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We present a numerical investigation of the modes of adhesion and endocytosis of two spherocylin-

drical nanoparticles (SCNPs) on planar and tensionless lipid membranes, using systematic molecular
dynamics simulations of an implicit-solvent model, with varying values of the SCNPs’ adhesion
strength and dimensions. We found that at weak values of the adhesion energy per unit of area,
&, the SCNPs are monomeric and adhere to the membrane in the parallel mode. As & is slightly
increased, the SCNPs dimerize into wedged dimers, with an obtuse angle between their major axes
that decreases with increasing £. However, as & is further increased, we found that the final adhesion
state of the two SCNPs is strongly affected by the initial distance, dy, between their centers of mass,
upon their adhesion. Namely, the SCNPs dimerize into wedged dimers, with an acute angle between
their major axes, if dy is relatively small. However, for relatively high dy, they adhere individually
to the membrane in the monomeric normal mode. For even higher values of & and small values of
dy, the SCNPs cluster into tubular dimers. However, they remain monomeric if dy is high. Finally,
the SCNPs endocytose either as a tubular dimer, if dj is low or as monomers for large dj, with the
onset value of & of dimeric endocytosis being lower than that of monomeric endocytosis. Dimeric
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endocytosis requires that the SCNPs adhere simultaneously at nearby locations.

the NPs dimensions, lead to an interesting membrane curvature-
mediated interaction between the NPs, and can result in their ag-
gregation. Studies of membrane-mediated interactions between
two spherical NPs show four modes of adhesion, depending on
their adhesion energy per unit of area, €179, For low values of
&, spherical NPs are weakly wrapped by the membrane, and as
a result they are highly diffusive, and their positions are uncor-
related 20, For intermediate values of &, two NPs dimerize into
an in-plane dimer. At higher values of £, the NPs dimerize into
an out-plane dimer (tube). Finally, the two NPs are endocytosed
at even higher values of £. In the case of many spherical NPs,
membrane curvature-mediated many-body effects are important
and lead to their aggregation into in-plane or out-of-plane lin-
ear chainsT92122 55 well as long-lived transient states, including
out-of-plane bitube and ring aggregates22.

1 Introduction

Owing to their unique properties, stemming from their high
area-to-volume ratio, nanomaterials have a wide range of promis-
ing applications including data storagem, light harvestingm, non-
linear optics?, catalysis?, drug delivery®, biosensing and food
formulation?. In many biomedical applications, nanoparticles
(NPs) come in direct contact with living cells. Since the plasma
membrane is the point of entry of all living cells, the understand-
ing of the interaction between NPs and lipid membranes is cru-
cial for the development of safe and effective nanomaterials for
biomedical applications. This understanding can also be lever-
aged for the use of lipid membranes as an alternative tool for
bottom-up fabrication of ordered nanostructures®.

Competition between the adhesive energy, of the NPs on a lipid
membrane, and the curvature energy of the membrane, due to

its local deformation to conform to the NPs surfaces, leads the
membrane to partially or fully wrap the NPs*17. These defor-
mations, which extend over length scales that are longer than
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Recent advances in nanomaterials synthesis methods have led
to engineering anisotropic NPs with an ever-increasing num-
ber of geometries, dimensions and surface properties. Particu-
larly interesting anisotropic NPs are gold (Au) nanorods, which
are endowed with optical and photothermal properties that are
highly dependent on their aspect ratio?>. Another advantage of
nanorods is that, due to their stronger cross-stream drift dur-
ing flow, their circulation times in capillaries are longer than
those of spherical NPs2%, A recent study showed that tracking
of nanorods, with sidewise adhesion to lipid membranes, can be
used to probe the mechanical properties of membranes, including
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their bending modulus and surface tension??. In another study; it
was shown that magnetic nanorods adhering to a lipid membrane
and in an oscillating magnetic field can lead to an increased local
fluidization of the membrane and to its lysis2.

Conflicting experimental results have been reported on the ef-
fect of nanorods aspect ratio p =1/D, where [ and D are the length
and diameter of the nanorod, respectively, on their cellular up-
take27"32 For example, Qui et al. showed that the rate of up-
take of Au nanorods, by HeLa and human breast adenocarcinoma
cells, decreases with increasing p Y. In contrast, DeBrosse et al.
showed that the internalization of Au nanorods by keratinocyte
cells increases with pL. The discrepancies between these exper-
imental results underscores the difficulty in transferring our un-
derstanding of the interaction between NPs and living cells to that
between NPs and simple lipid membranes. This is due to the fact
that the internalization of NPs by cells is typically an active pro-
cess that is mediated by various types of proteins which may be
different for different cell types=2. Furthermore, even in the case
of passive internalization, since the plasma membrane is apposed
on the cytoplasmic side to the actin cortex, which renormalizes its
elastic properties®4, the adhesion of NPs to the plasma membrane
should be affected by the actin cortex. The internalization process
of NPs is further complicated by the fact that their typical size is
of the same order of the mesh size of the actin cortex, which is
about 100 nm®2, Moreover, cooperative effects are expected to
play a role on the modes of adhesion and internalization of NPs
including nanorods.

A more detailed understanding of the interaction of nanorods
with lipid membranes has been mainly extracted from computer
simulations, which thus far have only been carried in the con-
text of a single particle adhering to a planar membrane20*4L,
These studies demonstrate that the details of the geometry of the
nanorods play a major role on their adhesion mode and the pro-
cess of their internalization process. Namely, for low values of &,
an adhering nanorod lies mainly parallel to the membrane. How-
ever, as & is increased, the nanorod adhesion mode undergoes
a first order transition to the normal mode, in which it is in a
tubular pit that is mainly perpendicular to the membrane38:4L,
The value of £ at the transition from the parallel to the normal
mode decreases with increasing D or p#1. The nanorod under-
goes spontaneous endocytosis at adhesion strengths beyond a
threshold value £*, which decreases with D but is independent
of p#L,

Membrane-mediated interaction between nanorods was inves-
tigated analytically in the asymptotic limit of NPs with infinitely
long aspect ratio*243, These calculations therefore consider the
case where the long axes of the NPs are parallel and can only ac-
count for the side-wise adhesion mode of the NPs. However, our
understanding of the interaction between nanorods with finite as-
pect ratio is lacking. The aim of the present study is to investigate
the adhesion modes of two nanorods on lipid membranes, their
modes of dimerization and their spontaneous endocytosis. Specif-
ically, we investigate membrane-mediated interactions between
spherocylindrical nanoparticles (SCNPs) through molecular dy-
namics (MD) simulations of a coarse-grained model with implicit
solvent#44 The study is performed systematically with varying
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values of the adhesion strength and geometric details of the SCNP.
To determine the relative stability of the different modes of adhe-
sion, free energies are calculated using the weighted histogram
analysis method“4©.

