing protein-inspired nanostructures from
first principles using monolayer-protected nanoparticles and can
be useful in understanding biological vesicle fusion as well as
enabling new technological innovations in this area.

Materials and Methods

Molecular dynamics simulations were performed using the Gromacs package
and system constituents modeled using the Martini force field. Committor
analysis was used for determining the transition state for nanoparticle-
mediated fusion between lipid membranes. Nanoparticles were synthesized
using the Brust method, and interaction with lipid vesicles was imaged using
cryogenic electron microscopy. Lipid and content mixing assays were utilized
for quantifying interactions between lipid vesicles that are mediated by the
presence of nanoparticles. See S/ Appendix for further details.

Data Availability Statement. Molecular dynamics simulation states (model for
nanoparticles, nanoparticle-mediated fusion planar membranes, and nanoparticle-
mediated fusion of vesicles) and experimental data (TEM snapshots and raw
experimental measurements) have been deposited to FigShare (https:/
figshare.com/collections/Calcium-triggered_fusion_of_lipid_membranes_
is_enabled_by_amphiphilic_nanoparticles/5023487/1).
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