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Membrane fusion is crucial for infection of enveloped viruses, cellular transport, and drug delivery via lipo-
somes. Nanoparticles can serve as fusogenic agents facilitating such membrane fusion for direct trans-
membrane transport. However, the underlying mechanisms of nanoparticle-induced fusion and the ideal
properties of such nanoparticles remain largely unknown. Here, we used molecular dynamics simulations
to investigate the efficacy of spheroidal nanoparticles with different size, prolateness, and ligand inter-
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action strengths to enhance fusion between vesicles. By systematically varying nanoparticle properties,
we identified how each parameter affects the fusion process and determined the optimal parameter
range that promotes fusion. These findings provide valuable insights for the design and optimization of
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Introduction

Membrane fusion is a process in which two distinct mem-
branes merge into a single bilayer. Fusion is involved in a
number of cellular processes mainly related to the transport of
substances between organelles or between separate cells.
These substances are usually transported in vesicles that fuse
with other membranes to deliver their contents."”” Membrane
fusion is also involved in the infection of membrane-enveloped
viruses, which use specific proteins to facilitate the fusion with
the host membrane.> Membrane fusion is also a critical step
in drug delivery via artificial vesicles called liposomes. Fusion
of the liposome with the target membrane is necessary for
direct delivery of cargo to the cytoplasm. Without fusion, lipo-
somes are internalized via endocytosis, which very often leads
to their degradation.*

Fusion of two membranes is not a spontaneous process,
therefore several energy barriers need to be surpassed. Already
prior the initiation of the fusion, the hydration repulsion
needs to be overcame to allow close contact between the mem-
branes.> Once the membranes are in close contact, the mem-
brane fusion consists of two energy barriers.® The first barrier
is related to the formation of a stalk, where lipids from the
outer leaflet of the apposed membranes mix, while the inner
leaflets remain separate. The second barrier is related to the
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fusogenic nanoparticles with potential biotechnological and biomedical applications.

opening of a fusion pore which involves mixing of inner and
outer leaflets and results in a connection between the volumes
previously separated by each bilayer. After that, the pore is
expanded resulting in complete fusion.”

Membrane fusion is carried out by specific proteins that
facilitate the process in cells.””® The role of these proteins can
be artificially mimicked by nanoparticles.”** The design of
synthetic nanoparticles that can induce membrane fusion and
mimic the effect of fusion peptides could enable targeted and
efficient drug delivery to specific cells or organelles. However,
the properties that facilitate or induce fusion by such proteins
and nanoparticles remain elusive. At the same time, systematic
manipulation of nanoparticle properties could elucidate the
basic principles of membrane fusion.

In this work, we systematically modified spheroidal nano-
particles and quantified their ability to induce fusion between
two vesicles. We focused on the effect of nanoparticle prolate-
ness, size and ligand-receptor binding strength in each step of
the fusion process. Using molecular dynamics simulations, we
determined the relationship between nanoparticle properties
and fusion efficacy elucidating the basic principles of mem-
brane fusion.

Results

We performed molecular dynamics simulations to design a
nanoparticle which lowers the energy barriers associated with
the fusion process, as depicted in Fig. 1. We investigated

spheroidal nanoparticles, characterized by their equatorial and

T'polar

polar radii, and their aspect ratio known as prolate-

Tequtorial
ness, denoting any nanoparticle as [equatorial diameter (nm),
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Fig. 1 Illustration of the free energy profiles of the fusion process with

and without nanoparticle. There are two main energy barriers associated
with the stalk formation and fusion pore opening. The nanoparticle pro-
perties can effectively lower these energy barriers and facilitate the
fusion process.

polar length (nm)]. The nanoparticle had two ligand patches:
an anchor patch and a recruiter patch, each consisting of
different ligands, as illustrated in Fig. 2. To elucidate the
relationship between nanoparticle properties and fusion
efficacy, we systematically varied the strength of receptor-
ligand interactions for both patches, nanoparticle prolateness,
and nanoparticle size. Equatorial radius varied from 1.8 nm to
4.8 nm and prolateness from 1.5 to 6, which results in nano-
particle dimensions ranging from [3.6 nm, 5.4 nm] to [9.6 nm,
28.8 nm]. For recruiter patch, the interaction strength of
ligands varied from 1.4 to 4 KT, while for anchor patch it
varied from 3 to 6 kT. The combination of these parameters
yielded 3200 nanoparticle variants, each simulated in 10 inde-
pendent replicas. We used Cooke-Deserno lipid model, in
which lipids are represented by three beads.'? This highly
coarse-grained model allowed us to simulate many nano-
particle variants with reasonable computational cost. In
summary, we evaluated the fusion efficacy of various nano-
particles by performing over 32 000 molecular dynamics simu-
lations of membrane fusion between two vesicles induced by
the nanoparticle.