2  Model and Numerical Approach

The present work is based on a mesoscale implicit-solvent model
for self-assembled lipid bilayers>44, in which, a lipid molecule is
coarse-grained into a short semi-flexible chain that is composed
of one hydrophilic head (h) bead and two hydrophobic tail beads
(t). The potential energy of the lipid bilayer has three contribu-
tions, and is given by,

{1‘, ZUO‘:% r’] + Z ond rl]

a,a k
Z benc{ rlarj7rk) (1)
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where r; is the coordinate of bead i, r;; =r; —r;, and o; (= h or t)
represents the type of bead i. The second summation in Eq. is
over bonded pairs with the lipid chains, and the third summation
is over the triplets of beads constituting each lipid chain. The first
term in Eq. is a soft two-body potential, between beads of
types o and 3. This interaction is given by Eq. (A1) (ESIf). Due
to the absence of explicit solvent in this model, the self-assembly
of the lipid chains into bilayers is achieved through a short-range
attractive interaction between the z-beads. Otherwise, h-h and h-t
interactions are repulsive 13

In Eq. (3, Uboncl is a harmonic potential which ensures that
beads within a chain are connected, and is given by

of kgolzld 2
Ubond(r) = 2 (r_ aaﬁ) ’ )

where kg‘olid is the bond stiffness coefficient. Finally, Ubeﬁg in
Eq. is a three body potential that provides bending stiffness

to the lipid chains, and is given by
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where kl?eg(}; is the bending stiffness coefficient, and (p(‘;‘ﬂ ¥ is the

preferred splay angle of the lipid chain taken to be 180°.

A spherocylindrical NP, of diameter D and length [ = pD, where
p is its aspect ratio, is constructed as a fairly rigid triangulated
mesh following the details provided in Section SII (ESI}). We re-
cently used this NPs model to investigate the adhesion modes of
a single SCNP on planar membranes®!' and the adhesion modes
of Janus spherical NPs on lipid vesiclesZ, The advantage of this
model lies on the fact that the NPs are hollow, which leads to
a significant reduction in the number of degrees of freedom as-
sociated with the NPs as opposed to models in which NPs are
constructed from a three-dimensional arrangement of beads in
some lattice structure>3¢, This allows for simulations of rela-
tively large and/or many NPs. Here, every n-bead of the SCNP
is connected to its nearest neighbors by the harmonic potential
given by Eq. , with a bond stiffness k', and a preferred bond



length ay,,. Since the SCNP is hollow, the two-body interaction is
not sufficient to provide a rigid structure of the SCNP. This prob-
lem is mitigated by introducing an additional bead, c, at the cen-
ter of mass of the SCNP, that is connected to all n-beads by a
harmonic bond given by Eq. (@), with a bond stiffness k. , and a
bond length determined by the initial configuration of the SCNP.

Short-range attractive interaction between the n-beads of the
SCNP and lipid head beads is ensured using UI’;};“ < 0. To prevent
partial insertion of the NP in the hydrophobic core of the lipid
bilayer, U}, = 0. Beads belonging to different SCNPs (n; and n,)
interact with each other via the same two-body potential U: %
Since we are interested in examining the effective interaction be-
tween two SCNPs that is fully induced by the lipid membrane, we
use a two-body interaction Uy'™ that is fully repulsive (U} > = 0)
to prevent SCNPs from aggregating in the solvent. The parame-
ters of the NP model can be tuned to affect the rigidity and the

roughness of a SCNP surface.

The specific values of the model interaction parameters used in
the simulations are given by,

Urllllizlxx = Utﬁlltax = 100¢,
U,’Tﬁax = 200¢,

Urlrlfi,n = Ur;rlfin :Ov

Urtrtlin = —0¢,
Uitk = Upii, = 200e,
Ui = Uil = 200e,
Unin = Unin=—¢,
Uin = Unin =0,
umm o = 200,
Ui = 0,
kl})li)nd = klbtondzloos/rgzv
kpna = 100e,

9" = 180°,
Koo = kpomg = 5008/17,,
Koona = Koona = 10€/75,
re = 2rpy,

ap = ay =0.7ry,,
deny, = den, = variable. 4

D is varied between 10 and 20 nm, and p is varied between 1 and
2.5.

All beads are moved using a MD scheme in conjunction with a

Langevin thermostat45,

I’ (l‘) = Vi(l‘)7 (5)

mvi(t) = —=V;U-Tvi(t)+oy,t), )
where m is the mass of a bead and I is a bead’s friction coeffi-
cient. x;(¢) is the random force originating from the heat bath.
x; is a random vector generated from a uniform distribution and
obeys (x;(1)) =0 and (x*) ()" (1")) = 86,y 8(1 — ), where u
and v =1x, y or z. , and is uncorrelated for different particles,
different times, and different components. I' and ¢ are inter-
related through the fluctuation-dissipation theorem leading to
I =02 /2kgT, where T is temperature and kp is Boltzmann’s con-
stant.

The simulations are performed in the NVTX ensemble, where
N is the total number of beads in the system, V = L,L,L, is the
system’s volume, and X is the lateral tension applied on the bi-
layer along the xy-plane with the constraint L, = L, = L. The
projected size of the bilayer is adjusted through a Monte Carlo
scheme in which an attempted new linear system size along the
xy-plane, L' = L+ A, is selected, with A being a small random
perturbation in the interval [—0.1r,,, 0.1r,]. Attempted new co-
ordinates of all beads correspond then to x; = x;L' /L, y; = y;L' /L,
and z} = z;L'/L. The attempted change is then accepted or re-
jected using the standard Metropolis criterion with the Hamilto-
nian H ({r;},L) = U ({r;}) +ZL?. All simulations are performed
on tensionless membranes (X = 0). Typically the initial size
(Lx,Ly,L;) = (1507,,,150ry,,150r,,). The total number of lipids in
the membrane is N;;, = 70688. This corresponds to a bare lipid
bilayer with an average projected area about 150 nm x 150 nm. In
all simulations, the membrane is first equilibrated during about
1037. After this equilibration, the SCNPs are brought close to the
membrane.

The simulations are executed at kg7 = 3.0¢, with a time step
At = 0.021, where 7 = r,,(m/€)"/2. Egs. (5) and (6) are integrated
using the velocity-Verlet algorithm“? with I' = v/6m/7. The bend-
ing modulus of the bare bilayer, with the interaction parameters
given by Eq. (4), as extracted from the spectrum of the height
fluctuations of the bilayer, is x ~ 30kzT12, which is comparable
to that of a DPPC bilayer in the fluid phase?. By comparing the
thickness of this model bilayer in the fluid phase, which is about
4r,, with that of a typical fluid phospholipid bilayer, which is
about 4 nm, we estimate r,, ~ 1 nm. Hence, in the remainder of
this article, all lengths are expressed in nanometers, and the ad-
hesion energy density, &, is expressed in kzT /nm?. The adhesion
energy density is defined as & = |U,yp,|/Aqan, where U,y is the net
potential energy between the NP and the membrane and A,y is
the area of the NP adhering to the membrane. Details of the cal-
culation of & are found in Refs.4*47/ and the relationship between
& and & is shown in Fig. S2 (ESIT).