We designed our nanoparticles to lower the energy barriers
associated with the fusion process. The first barrier consists of
hydration force,” and low accessibility of lipid tails, whose
splay initiate the stalk formation."*"® The hydration force can
be overcome by forcing close contact between the membranes,
while for increasing the accessibility of lipid tails, a highly
curved membrane is essential.'*'® Although the lipid splay
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Fig. 2 Illustration of the employed model of (A) nanoparticle with
ligand covered patches that adhere to lipid receptors and (B) the range
of explored parameters — nanoparticle size and prolateness and ligand—
receptor interaction strength.

observed in more detailed simulations cannot be represented
with the employed 3-bead lipid model, the increased accessi-
bility of lipid tails resulting from a high curvature still initiates
the stalk formation. In this case, a part of lipid tail is exposed
from membrane core enabling its interaction with the oppos-
ing membrane and thus bridging the hydrophilic gap between
the membranes. Therefore, the anchor patch was placed at the
tip of the nanoparticle, which induces high local membrane
curvature in the bound vesicle, see Fig. 3B. The recruiter patch
was designed to recruit the second vesicle from solution and
move it towards the anchor patch, as shown in Fig. 3A. This
patch thus covers one side of the nanoparticle from one tip of
the nanoparticle to the beginning of the anchor patch (see
Fig. 2). With this design of nanoparticle patches, both vesicles
are brought together at a point where their membranes are
highly curved, and thus promote the formation of stalk (see
Fig. 3C and D).

After stalk formation, we observed two necessary steps for
the nanoparticle to open a fusion pore. The first step consists
on the unbinding of the recruiter patch. This step causes the
nanoparticle to rotate and reorient it at the stalk, leading to
thinner stalk, see Fig. 3E. This thinning is similar to what
happens in SNARE-mediated fusion.'” Once the stalk is thin
enough, the second step to open the fusion pore is observed
around the anchor patch. In the stalk the anchor patch pene-
trates through the membrane in the middle of the stalk where
it interacts with the inner leaflet of the opposite membrane.
After the recruiting patch has unbound, the anchor patch
interaction needs to be released for the pore to open, see

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Simulation snapshots of the fusion process induced by nanoparticle with schematic representation below. (A) Binding of the two vesicles to
a nanoparticle, one vesicle per ligand patch. (B) Close contact between the vesicles with a high local curvature. Green lines in schematic highlight
the high curvature of the vesicles at the contact point before stalk formation. (C) First hydrophobic contact between the vesicles. (D) Vesicles with a
formed stalk. Contents of vesicles are still separated. (E) Recruiter patch unbinding and nanoparticle rotation at the stalk. The green arrows show
nanoparticle rotation and point to the thinning of the stalk. (F) Anchor patch unbind from one side of the stalk and fusion pore opens. Vesicle con-

tents are connected. (G) Pore expansion. (H) Fully fused vesicle.

Fig. 3F. Once there is fusion pore, its expansion into a fully
fused vesicle is almost instantaneous.

Stalk formation

To promote stalk formation, the nanoparticle needs to gene-
rate sufficient local curvature. The local curvature is promoted
by the anchor patch, with the highest curvature achieved when
the anchor patch is fully wrapped by the vesicle. Stronger
membrane binding induces a higher curvature, therefore the
nanoparticle requires a strongly interacting anchor patch of at
least 4 KT per ligand. However, this effect plateaus once the
anchor patch is fully wrapped (i.e., for interactions >4 kT), as
shown in Fig. 4D. Lower interaction values resulted in the
nanoparticles lying flat on the membrane, due to incomplete
patch wrapping, see Fig. S3.7 The nanoparticle size and pro-
lateness also alter its ability to induce curvature in the bound
membrane. Nanoparticles with too low prolateness (<2) and
small size (equatorial 7 < 2.4 nm) have an anchor patch which
is not big enough to induce sufficient membrane curvature,
see Fig. S1.} The recruiter patch interaction is more relevant
for the binding of second vesicle to the nanoparticle. The
minimum interaction strength of recruiter patch required to
bind a vesicle varied between 1.6 and 2 kT, depending on the
nanoparticle dimensions (see Fig. S1t for dimension-specific
interaction values). Considering that the recruiting patch size
is proportional to the nanoparticle size, larger nanoparticles
have more ligands in their patches, therefore they require
lower interaction strengths for vesicle binding. In summary,
nanoparticle promoting stalk formation should have a strongly
interacting anchor patch (above 4 kT per ligand), a recruiter
patch interaction strength at least around 2 kT, and it needs to

This journal is © The Royal Society of Chemistry 2024

be sufficiently big and prolate: nanoparticles bigger than
[4.8 nm, 14.4 nm].

Pore formation

Pore formation and consequent complete fusion was only
achieved by a small fraction (about 1/5) of the nanoparticles
within the simulated timescales. As mentioned above, the
unbinding of the recruiter and anchor patches determines
whether the vesicles remain in the stalk intermediate or pro-
gress to pore opening and fusion. The recruiter patch is able
to unbind for interaction strengths of the recruiting patch
below 2.5 kT and nanoparticle sizes under 3 nm, see Fig. 4A
and B. Overall stronger interaction of nanoparticles (stronger
ligand-receptor interaction and/or nanoparticle with more
ligands) prevents the unbinding and thus stabilizes the stalk
intermediate (step C and D of Fig. 3). Variation of the prolate-
ness (within the studied range) does not affect this fusion
step, because longer nanoparticles are still able to unbind
their recruiting patch and reorient in the stalk. The anchor
patch is able to unbind from second membrane inside the
stalk for interaction strengths below 5.5 kT and prolateness
below 6, see Fig. 4C and D. Stronger interacting anchor
patches thus remain in the stalk and reduce pore opening.
Nanoparticles with increasing prolateness have a longer
anchor patch in our model, leading to the deeper nanoparticle
penetration and stronger interaction in the stalk. Therefore,
more ligands are able to interact with the opposite membrane
on the stalk, preventing anchor patch unbinding. Failing to
unbind the anchor patch from the stalk results in a stable
stalk intermediate, preventing pore opening and completing

Nanoscale, 2024, 16, 10221-10229 | 10223
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Fig. 4 Half-lifes of time needed for stalk formation and times needed for vesicle fusion as a function of nanoparticle parameters. For all parameters
there is a threshold above which stalk forms, and an optimal region for which stalk and fusion pore (and therefore fusion) occurs. Optimum para-
meters are: equatorial radius (size) of 2.4 nm, interaction of recruiter patch of 2 kT, prolateness of 4 and interaction of anchor patch of 4 kT. The
time scales were estimated by comparing the diffusion coefficient of a simulated vesicle with its calculated value, and we obtained the equivalence

of 1 ns per 30 000 timesteps.

the fusion, see Fig. 3. Smaller, less prolate, and weaker inter-

acting nanoparticles thus are able to fuse once there is a stalk.
In general, for each parameter there is an optimal range in

which both stalk formation and pore opening are facilitated.

Consecutive fusion

We additionally investigated whether the nanoparticles were
able to fuse vesicles consecutively. Indeed, we found that after
fusion of two vesicles, nanoparticles could induce fusion with
a new vesicle, see Fig. S5.f The mechanism/pathway of fusion
remained the same and the final state of the nanoparticle on
the fused vesicle again remained as before fusion, which
suggest that even an additional vesicle could fuse. However,
note that fusion was observed only in 4 out of 10 simulation
replicas and the time needed to fuse was about twice the time
needed for the first vesicle. In the cases where fusion did not
happen, stalk formation occurred but it disappeared after
some time. After dissolution of the stalk, the nanoparticle
anchor patch was not completely wrapped anymore, prevent-
ing any new stalk formation (Fig. S57).

10224 | Nanoscale, 2024, 16, 10221-10229

Fusion efficacy

To determine the efficacy of our fusogenic nanoparticles, we
compared its effect (the time to fusion) to systems without the
nanoparticle, a nanoparticle-free system. In nanoparticle-free
systems, we decreased the size of the lipid heads, which was
shown to enable stalk formation due to increased availability
of lipid tails."® In Fig. 5, we compare the time to fusion in
systems with and without nanoparticle. The figure shows that
the time to fusion increases rapidly with increasing lipid head
size in the nanoparticle-free system, while it increases less (is
more independent) when the nanoparticle is present. We used
this system to extrapolate the time to fusion in vesicles with
standard lipid head-group size of 1.14 nm (0.9506, as described
in Deserno-Cooke model'®), which suggests that the nano-
particle produces fusion about 1000 times faster than nano-
particle-free fusion.

Alternative pathways

Note that in few cases, we observed fusion following a
different path, in which the nanoparticle is internalized by the
vesicles via membrane pore. For this path the optimal para-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The time to fusion between two vesicles with lipid heads of
varying size. The crosses represent the time to fusion from the individual
simulation replicas, and the full circles the time to fusion half-life. We
compare systems without and with the fusogenic nanoparticles. The
time to fusion is shown in logarithmic scale. The times were fitted
(shown by the continuous line) to approximate the effect of the nano-
particle, which enhanced the fusion about 1000 times for standard head
size of 1.14 nm.

meters are different. Nanoparticles of equatorial radius larger
than 3.6 nm induced fusion via this path as depicted in
Fig. S4.7

Four bead model

The robustness of our findings was demonstrated using a
different lipid model. We performed simulations using four-
bead lipid model,>® which has higher membrane thickness,
slower lipid flip-flop rate and reduced propensity for pore for-
mation compared to three-bead model. All of those properties
are expected to make membrane fusion more difficult.’"*>
Therefore, we reduced lipid head size to 1.08 nm to facilitate
the fusion to timescales accessible within our simulations.
The nanoparticle parameters that promote fusion in this
model differ slightly from those observed using the 3-bead
model. The interaction strength of both anchor and recruiter
patch need to be higher to produce the same membrane per-
turbations as in the 3-bead model. The anchor patch strength
is increased to 5 KT to adopt the upright position and be com-
pletely wrapped, while the recruiting patch requires at least 2.5
KT to be able to bind the second vesicle. Nanoparticles with
prolateness higher than 2 are not inducing fusion with the
4-bead model because the vesicles were not able to completely
wrap the anchor patch and thus did not create the necessary
curvature to form the stalk. Interestingly, the fusion path with
this model differs in the lack of the penetration of the nano-
particle tip in the stalk, see Fig. S6.T Therefore, the interaction
of the anchor patch is not responsible in this case for the
opening of the fusion pore. Also, this indicates that the nano-
particle penetration is not necessary for fusion. These findings