3 Results

As shown by earlier studies, a single SCNP exhibits two modes of
adhesion to a planar lipid membrane, depending on the values
of &, p and D% At low values of &, the effect of membrane
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p =175

Initial D =10 nm

configuration dy = 38 nm

Transient configurations Equilibrated configurations

(kT /nm?)

0.69
1.46
2.27
3.52
5.58

Fig. 1 Transient and equilibrium snapshots at different values of & in
the case of SCNPs with D =10 nm and p =1.75. The SCNPs are placed
initially at random orientations and at an initial distance dyp = 38 nm
between their centers of mass. The equilibrium state in (a) corresponds
to the parallel monomeric state, in which the SCNPs lie parallel to the
membrane and are fairly diffusive, without a preferred distance between
them; (b) the wedged dimeric state, in which the splay angle is obtuse
(acute) at relatively low (high) &; (c) the tubular dimeric state, in which
the SCNPs are dimerized in a tube parallel to the z-axis; (d) the normal
monomeric state, in which the SCNPs are parallel to the z-axis; and
finally (e) the endocytosis state, in which the SCNPs are endocytosed
as monomers (as shown by snapshot (e)) if they initially adhere to the
membrane at large distances, or as a dimer if they initially adhere at
nearby locations.

curvature dominates over that of adhesion, leading the SCNP to
adhere sidewise (parallel mode), with its degree of wrapping that
increases with £. Beyond some value of &, the effect of adhesion
becomes dominant, leading the SCNP to adhere such that its long
axis is perpendicular to the membrane (normal mode). The SCNP
undergoes spontaneous endocytosis at even higher values of &.
In Fig. |1} transient and equilibrium configurations of two SC-
NPs, on a tensionless lipid membrane at different values of &, are
shown for the case of D =10 nm and p = 1.75. Here, the SCNPs
are initially placed above an equilibrated bare membrane, such
that their long axes are parallel to the xy-plane, their centers of
mass are at a distance dy = 38 nm and their orientations are ran-
dom. The initial distance between the long axes of the SCNPs and
the average height of the head groups of the proximal leaflet of
the membrane is 7.5 nm. This figure demonstrates that two SC-
NPs exhibit five adhesion modes on the membrane with increas-
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Fig. 2 (A) Angle between the SCNPs’ long axes as a function of time
during the dimerization process for different values of the initial angle,
6y, between them. (B) Distance between the same SCNPs in (A). The
simulations are performed in the case of two SCNPs with D =10 nm and
p =2.13 at £ = 1.83kzT /nm?. The initial distance between the NPs is
dy =30 nm. Inset of (A): a snapshot of the system at r = 1.25 x 10*7 in
the case of 6y =105°. Inset of (B): A snapshot of the wedged dimer at
equilibrium.

ing £. These correspond to (a) the parallel monomeric mode, in
which the SCNPs lie parallel to the membrane and are highly dif-
fusive, as demonstrated by Fig. S3 (ESIT); (b) the wedged dimeric
mode, in which the SCNPs are dimerized and their long axes are
at an angle ¢ <90° from the z-axis; (c) a tubular dimeric mode,
in which the SCNPs form a tubular dimer that is mainly parallel
to the z-axis; (d) a monomeric normal mode, in which the SCNPs
are apart from each other and are perpendicular to the xy-plane;
and (e) the endocytosis mode.

Interestingly, whether the SCNP dimerize or remain in the
monomeric mode is found to not only depend on D, p and &,
but also on the initial distance between them. Likewise, whether
the SCNPs endocytose as monomers or as dimers also depends on
the initial distance between them. This implies that kinetic effects
also play an important role on the adhesion and internalization
modes of SCNPs.

3.1 Effects of Initial Angle and Distance between SCNPs on
their Adhesion Mode and Kinetics of Dimerization

We first inferred the effect of the initial angle, 6, between two

SCNPs, at the onset of their adhesion to the membrane, through



a series of simulations at a value of dy = 30 nm in the case of
D=10nm and p =2.13 at & = 1.83kgT /nm®. Here, 6, is de-
fined as the largest angle between the long axes of the SCNPs, as
indicated by Fig. S4 (ESIt). In these simulations the SCNPs are
initially placed on the membrane such that their long axes are
parallel to the xy-plane, and the long axis of the second SCNP in-
tersects the long axis of the first SCNP at the center of mass of the
latter. This choice of initial condition is in line with earlier studies
on single SCNPs, which demonstrate that regardless of their ini-
tial orientation with respect to the membrane plane, upon their
adhesion, the SCNPs quickly rotate to the parallel mode374L

The time evolution of the angle 6(¢), starting from 6y, and the
distance between the two SCNPs are shown in Figs.A) and (B),
respectively. Movies 1 and 2 (ESI}) illustrate these kinetics in
the case of 6y = 180° and 90°, respectively. Fig. [2| and Movies 1
and 2 indicate that, independent of 6,, the SCNPs dimerise into
a wedged configuration such that the equilibrium angle between
them is around 30°, and the equilibrium distance between their
centers of mass is around 14 nm. Fig. A) indicates that the
dimerization proceeds first through in-plane rotation of the SC-
NPs long axes such that they become temporarily almost aligned,
with 6 > 150°. This is then followed by a rapid decrease in 6, ac-
companied with an invagination of the membrane by the dimer.
As a result, SCNPs that are initially already aligned (i.e., cases
with 6y 2 150°) dimerize faster than SCNPs with smaller values
of 6y. These results imply that the initial angle 6, has no effect on
the final state of the SCNPs on the membrane, for the case where
do ~ 30 nm.

We now turn to the effect of the initial distance, d;, between
two SCNPs, on their final adhesion mode. To this end, we per-
formed a series of simulations in the case of D = 10 nm and
p =213 at £ =0.88, 1.45, 1.83 and 2.24kpT /nm?, with differ-
ent values of d ranging between 25 and 70 nm. The SCNPs are
initially placed on the membrane such that their long axes are
parallel to the xy-plane and such that they are colinear. Fig. [3|(A)
shows that in the case of & = 0.88kgT /nm?, the SCNPs gener-
ally dimerize into a wedged dimer with a large obtuse angle if
dp < 40 nm, as shown by the snapshot in the same figure. This is
also demonstrated by the fact that the final distance between the
SCNPs, when dimerized, is very close to their length. However,
for higher values of dj, they remain in the parallel monomeric
state and are highly diffusive. This figure shows, as well, that in
the instance of dy = 32 nm, after spending a considerable amount
of time in the monomeric mode, the SCNPs eventually dimerize at
1~ 1.9 x 10°7. This indicates the existence of a relatively weak en-
ergy barrier from the monomeric state to the dimeric state at this
value of . However, once dimerized, the SCNPs never undimer-
ize. This implies that the energy barrier from the dimeric state to
the monomeric state at & = 0.88kzT /nm? is fairly high. Fig. A)
hints to a location of this energy barrier at d* =~ 35 nm.