This journal is © The Royal Society of Chemistry 2024
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confirm that fusion with our design of nanoparticle is possible
in a membrane with suppressed lipid flip-flop, demonstrating
robustness of our findings with the 3-bead model (with high
flip-flop rate).

For completeness, we also tested the 4-bead model without
the fix that suppresses flip-flop. We were able to see fusion
also with this model. As in the 4-bead model with suppressed
flip-flop, the interaction strength needed in both patches was
5 kT (anchor patch) and 2.5 kT (recruiter patch). In contrast,
we observed fusion with standard head group size of 1.14 nm
and with the same size and prolateness parameters as in the
3-bead model (size 2.4 nm, prolateness 4).

Discussion

Molecular dynamics simulations have been readily used to
study the mechanisms of membrane fusion both in the pres-
ence of proteins or peptides’®**2* or in protein-free
systems.**?%2® Several previous studies have shown that it is
possible to use nanoparticles to promote membrane
fusion.’ > Most of these studies use functionalized gold nano-
particles. Though these nanoparticles can induce stalk for-
mation, they are not capable to promote pore opening by
themselves, and they use external factors such as addition of
calcium®'® or heating of the nanoparticle’® to continue the
fusion process. Silica nanoparticles have also been used for
membrane fusion, and while they can facilitate stalk and
hemifusion diaphragm formation, they do not catalyze the for-
mation of a fusion pore.'' In contrast, we study spheroidal
nanoparticles because of their higher curvature inducing capa-
bility, and we rely solely on the nanoparticle properties to
facilitate fusion. It was unclear how different nanoparticle pro-
perties affect the fusion including different steps of the fusion
process. The work presented here fills these gaps by evaluating
the fusion induced by spheroidal nanoparticles of various
properties.

For two vesicles to fuse, they initially need to overcome the
repulsion caused by hydration layer on top of each membrane®
and their lipid tails need to be accessible to other vesicles.”?
Positive curvature of membrane or negative intrinsic curvature
of lipids facilitate the tail accessibility and thus promote the
initial step of fusion, leading to the formation of the fusion
stalk.”"®'® After stalk formation, the next step is the formation
of a fusion pore between vesicles. The pore is initiated by the
stalk thinning.”® In biological systems with cells and viruses,
membrane fusion is facilitated by fusion proteins which are
able to perform the necessary steps from initiating vesicle
contact to full fusion.>?°

In our system with nanoparticle-induced vesicle fusion, the
fusion process is facilitated by the nanoparticle properties.
The prolate shape and location of the ligand patches ensure
the close contact between the vesicles, and produce the mem-
brane curvature needed for the lipid tails to be accessible.
Once the stalk is formed, the nanoparticle rotation and reor-
ientation perpendicular to the stalk causes the stalk to become

Nanoscale, 2024, 16, 10221-10229 | 10225
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thinner. Finally, nanoparticle detachment from the opposite
leaflet of the stalk (caused by penetration of the nanoparticle
tip through the membrane), results in the opening of the
fusion pore. We found the fusion stalk when nanoparticles
were above a certain size, prolateness and ligand-receptor
interaction strength. Subsequently, opposite nanoparticle pro-
perties were required for stalk thinning and formation of
fusion pore. The overlap in the parameters that promoted stalk
formation and pore opening resulted in the optimal para-
meters to induce complete vesicle fusion.

We additionally demonstrated the robustness of our find-
ings by also observing nanoparticle-induced fusion with the
4-bead lipid model, which adds a fourth bead to each lipid
and penalizes lipid flip-flop. The 3-bead model has a low
energy barrier of flip-flop which may underestimate the energy
barrier of pore formation. Therefore, using a model with sup-
pressed flip-flop should model pore formation correctly. We
successfully observed fusion with the 4-bead model, demon-
strating that our results with the three-bead model are not due
to the higher flip-flop rate of the 3-bead model.

Nanoparticle-induced fusion can be useful for applications
in the field of drug delivery. Liposome drug delivery is applied
in fields like cancer therapy***' or vaccine delivery.*?
Extracellular vesicles can also be used in similar way.*?
However, there are some limitations of liposome delivery such
as lack of specific targeting or inefficiency in content delivery
to the cytoplasm. The inefficiency is caused by endosomal
degradation because the liposomes are usually internalized via
endocytosis.* The ideal delivery of liposome-based carriers
would be to target the desired cell and fuse with its cytoplasm
membrane delivering its contents directly to the cytoplasm.
Combining liposomes with fusogenic nanoparticles could be a
way of achieving this. Nanoparticles could be also used for the
modification of extracellular vesicles, because after fusion
both the content of the vesicle and its lipid composition could
be changed.*® In fusion with biological membranes, the
surface of the membrane is populated by a variety of molecules
such as carbohydrates or proteins. Therefore, the distance
necessary to overcome to start the fusion process will be
higher than for artificial membranes like liposomes. It is esti-
mated that the distance at which fusion processes start in bio-
logical membranes is about 10-20 nm.*® Therefore, fusion pro-
teins or fusogenic nanoparticles need to be large enough to be
able to interact with both membranes and start the fusion
process.

Finally, we briefly discuss the possibility of experimentally
developing such a nanoparticle. Currently, there exist many
methods®®® for synthesis of nanoparticles with various sizes
and shapes, including spheroidal nanoparticles.>® Gold nano-
particles are commonly studied due to their non toxicity and
stability, which makes them attractive candidates for use in
biomedical applications. The sizes of such nanoparticles can
be as small as 1 nm and can be functionalized in a number of
ways. Conjugation with PEG, amino acids, RNA or folate are
some examples of common functionalization.* It is also poss-
ible to add the functional groups in patches, as shown in ref.
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41, or to have nanoparticles composed of several metals,
whose organization can be ordered or random.** Therefore, it
seems that the technology necessary to develop fusogenic
nanoparticles similar to the investigated ones could be
available.

Conclusions

We have demonstrated that spheroidal nanoparticles covered
with ligands can induce spontaneous fusion of vesicles. The
efficacy of induced fusion depends on the nanoparticle pro-
perties and we showed the optimal parameters — window of
nanoparticle, size, prolatness, and interaction strength. For
our nanoparticle design, we found the optimal parameters to
be: an equatorial radius (size) of 2.4 nm, interaction of recrui-
ter patch of 2 kT, prolateness of 4 and interaction of anchor
patch of 4 kT, which results in a nanoparticle of dimensions
[4.8 nm, 19.2 nm]. These findings provide valuable insights
not only for the design and optimisation of liposome-based
drug delivery systems but also for in vitro applications of mem-
brane fusion such as modification or loading of extracellular
vesicles/liposomes.

Methods

All simulations were performed using LAMMPS,*® with the use
of Langevin thermostat.** Temperature was set to 1 kT and
timestep to 0.01z. Center of mass motion of the entire system
was eliminated using the option “zero yes”. Additionally, “gjf
yes” option was turned on applying the Gronbech-Jensen/
Farago time-discretization*® of the Langevin model to enable
longer timesteps, while still producing the correct Boltzmann
distribution of atom positions. The viscous damping term was
set to 100z.

We employed Deserno lipid model, an implicit-solvent
coarse-grained model, in which the phospholipid molecules
are represented by three-bead chains.'® The first bead rep-
resents the hydrophilic headgroup, and is purely repulsive,
while the other two beads represent hydrophobic tails and
attract each other. Half of the lipids had a modified headgroup
bead, with an additional attractive interaction towards nano-
particle ligands, to act as simplified model receptors. The
excess of receptors was chosen to eliminate the effects of
receptor diffusion. We simulated vesicles of 10 nm radius.

The spheroidal nanoparticles were composed of three types
of beads, with a radius of 1.2 nm, the same as phospholipid
tail beads. The body of the nanoparticle is composed of purely
repulsive, i.e. hydrophilic, beads. The other two bead types rep-
resent nanoparticle ligands with an additional attractive inter-
action with the membrane receptors. Each nanoparticle had
two patches of ligands, each binding to receptors belonging to
different vesicles. One patch was covering the tip (anchor
patch), and the other patch was along one side of the longi-
tudinal surface (recruiting patch). The ligand patches location

This journal is © The Royal Society of Chemistry 2024
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is depicted in Fig. 2. All beads interacted via a Weeks—
Chandler-Anderson repulsive potential.*® Tail-tail and ligand-
receptor interactions additionally interacted via a cosine
squared attractive potential."?

For each nanoparticle, we varied size (corresponding to the
equatorial radius), prolatenes (corresponding to the aspect
ratio) and ligand-receptor binding strength. The size was
varied between 1.8 and 4.8 nm, the prolatenes was varied
between 1.5 and 6, the ligand strength of the recruiting patch
was varied between 1.4 and 4 kT and the ligand strength of the
anchor patch was varied between 3 and 6 kT. An overview of
the nanoparticles and their parameter variation is shown in
Fig. 2.