In contrast to Fig. [B(A), Fig. [3(B) shows that in the case of
& =1.45kgT /nmz, the SCNPs dimerize into a wedged dimer for
all considered values of dy. The kinetics of dimerization at this
value of £ in the case of dy = 55 nm is also demonstrated by Movie
3 (ESIf). The dimer at equilibrium is a highly acute wedge in
which the SCNPs are nearly parallel (see snapshots in Fig. [3{(B)).
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Fig. 3 Distance between the centers of mass of two SCNPs, with D =
10 nm and p = 2.13, vs time for different values of dy. & = 0.88kpT /nm?>
for (A), 1.45kgT /nm? for (B), 1.83kzT /nm? for (C), and 2.24kpT /nm?
for (D). The dashed pink line in indicates in (A) indicates a distance
d =141 nm, where [ is the length of the SCNPs. In (B-D), the dashed
pink line indicates d = D+ 1. The insets show the equilibrated snapshots
of the systems, and cross-sections around the centers of the SCNPs.
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Fig. 4 Final snapshots at different values of &, of SCNPs with D =10nm
and p =2.13, in the cases of dy =25 nm and dy = 45nm.

This concurs with the fact that the distance between their centers
of mass is slightly higher than D. The fact the SCNPs dimerize for
all values of dyp < 70 nm implies that the energy barrier between
the monomeric and dimeric states at this value of & must be at
a relatively high value of d that exceeds 70 nm. This can be ex-
plained by the fact that at & = 1.45kgT /nm?, monomeric SCNPs
are in the parallel mode!, and induce a relatively large deforma-
tion of the membrane, which must lead to relatively long-range
membrane curvature-mediated attraction between them.

Figs. C) and (D) show that, in the cases of & = 1.83 and
2.24kgT /nmz, the SCNPs dimerize if dy < 59 nm and 48 nm, re-
spectively, into acute wedged dimers. The distance between the
SCNBPs in this state slightly increases with . This is due to the in-
creased amount of membrane wrapping of individual SCNPs with
increasing &, which tends to increase the angle of the wedge and
pull the SCNPs apart, as demonstrated by the cross-section snap-
shots shown in Figs. [3((B-D). The kinetics of dimerization is illus-
trated by Movie 1 (ESIT) at & = 1.83kgT /nm? and d = 30 nm and
Movie 4 (ESIt) at at & = 2.24kBT/nm2 and dy = 45 nm. For large
values of dy, the SCNPs individually flip to the normal monomeric
state and do not dimerize, as also illustrated by Movie 5 (ESIT)
at & = 2.24kpT /nm? and dy = 62 nm. Therefore, for intermediate
values of £, at which the monomeric state is the normal mode,
there must exist an energy barrier between the monomeric and
dimeric state, whose location decreases with increasing . We
note that our simulations indicate that once the SCNPs are in
the normal monomeric state, they never dimerize. This hints to
the presence of a fairly high energy barrier between the normal
monomeric state and the dimeric states. We note that although
each graph in Fig. [3|is based on a single simulation, the results
shown in this figure are in fact repeatable as shown in Fig. S5
(ESIT).

The effect of initial distance on the final adhesion mode of the
SCNPs was also investigated in the case where they form a tubular
dimer (see snapshot (c) in Fig. 1). Fig.@shows that in the case of
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& =2.68kpT/ nm?, the SCNPs form a tubular dimer if dy = 25 nm.
However, if placed at a larger distance, they individually rotate to
the normal mode and do not dimerize (see right snapshot in Fig.[d]
at & = 2.68kT /nm?). Fig. [4 shows that at & = 3.94kT /nm?, the
SCNPs are endocytosed as a dimer, following their dimerization
into a tubular dimer. In contrast, however, if initially placed at a
large distance, they individually flip to the normal mode, but do
not endocytose (see right snapshot in Fig. at & =3.94kpT /nm?).
This implies that the dimerization of the SCNPs promotes their
endocytosis. At & = 5.21kgT /nm?, Fig. [4] shows that the SCNPs
are endocytosed as a dimer for low values of dy or as monomers
for high values of d;.

3.2 Kinetics of Dimerization into Wedged Dimers

We now look at the kinetics of dimerization of two SCNPs in the
case of & = 1.83kT /nm?, at an initial distance dy = 45 nm and
angle 6y = 135°. Fig. C) shows that at this adhesion strength,
the final state is an acute wedged dimer. The kinetics of the SC-
NPs dimerization is characterized by the time dependence of the
distance d and angle 6 between them, shown in Fig. 5(A), the
angle ¢ between the SCNPs long axes and the z-axis, shown in
Fig. [B(C), the number n of lipid head beads that are in contact
with the SCNPs, shown in Fig.[5|D), and the distance 4 along the
z-axis between the SCNPs centers of mass and the membrane’s av-
erage height, shown in Fig.[5[(E). Side and top views of snapshots
during the dimerization process are shown in Fig. A) and (B),
respectively. This kinetics is also illustrated by Movie 6 (ESIT).

Fig.[5(A) shows that during the first stage (Stage I), which oc-
curs during 0 < r <2 x 10*7, the SCNPs quickly rotate such that the
angle 6 between them increases to almost 180°, i.e., the SCNPs
long axes become aligned while they remain mostly perpendicu-
lar to the z-axis (¢ ~ 90°) as shown in Fig. C). This alignment
implies that the SCNPs experience an effective interaction that
is mediated by the membrane curvature. Note that during this
alignment stage, the distance between the SCNPs increases from
45 nm to about 50 nm, as shown by Fig.[5[(A). Fig.[B(D) shows that
this early stage is associated with a rapid increase in the amount
of contact between the SCNPs and the membrane, which results
in a rapid increase in the depth & of the NPs in the membrane (see
Fig. [B(E)).

Stage II (2 x 10*7 <t < 6 x 10*7) is characterized by an emerg-
ing attraction between the SCNPs, which leads to the decrease in
the distance between their centers (see as shown by Fig. [5(A))
while they remain colinear. This is demonstrated by the high
angle between them (6 ~ 180°), as shown by Fig. [5(A), and by
the fact that they are perpendicular to the z-axis (¢ ~ 90°), as
shown by Fig. [B(C). However, Fig. [B(A) shows that the SCNPs
approach each other during Stage II, while their degrees of wrap-
ping keeps increasing, as demonstrated Fig. D). Eventually, the
SCNPs come in contact (d ~ 25 nm) at the end of Stage II (see
snapshots (iv) in Figs. A) and (B)).

The wedged dimer forms during Stage III, which occurs during
the interval 6 x 10*t <+ < 7 x 10*1. This stage is characterized
by the rapid decrease in the distance d and angle 6 between the
SCNPs, shown in Fig. [5[(A), and rapid decrease of the angles ¢
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Fig. 5 Kinetics of dimerization of two SCNPs with D =10 nm and p =2.13
at & = 1.83kgT/nm?. Here, the initial distance and angle between the
SCNPs are dy =45 nm and 6y = 135°, respectively. (A) Distance and
angle between the SCNPs vs time. Also shown in (A) are side-view
snapshots at different times indicated by the arrows. Respective top-
views of the snapshots in (A) are shown in (B). (C) Angles, ¢, between
the SCNPs and the z-axis (normal to the membrane). (D) Numbers of
lipid head beads in contact with the SCNPs. (E) Depths of the SCNPs,
along the z-axis, with respect to the average height of the membrane.

between the SCNPs long axes and z-axis. Finally, local equilibrium
is reached at r = 7 x 10*1.

In summary, Fig. |5| shows that SCNPs dimerization, into a
wedged dimer, proceeds through four stages. These correspond to
the alignment stage, followed by a stage during which the SCNPs
are colinear and move toward each other, then followed by the
third stage during which the wedged dimer forms. The wedged
dimer is fully formed in the fourth stage. We note that if this
numerical experiment is repeated such that dy 2 60 nm, the SC-
NPs individually flip to the normal monomeric mode and do not
dimerize (see Fig. S6 (ESIT)).

3.3 dp-£ Phase Diagram

The phase diagram of the final states of two SCNPs, as a func-
tion of £ and dy, is shown in Fig. |§| for the case of D = 10 nm
and p = 2.13. This phase diagram is determined from simula-
tions based on particles adhering simultaneously to the mem-
brane. This figure demonstrates that the final state of the SCNPs is
dependent on the initial separation between them, particularly at

T T T T T
oo o vv O Parallel-monomeric mode
60+ ! Obtuse wedged-dimeric mode |
i O Acute wedged-dimeric mode
ocoo O v > Tubular-dimeric mode
]
! V Normal-monomeric mode
50+ ooo o o ¢ Endocytosis - dimeric i
' O Endocytosis - monomeric
— | i
E o oG O:D ooo o oOwvwvvyv v v v v o o
! 1
[ parallel i | 1 Monomeric
—_— Monomers| ! i Normal Monomers ! .
o 40F ! ; ! Endocytosis |
= o ofomoooo o o) v v v v vioooo
> o O v :
O @ummooo o o> BbPio O O
30r Wedged Dimers iTubuIar: Dimeric Endocytosis
i 1 Dimers |
0 oodUdOoOODOOODOOD DPIGOOOO © © © O
20 1 Il 1 1 1
0 1 2 3 4 5 6

&[kgT /nm?)

Fig. 6 Adhesion modes phase diagram in terms of the adhesion
strength,&, and initial distance between the centers of mass of the SC-
NPs, in the case of D =10nm and p =2.13. This phase diagram is
extracted from the case where the SCNPs adhere simultaneously to the
membrane and their long axes are initially parallel to the xy-plane. Solid
lines indicate boundaries between monomeric and dimeric states. Dotted
lines indicate boundaries between two monomeric states or two dimeric
states.

high values of &. Fig.[6]shows that the SCNPs remain monomeric
and in the parallel mode at low values of & regardless of dy (red
squares in Fig.@. As & is slightly increased, the SCNPs dimerize
into the obtuse-wedged dimeric mode at low values of dj (or-
ange squares). However, they remain in the monomeric parallel
mode at high values of dj, an indication of the presence of an
energy barrier at a distance between them of about 35 nm, as dis-
cussed earlier, and as implicitly demonstrated by Fig. [3|(A). How-
ever, since this energy barrier is weak, the SCNPs are expected to
eventually dimerize. To indicate this, the region between the ver-
tical solid red line and dashed green line, in the phase diagram of
Fig.[6] is partially shaded orange.

With further increase of &, the SCNPs dimerize in the acute
wedged dimeric mode (green symbols in Fig. [f). For relatively
low values of & within this region of the phase diagram, the SC-
NPs dimerize for all considered values of dj, as discussed in the
Subsection 3.1. This is correlated with the fact that SCNPs in
the monomeric state are in the parallel mode at these values of
&. The data shown in the phase diagram is based on simula-
tions of membranes with system size of 150x150 nm?. Finite
size effects should become important for large values of dy. This
implies that the region of the phase diagram with 1kgT/nm? <
& < 1.8kgT /nm? may be different for larger membranes at large
values of dy, although we found that the SCNPs dimerize even
on a 300x300 nm?> membrane at & = 1.45kzT /nm?, when initially
placed at dy = 55 nm, as demonstrated by Movie 7 (ESIt). This im-
plies that finite size effects in the simulations based on 150x150
nm?-membranes must be weak.

For values of 1.8kgT /nm? < & < 2.5kT /nm?, the SCNPs dimer-
ize only if dy < djj, where dj; decreases with increasing &, as also
demonstrated by Figs. C) and (D). It is notable that, in this
range of values of £, a single SCNP is in the normal monomeric
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Fig. 7 Kinetics of dimerization of two SCNPs with D =10 nm and p =2.13
at &€= 1.63kBT/nm2. Here, the initial distance between the centers of
mass of the SCNPs is dy =70 nm. (A) Distance between the SCNPs vs
time. Also shown in (A) are side-view snapshots at different times. (B)
Angles between the SCNPs and the z-axis. Snapshots in (A) correspond
to configurations of the system at times indicated by the arrows.

statetl, This reduction of d§ with &, can be understood from com-
parison of the time scale of dimerization 7 ;,,, and the time scale
Tf1ip, associated with the flip of a single SCNP from the paral-
lel to the normal mode. The transition from the wedged dimeric
mode to the normal monomeric mode should then occur when
Tdimer = Tylip- SINCE Tyjme, increases with increasing do and 7y,
decreases with increasing £41, dj; should decrease with &.

For values of & > 2.4kpT /nm2, two SCNPs dimerize into tubu-
lar dimers if dy < 37 nm (brown triangles in Fig. |§|) However, for
larger values of dj, the SCNPs are in the normal monomeric mode.
Tubular dimers endocytose at & > 3kgT /nm? if dy is small (blue
diamonds). However, SCNPs in the normal monomeric mode en-
docytose at & > 5kzT /nm? (blue squares). Important conclusions
drawn from this phase diagram are that the initial distance plays
an important role on the final state of the SCNPs at intermedi-
ate or high values of £. Furthermore, their dimerisation promote
their endocytosis.