The simulation protocol consisted of three steps. In the
first step, we equilibrated a single vesicle for 100000 time-
steps. In the second step, we placed the equilibrated vesicle
and the nanoparticle together so that the anchor patch was
close to the vesicle surface. We equilibrated this system for
1 000 000 timesteps, which was enough for the anchor patch to
be completely enveloped by the vesicle. Finally, in the last step,
we added the second vesicle near the recruiting patch and
simulated the system for up to 20000000 timesteps, see
Fig. S2.1

To assess the fusogenic ability of the nanoparticles, we eval-
uated the fusion between the two same vesicles without a
nanoparticle. In this case, the vesicles were kept close to each
other to allow their interaction via an harmonic potential
around them. However, vesicles with head size 1.14 nm which
we used in the simulations with the nanoparticle, did not fuse
within the simulated time, so we reduced the size of the head
group between 1.068 and 1.092 nm to enhance fusion. The
fusion half-life depends exponentially on the size of the head-
group. Therefore, by determining the fusion half-life for 1.068
and 1.092 nm, we can estimate the fusion half-life at 1.14 nm,
see Fig. 5. This allowed us to determine the effectiveness of
our nanoparticles in promoting fusion compared to nano-
particle-free fusion of the same vesicles.

The pore formation barrier of fusion may be underesti-
mated by the Deserno model due to its low barrier for lipid
flip-flop®®*”**® For this reason, we validated our results using a
four bead lipid model,>® which adds a hydrophobic bead to
lipid tail and penalizes lipid flip-flop between leaflets. This
model represents a thicker membrane with a higher barrier of
lipid flip-flop in comparison with the three-bead model.
Therefore, the 4-bead model should model this aspect of
fusion more correctly.

Analysis

We performed 10 independent simulations of each nano-
particle-vesicles system. We had around 3200 systems, which
makes the total number of around 32 000 simulations. From
each simulation, we calculated the time to stalk formation and
the time to fusion. The time to stalk formation and the time to
fusion have exponential distribution, so we evaluated them via
their half-life, which we calculated from the cumulative distri-
bution function.

This journal is © The Royal Society of Chemistry 2024
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To analyse when a stalk is formed, we analyzed the point
when lipid tails of both vesicles become in hydrophobic
contact. Two tails were considered to be in contact if their
centers of mass were within 3.3 nm of each other (¢ times tail-
cutoff defined by Deserno model).

We consider two vesicles to be fused from the moment
their contents connect via a fusion pore, i.e. the moment when
a pore is detected, provided it is maintained for the rest of the
simulation.

To approximate the timesteps of the simulations, we calcu-
lated the diffusion coefficient of a single vesicle, and compared
it to its expected diffusion coefficient. This yielded about 1 ns
per 30 000 timesteps.

Author contributions

S.B. carried out the molecular dynamics simulations and ana-
lyzed the data with help of L.S. R.V. and L.S. designed the
research. S.B., L.S., and R.V. wrote the article.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

This work was supported by the European Research Council
(ERC) under the European Union’s Horizon 2020 Research
and Innovation Programme (grant agreement no 101001470)
and the project National Institute of Virology and Bacteriology
(Programme EXCELES, ID Project No. LX22NPO5103) -
Funded by the European Union - Next Generation EU.
Computational resources were provided by the CESNET, CERIT
Scientific = Cloud, and IT4 Innovations National
Supercomputing Center by MEYS CR through the e-INFRA CZ
(ID: 90254). We acknowledge the use of the ChatGPT tool in
rephrasing the article.

References

1 R. Jahn, T. Lang and T. C. Stidhof, Membrane Fusion, Cell,
2003, 112, 519-533.

2 D. Stalder and D. C. Gershlick, Direct trafficking pathways
from the Golgi apparatus to the plasma membrane, Semin.
Cell Dev. Biol., 2020, 107, 112-125.

3 W. Weissenhorn, A. Hinz and Y. Gaudin, Virus membrane
fusion, FEBS Lett., 2007, 581, 2150-2155.

4 R. M. Straubinger, K. Hong, D. S. Friend and
D. Papahadjopoulos, Endocytosis of liposomes and intra-
cellular fate of encapsulated molecules: Encounter with a
low pH compartment after internalization in coated vesi-
cles, Cell, 1983, 32, 1069-1079.

Nanoscale, 2024, 16,10221-10229 | 10227


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00591k

Open Access Article. Published on 29 April 2024. Downloaded on 6/5/2024 9:42:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

5

10

11

12

13

14

15

16

17

18

19

E. Schneck, F. Sedlmeier and R. R. Netz, Hydration repul-
sion between biomembranes results from an interplay of
dehydration and depolarization, Proc. Natl Acad.
Sci. U. S. A., 2012, 109, 14405-14409.

S. Kawamoto and W. Shinoda, Free energy analysis along
the stalk mechanism of membrane fusion, Soft Matter,
2014, 10, 3048.

L. V. Chernomordik and M. M. Kozlov, Mechanics of mem-
brane fusion, Nat. Struct. Mol. Biol., 2008, 15, 675-683.

F. C. Azimi, T. T. Dean, K. Minari, L. G. M. Basso,
T. D. R. Vance and V. H. B. Serrdo, A Frame-by-Frame
Glance at Membrane Fusion Mechanisms: From Viral
Infections to Fertilization, Biomolecules, 2023, 13, 1130.