3.4 Non-Simultaneous Adhesion of the SCNPs

The results presented so far are based on simulations of two SC-
NPs which adhere simultaneously to the membrane. In a typical
experimental situation, however, NPs do not adhere simultane-
ously to a lipid membrane. In this subsection, we focus on the
effect of non-simultaneous adhesion of SCNPs on their final ad-
hesion mode at values of £, at which the first SCNP is already
in the normal monomeric state. Fig.|7| shows the distance d be-
tween the two SCNPs, as well as the angles ¢ between their prin-
cipal axes and the z-axis in the case of D =10 nm and p =2.13 at
& = 1.63kgT /nm?>. Here, the initial distance between the SCNPs is
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dy =70 nm. This kinetics is also illustrated by Movie 8 (ESIT). This
figure shows that following the adhesion of the second SCNP, the
distance between their centers of mass steadily decreases while
the first one remains mostly parallel to the z-axis (green curve in
Fig.[7((B)) and the second one is mostly perpendicular to the z-axis
(pink curve in Fig.[7(B)). During this regime, the second SCNP in-
creasingly invaginates the membrane. Once the two SCNPs come
in contact, they align to form a tubular dimer, as demonstrated
by their angles ¢ becoming equal at r ~ 9 x 10*z. The tubular
dimer then rapidly rotates such that the angles of the SCNPs with
the z-axis are almost 0. This final state is then very different
from the acute wedged dimeric state which occurs in the case
where the two SCNPs adhere simultaneously to the membrane at
& = 1.63kpT /nm? (see Section II.B and Fig. . These results are
interesting in that the value of £ of the simulation in Fig. |7} which
is 1.63kBT/nm2, is lower than that in Fig. |5 (§ = 1.83 kBT/nmz),
at which the SCNPs form an acute wedged dimer. A question
that arises then is which of the wedged dimeric state or tubular
dimeric state is more stable.

3.5 Relative Stability of Different States

To determine the relative stability of the dimeric and monomeric
states for a given value of £, we carried a large number of
umbrella sampling simulations with a reaction coordinate corre-
sponding to the distance between the SCNPs centers of mass>L.
The following bias harmonic potential energy between the SCNPs

center beads was used

Ubias(d) = %(d — dpias)*, 7
where k. is varied between 10 € and 100 &, d is the distance be-
tween the SCNPs center beads and d;,, is the preferred distance
between them. dy;,s = D+ A, with A > r,,,. The step in dy;, is cho-
sen to be sufficiently small so that there is an appreciable amount
of overlap between consecutive histograms of d generated from
the biased simulations. The weighted histogram analysis method
(WHAM)“® was then used to obtain the unbiased free energy of
the lipid bilayer with two SCNPs as a function of the distance d.
Since WHAM calculations are very costly, in general we limited
our calculations to dpj,s < 50 nm.

The resulting free energies for the case of two SCNPs with D =
10 nm and p =2.13 at & = 0.45,0.88, 1.15, 1.30, and 1.83 k5T /nm?
are shown in Fig.|8} In the case of the weakest adhesion strength
(£ =0.45kpT /nm?), F(d) decreases monotonically with d. There-
fore, the monomeric state is the only stable state in this case, in
accord with the phase diagram shown in Fig. [f] However, Fig.
shows that, at & = 0.88kgT /nmz, the free energy has a local min-
imum at d =~ 23 nm, which corresponds to the obtuse wedged
dimeric state, shown by snapshot (c) in the same figure. The
free energy, at the same value of &, displays a local maximum at
d ~ 40 nm, beyond which F(d) decreases steadily with d, albeit at
a very weak rate. The free energy should asymptotically approach
a constant as d is increased. The slow decrease of the free energy
with d for large values of d implies that non-dimerized SCNPs at
this value of & can relatively easily get close to each other and
overcome the small energy barrier. This explains Fig. 3(A). It is
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Fig. 8 Free Energy, obtained from WHAM, versus distance between the
centers of mass of two SCNPs with D =10 nm and p = 2.13 at different
values of £. Snapshots (a) and (b) correspond to configurations at low
£ when the SCNPs are relatively close to and far from each other, re-
spectively. Snapshot (c) corresponds to the minimum free energy obtuse
wedged dimeric state at & =0.88kT /nm?. Snapshot (d) corresponds to a
configuration of the undimerized SCNPs in the parallel monomeric mode
at & =0.88kgT /nm?. Snapshot (e) corresponds to a configuration of the
SCNPs in the acute wedged dimeric state at &€ = 1.15kgT /nm?. Snapshot
(f) indicates a configuration of the SCNPs in the obtuse wedged dimeric
state at & = 1.15kT /nm>. Snapshots (g) and (h) correspond to configu-
rations of the SCNPs in the acute wedged dimeric state at £ = 1.30 and
1.83k3T/nm2, respectively.

possible that the weak decrease in the free energy at large dis-
tances for & = 0.88kpT /nm? is due to finite size effects. If so, then
for very large systems, there should not be an energy barrier from
the monomeric to the dimeric state. However, we believe that
this may not be the case since the largest distance of the free en-
ergy at this value of & is about the third of the linear system size.
The energy barrier from the obtuse wedged dimeric state to the
monomeric state, at & = 0.88kgT /nm?, is, in contrast, relatively
high (about 25kgT). This implies that once dimerized, the SCNPs
do not undimerize, again in agreement with Fig. 3(A).

Fig. 8] shows that the free energies, at £ = 1.15, 1.30, and
1.83kpT /nm?, exhibit clear minima corresponding to the wedged
state, with configurations shown by snapshots (e), (g) and (h),
respectively. We note that we were unable to detect local maxima
of the free energies at higher values of d for & > 1.15kgT /nm?
within the range of considered values of d. However, the fact that
Figs.[3|and [f] show that the SCNPs do not dimerize at high val-
ues of dy implies that there must be an energy barrier at some
value of 50 nm < d < 70 nm. Noting that we were never able to
observe a dimerization of the SCNPs once they are in the normal
monomeric state, the energy barrier between the wedged dimeric
state and the normal monomeric state should be very high.

We were also unable to determine the relative stability of the
wedged dimeric state and the tubular state, using WHAM with
the distance d as a reaction coordinate, due to the lack of sta-
ble biased intermediate states between the two dimeric states. To
overcome this difficulty, we used an alternative approach, which
we developed earlier, for calculating the free energy based on the
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Fig. 9 Free energies of the different observed phases versus adhesion
energy density, £ for the case of D =10 nm and p =2.13.

Helfrich Hamiltonian®2 in conjunction with a local Monge repre-
sentation?2. The free energy of the membrane with the adhering
SCNPs is given by

F(é)churv(é)JrEadh(é): (8)

where F,,, is the curvature energy, which is estimated using the
Helfrich Hamiltonian®2, and E.gh is the net adhesion energy of
the SCNPs. More specifically, F,, is calculated using a local
Monge representation of the Helfrich Hamiltonian. Details of the
Approach are found in Section SVII (ESIT). In these calculations,
we do not account for the endocytosis state, since this requires
adding the Gaussian bending term to the free energy and the
value of the saddle splay bending modulus of our model is un-
known.