M. A. Tahir, Z. P. Guven, L. R. Arriaga, B. Tinao, Y.-S.
S. Yang, A. Bekdemir, J. T. Martin, A. N. Bhanji, D. Irvine,
F. Stellacci and A. Alexander-Katz, Calcium-triggered fusion
of lipid membranes is enabled by amphiphilic nano-
particles, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 18470-
18476.

E. Canepa, D. Bochicchio, G. Brosio, P. H. ]. Silva,
F. Stellacci, S. Dante, G. Rossi and A. Relini, Cholesterol-
Containing Liposomes Decorated With Au Nanoparticles as
Minimal Tunable Fusion Machinery, Small, 2023, 19,
2207125.

M. A. Perez and P. A. Beales, Biomimetic Curvature and
Tension-Driven Membrane Fusion Induced by Silica
Nanoparticles, Langmuir, 2021, 37(47), 13917-13931.

A. Rorvig-Lund, A. Bahadori, S. Semsey, P. M. Bendix and
L. B. Oddershede, Vesicle Fusion Triggered by Optically
Heated Gold Nanoparticles, Nano Lett., 2015, 15, 4183-
4188.

M. Deserno, Mesoscopic Membrane Physics: Concepts,
Simulations, and Selected Applications, Macromol. Rapid
Commun., 2009, 30, 752-771.

D. Mirjanian, A. N. Dickey, J. H. Hoh, T. B. Woolf and
M. ]. Stevens, Splaying of Aliphatic Tails Plays a Central
Role in Barrier Crossing During Liposome Fusion, J. Phys.
Chem. B, 2010, 114, 11061-11068.

I. Kabelka, V. Georgiev, L. Marx, P. Pajtinka, K. Lohner,
G. Pabst, R. Dimova and R. Vacha, Magainin 2 and PGLa in
bacterial membrane mimics III: Membrane fusion and dis-
ruption, Biophys. J., 2022, 121, 852-861.

S. Kawamoto, M. L. Klein and W. Shinoda, Coarse-grained
molecular dynamics study of membrane fusion: Curvature
effects on free energy barriers along the stalk mechanism,
J. Chem. Phys., 2015, 143, 243112.

H. J. Risselada and H. Grubmiiller, How SNARE
molecules mediate membrane fusion: Recent insights from
molecular simulations, Curr. Opin. Struct. Biol., 2012, 22,
187-196.

C. S. Poojari, K. C. Scherer and J. S. Hub, Free energies of
membrane stalk formation from a lipidomics perspective,
Nat. Commun., 2021, 12, 6594.

I. R. Cooke, K. Kremer and M. Deserno, Tunable generic
model for fluid bilayer membranes, Phys. Rev. E: Stat.,
Nonlinear, Soft Matter Phys., 2005, 72, 011506.

10228 | Nanoscale, 2024, 16,10221-10229

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

View Article Online

Nanoscale

S. Foley and M. Deserno, Stabilizing Leaflet Asymmetry
under Differential Stress in a Highly Coarse-Grained Lipid
Membrane Model, J. Chem. Theory Comput., 2020, 16,
7195-7206.

R. Bruckner, S. Mansy, A. Ricardo, L. Mahadevan and
J. Szostak, Flip-Flop-Induced Relaxation of Bending Energy:
Implications for Membrane Remodeling, Biophys. J., 2009,
97, 3113-3122.

C. Wei and A. Pohorille, Fast bilayer-micelle fusion
mediated by hydrophobic dipeptides, Biophys. J., 2021, 120,
2330-2342.

H. J. Risselada, G. Bubnis and H. Grubmuller, Expansion
of the fusion stalk and its implication for biological mem-
brane fusion, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
11043-11048.

H. J. Risselada and H. Grubmiiller, How proteins open
fusion pores: insights from molecular simulations, Eur.
Biophys. J., 2020, 50, 279-293.

Y. G. Smirnova, S.-J. Marrink, R. Lipowsky and V. Knecht,
Solvent-Exposed Tails as Prestalk Transition States for
Membrane Fusion at Low Hydration, J. Am. Chem. Soc.,
2010, 132, 6710-6718.

S. J. Marrink and A. E. Mark, The Mechanism of Vesicle
Fusion as Revealed by Molecular Dynamics Simulations,
J. Am. Chem. Soc., 2003, 125, 11144-11145.

J. C. Shillcock and R. Lipowsky, Tension-induced fusion of
bilayer membranes and vesicles, Nat. Mater., 2005, 4, 225-
228.

P. M. Kasson, E. Lindahl and V. S. Pande, Atomic-
Resolution Simulations Predict a Transition State for
Vesicle Fusion Defined by Contact of a Few Lipid Tails,
PLoS Comput. Biol., 2010, 6, €1000829.

E. H. Chen, E. Grote, W. Mohler and A. Vignery, Cell-cell
fusion, FEBS Lett., 2007, 581, 2181-2193.
P.  Yingchoncharoen, D. S.

D. R. Richardson, Lipid-Based Drug Delivery Systems in
Cancer Therapy: What Is Available and What Is Yet to
Come, Pharmacol. Rev., 2016, 68, 701-787.

M. D. Fulton and W. Najahi-Missaoui, Liposomes in
Cancer Therapy: How Did We Start and Where Are We
Now, Int. J. Mol. Sci., 2023, 24, 6615.

D. Kim, Y. Wu, Y. B. Kim and Y.-K. Oh, Advances in vaccine
delivery systems against viral infectious diseases, Drug
Delivery Transl. Res., 2021, 11, 1401-1419.

I. K. Herrmann, M. J. A. Wood and G. Fuhrmann,
Extracellular vesicles as a next-generation drug delivery
platform, Nat. Nanotechnol., 2021, 16, 748-759.

M. Piffoux, A. K. A. Silva, C. Wilhelm, F. Gazeau and
D. Tareste, Modification of Extracellular Vesicles by Fusion
with Liposomes for the Design of Personalized Biogenic
Drug Delivery Systems, ACS Nano, 2018, 12, 6830-6842.

L. V. Chernomordik, J. Zimmerberg and M. M. Kozlov,
Membranes of the world unite!, J. Cell Biol., 2006, 175,
201-207.

M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and
R. Whyman, Synthesis of thiol-derivatised gold nano-

Kalinowski and

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00591k

Open Access Article. Published on 29 April 2024. Downloaded on 6/5/2024 9:42:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

particles in a two-phase Liquid-Liquid system, J. Chem.
Soc., Chem. Commun., 1994, 801-802.

37 J. Turkevich, P. C. Stevenson and J. Hillier, A study of the
nucleation and growth processes in the synthesis of col-
loidal gold, Discuss. Faraday Soc., 1951, 11, 55.

38 S. Kundu, L. Peng and H. Liang, A New Route to Obtain
High-Yield Multiple-Shaped Gold Nanoparticles in
Aqueous Solution using Microwave Irradiation, Inorg.
Chem., 2008, 47, 6344-6352.

39 N. R. Jana, L. Gearheart and C. J. Murphy, Seed-Mediated
Growth Approach for Shape-Controlled Synthesis of
Spheroidal and Rod-like Gold Nanoparticles Using a
Surfactant Template, Adv. Mater., 2001, 13, 1389-1393.

40 S. J. Amina and B. Guo, A Review on the Synthesis and
Functionalization of Gold Nanoparticles as a Drug Delivery
Vehicle, Int. J. Nanomed., 2020, 15, 9823-9857.

41 P. Pengo, M. Sologan, L. Pasquato, F. Guida, S. Pacor,
A. Tossi, F. Stellacci, D. Marson, S. Boccardo, S. Pricl and
P. Posocco, Gold nanoparticles with patterned surface
monolayers for nanomedicine: current perspectives, Eur.
Biophys. J., 2017, 46, 749-771.

42 R. Ferrando, J. Jellinek and R. L. Johnston, Nanoalloys:
From Theory to Applications of Alloy Clusters and
Nanoparticles, Chem. Rev., 2008, 108, 845-910.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

43 A. P. Thompson, H. M. Aktulga, R. Berger,
D. S. Bolintineanu, W. M. Brown, P. S. Crozier, P. J. in ‘t
Veld, A. Kohlmeyer, S. G. Moore, T. D. Nguyen, R. Shan,
M. J. Stevens, J. Tranchida, C. Trott and S. J. Plimpton,
LAMMPS - a flexible simulation tool for particle-based
materials modeling at the atomic, meso, and continuum
scales, Comput. Phys. Commun., 2022, 271, 108171.

44 B. Dunweg and W. Paul, Brownian Dynamics Simulations
Without Gaussian Random Numbers, Int. J. Mod. Phys. C,
1991, 02, 817-827.

45 N. Grenbech-Jensen, N. R. Hayre and O. Farago,
Application of the G-JF discrete-time thermostat for fast
and accurate molecular simulations, Comput. Phys.
Commun., 2014, 185, 524-527.

46 ]J. D. Weeks, D. Chandler and H. C. Andersen, Role of
Repulsive Forces in Determining the Equilibrium Structure
of Simple Liquids, J. Chem. Phys., 1971, 54, 5237-5247.

47 N. Sapay, W. F. D. Bennett and D. P. Tieleman,
Thermodynamics of flip-flop and desorption for a systema-
tic series of phosphatidylcholine lipids, Soft Matter, 2009,
5, 3295.

48 W. F. D. Bennett, N. Sapay and D. P. Tieleman, Atomistic
Simulations of Pore Formation and Closure in Lipid
Bilayers, Biophys. J., 2014, 106, 210-219.

Nanoscale, 2024, 16,10221-10229 | 10229


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00591k

	Button 1: 