The approximated free energies of the different observed ad-
hesion modes, calculated using Eq. are shown in Fig.[9]as a
function of & in the case of D = 10 nm and p = 2.13. This figure
shows that, excluding the endocytosis states, there are only three
most stable states of two SCNPs on a lipid membrane. These
correspond to the parallel monomeric state at low values of &,
the obtuse wedged dimeric state at intermediate values of £, and
the tubular dimeric state at high values of £. Of course, at even
higher values of &, the endocytosis states become most stable.
Interestingly, this phase diagram shows that the free energy of
the acute wedged dimeric state is higher than that of the tubu-
lar dimeric state, regardless of £. From our simulations, how-
ever, the acute wedged dimeric state never spontaneously trans-
forms to the tubular dimeric state unless & > 2.4kgT /nm?. This
implies that the energy barrier between these two states is high
for & <2.4kgT /nm?. Fig. |§| also shows that the free energy of the
normal monomeric state is always higher than that of any other
state, except at high values of &, at which the normal monomeric
state becomes more stable than the tubular dimeric state. Since
we never observed spontaneous transitions of the SCNPs from the
normal monomeric state to other states, except the monomeric
endocytosis state at & > 5kgT /nm?, the energy barrier from the
normal monomeric state to the other states (excluding the en-
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docytosis state at high &) must be substantially higher than the
thermal energy.
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Fig. 10 Average Angle between two SCNPs as a function of & for the
case of D =10 nm at different values of aspect ratio.

3.6 Effect of Aspect Ratio on the Dimerization of SCNPs into
the Wedged State

As stated earlier, there seems to be two wedged states in which
the splay angle is either high at relatively low & (obtuse wedged
dimeric state) or low at relatively high £ (acute wedged dimeric
state). The distinction between these two states is also hinted
to by the free energy, shown in Fig. 8] for the case of D = 10 nm
and p = 2.13 at & = 1.15kgT /nm? (blue curve), which displays
an interesting shoulder to the right of the absolute minimum,
whose configuration is shown by snapshot (f) in the same fig-
ure. Likewise, the free energy in the case of & = 1.30kgT /nm?
also displays a shoulder, albeit weaker, to the right of the abso-
lute minimum. These two states are of course indistinguishable
for spherical or near spherical NPs%2, To infer whether these two
dimerization modes are distinct states, and determine the effect
of the aspect ratio on the transition between them, we performed
a series of simulations with varying values of & for 1.23 < p <2.50.
Fig.|10|shows that, independent of the value of p, the average of
the splay angle between the SCNPs, (6), decreases monotonically
with £ (except in the case of p =2.13 and 2.50 at large values
of &, which will be discussed below), with the sharpest decrease
at some value of &, which decreases with increasing p. In the
case of lowest aspect ratio (p = 1.23), the decrease is gradual. In
contrast, however, the decrease is fairly abrupt for p 2 1.75. This
indicates that there are actually two distinct equilibrium wedged
states, namely the obtuse and acute wedged dimeric states, at rel-
atively low and high values of £, and that they are likely separated
by a first order transition.

An interesting feature, shown by Fig. is the weak increase
in (0) with & at high values of £ within the acute wedged dimeric
state, which is particularly clear for large values of p (e.g., blue
curve). This increase is due to the increased amount of wrapping
of each SCNP by the membrane as  is increased, which tends
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Fig. 11 Free Energy, obtained from WHAM, versus the distance between
the SCNPs centers of mass, normalized by the length of the SCNPs, for
different values of the aspect ratio in the case of D =10 nm at & =
1.3kpT /nm?.

to separate the SCNPs from each other. This increased amount
of wrapping is demonstrated by the cross-sections of the dimers
shown in Figs. [3[(B) to (D).

To further investigate the obtuse and acute wedged dimeric
states, we conducted many umbrella sampling simulations, at
& = 1.3kgT /nm?, i.e close to the transition between these two
states at p = 1.75, as shown by Fig. The free energies,
shown in Fig. obtained through WHAM from these simula-
tions, demonstrate two clear local minima for the case of p = 1.75,
with the absolute minimum corresponding to the obtuse dimeric
state. However, the free energy for p = 1.38 exhibits a single mini-
mum, corresponding to the obtuse state. This agrees with Fig.[10}
which shows that for this value of p, the SCNPs are in the obtuse
wedged dimeric state at & = 1.3k37 /nm2. In contrast, the free
energies for p =2.13 and 2.50, exhibit a single minimum, corre-
sponding to the acute state, which also agree with Fig. The
presence of two local minima with an energy barrier at p = 1.75
indicates that the transition between the two state is likely dis-
continuous.

3.7 &-p and £-D Phase Diagrams

The results, thus far presented in this article, were mostly for the
case of D = 10 nm and p = 2.13. The effects of D and p on the
adhesion phase diagram of two SCNPs, and on their endocytosis,
is obtained from a series of simulations at values of D ranging be-
tween 10 and 20 nm, and value of p ranging between 1 (spherical
NPs) and 2.50. The phase diagram is obtained by initially placing
the SCNPs at nearby locations on the membrane, corresponding
tody=1[0+5nm.

Fig. which depicts the £-p phase diagram in the case of
D = 10 nm, demonstrates the general sequence of phases with in-
creasing p, i.e., the parallel monomeric state, the obtuse wedged
dimeric state, the acute wedged dimeric state, the tubular dimeric
state, and then the endocytosis state. Naturally, for p =1 (i.e.,
spherical NPs), there is no difference between the two wedged
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Fig. 12 & —p adhesion phase diagram for 2 SCNPs in the case of D =
10 nm. The dotted lines are the transition lines between various phases.
This phase diagram is based on MD simulations of two SCNPs with
nearby initial positions, corresponding to dyp =1+5 nm.

dimeric states. The acute wedged dimeric state emerges at some
value of p lower than 1.38. Overall, this phase diagram shows
that the values of £ corresponding to the transitions between
different states decrease with p, except the transition between
the acute wedged dimeric state and the tubular dimeric state.
This implies that the increase in the aspect ratio of the SCNPs,
for a given diameter, promotes their dimerization, tubulation as
well as endocytosis. Our results qualitatively agree with DeBrosse
et al., who showed that the internalization of Au nanorods by ker-
atinocyte cells increases with increasing p|3-_l|.

Fig. [9] shows that the tubular dimeric state is more stable than
the acute wedged dimeric state. Therefore, if we account only
for the most stable states in the phase diagram, the green region,
corresponding to the acute wedged dimeric state, disappears at
the expense of the tubular dimeric state (maroon region).

The effect of the SCNPs diameter on their adhesion phase dia-
gram, is shown by the &-D phase diagram in Fig. [13|for the case
of p = 1.75. This figure shows that all transition lines between
different phases decrease monotonically with £. This implies that
increasing the SCNP’s diameter, for a given aspect ratio, promotes
dimerization of the NPs into wedged dimers, their dimerization
into tubular dimers, and their endocytosis. As in Fig. if we
were to only account for the most stable states, the green region
(acute wedged dimeric phase) of the phase diagram in Fig.
should be replaced by the maroon region (tubular dimeric phase).

3.8 Kinetic Pathway of Endocytosis of Two Spherocylindrical
NPs

Finally, we focus on the kinetic pathway of the endocytosis of

2 SCNPs, in the case where they simultaneously adhere to the

membrane at nearby locations. A time sequence of snapshots de-

picting this process is depicted in Fig. for the case of 2 SCNPs

with D =10nm and p = 2.13 at & = 3.10kgT /nm?. This kinet-
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Fig. 13 £ —D adhesion phase diagram for 2 SCNPs in the case of p = 1.75.
The dotted lines are the transition lines between various phases. This
phase diagram is based on MD simulations of two SCNPs with nearby
initial positions, corresponding to dp =[+5 nm.

ics is also illustrated by Movie 9 (ESIT). The angle and distance
between the SCNPs, and number of lipid head beads in contact
with the SCNPs, are shown vs time in Fig.[I5]for { = 3.1, 4.15 and
5.24kgT /nmz_ Fig. shows that, upon their adhesion, the SCNPs
quickly form a wedged dimer whose splay angle decreases with
time, as the SCNPs are increasingly wrapped by the membrane
up to 7 =~ 55007 in the case of & = 3.10kgT /nm?. This is then
followed by a regime up to about 155007, in which the SCNPs be-
come increasingly wrapped while remaining in the wedged state,
leading to slight increases in both d and 6. The upper tip of one of
the two SCNPs becomes then increasingly wrapped by the mem-
brane leading to a fast increase in d and 6. This leads the SCNPs
to become increasingly colinear (see snapshots at + = 17000 and
180007) and eventual formation of a tubular dimer. The dimer
is then endocytosed at ¢ ~ 190007. Since the effect of adhesion
becomes more dominant than that of curvature with increasing
&, the speed of this endocytosis process is increased with &, as
shown by Fig.

If the SCNPs adhere simultaneously but far from each other,
they first adhere through the membrane in the parallel mode,
then rotate to the normal mode!. The SCNPs remain attached to
the membrane, in the normal monomeric mode, if & < 5kpT /nm?,
and endocytose individually if & > 5kgT /nm2. The same final

t= 11 t= 5007 t= 25007 t= 75007
t= 16500t t= 170007 t= 180007 t= 20000t

Fig. 14 Snapshot series corresponding to the case of & = 3.1kgT /nm?,
p =2.13, D=10 nm and dyp = 25 nm.
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Fig. 15 (A) Angle between the SCNPs vs time for the case of D =10 nm
and p =2.13 at three different values of adhesion strength. (B) Distance
between the centers of SCNPs vs time for the same systems in (A). (C)
Number of lipid heads beads interacting with the SCNPs vs time. The
dashed lines indicate times of endocytosis.

states are also observed if the SCNPs do not adhere to the mem-
brane simultaneously even if dj is very small. We note that if the
two SCNPs in the dimeric tubular mode become fully normal to
the membrane, their endocytosis threshold should be the same as
that of a single SCNP, with same D. This is because, in this case,
endocytosis is controlled by the free energy of the deformation of
the neck. However, as demonstrated by Fig. the SCNPs dimer
does not fully become normal to the membrane. Endocytosis in
fact occurs before the two SCNPs become colinear, as shown by
Fig. This implies that kinetic effects play a role on the endocy-
tosis of dimerized SCNPs, i.e, endocytosis of dimerized SCNPs is
not only controlled by deformation of the membrane in the neck
region. This result implies that the dimerization of the SCNPs
promotes their endocytosis. However, it is emphasized that en-
docytosis of the SCNPs as a dimer occurs only when the SCNPs
adhere to the membrane simultaneously, and at close locations.

4 Summary and Conclusion

Details of the adhesion modes, dimerization and endocytosis of
two spherocylindrical NPs on tensionless planar membranes are
investigated using molecular dynamics simulations of a coarse-
grained implicit-solvent model. The SCNPs are efficiently mod-
eled as triangulated hollow shells#X4Z. This allows for a relatively

12 | Journal Name, [year], [vol.], 1

low number of degrees of freedom associated with the SCNPs, and
therefore simulations of SCNPs up to about 20 nm in diameter and
35 nm in length. The simulations were systematically performed
over a range of values of the SCNPs diameter D, aspect ratio p,
strength of the adhesion energy density &, and initial distance
between their centers of mass dj.

The SCNPs exhibit five different modes of adhesion, depend-
ing on the values of £, p and D. At small & values, they are
in the monomeric-gas state and are highly diffusive. Increasing
& leads to their aggregation into wedged dimers with an obtuse
splay angle. As & is further increased, the obtuse wedged dimers
transform into acute wedged dimers, with this transition becom-
ing increasingly abrupt with increasing p. The SCNPs dimerize
into tubular dimers at higher values of £, and are endocytosed at
even higher values of £. Increasing the value of D or p promotes
dimerization, tubulation and endocytosis of the SCNPs.

We also found that the final adhesion mode of the SCNPs de-
pends strongly on the initial distance d at intermediate and high
values of £. Namely, while the SCNPs dimerize into acute wedged
dimers or tubular dimers, at intermediate values of &, if the SC-
NPs adhere to the membrane at nearby locations, they remain in
the monomeric normal mode if the initial distance between them
is high.

Free energy calculations based on the Helfrich Hamiltonian,
in conjunction with a local Monge representation%, show that
the sequence of most stable adhesion modes of two SCNPs, with
increasing &, corresponds to the parallel monomeric mode, the
obtuse wedged dimeric mode, the tubular dimeric mode, then
the endocytosis mode. On the other hand, the free energy of
the acute wedged dimeric mode is always higher than that of
the tubular mode. Furthermore, the free energy of the normal
monomeric mode is higher than those of the wedged or tubular
dimeric modes. However, dimerization of the SCNPs initially in
the normal monomeric mode was never observed. This implies
a large energy barrier between the normal monomeric state and
the wedged dimeric or tubular dimeric state. Likewise, the free
energy of the monomeric normal mode is also higher than that
of the other states. We note that the SCNPs never dimerize such
that their long axes are parallel to each other. This implicitly im-
plies that SCNPs experience a repulsive effective interaction when
they are parallel to each other. This agrees with earlier analytical
studies42153),

In experimental situations, NPs are not expected to adhere
simultaneously to the membrane. Our simulations of non-
simultaneous adhesion of two SCNPs at nearby locations, in
which one of the two SCNPs is already in the normal monomeric
mode show that the final state at intermediate values of & is the
tubular dimeric mode, instead of the wedged dimeric mode. At
higher values of &, the SCNPs do not dimerize a tubular dimer
and then endocytose. Instead, both SCNPs adopt the normal
monomeric mode. This implies that the two SCNPs endocytose
as a dimer only when they adhere almost simultaneously and at
nearby locations. Otherwise, they endocytose as monomers.

Thus far, experimental studies of SCNPs interaction with lipid
membranes have been mainly conducted in the context of living
cells. Our simulations agree qualitatively with DeBrosse et al.21



in that longer Au nanorods are more easily internalized by kera-
tocytes than shorter nanorods. However, a detailed comparison
between our results and existing experimental results is not pos-
sible due to the fact that the plasma membrane of living cells is
apposed to the cortical cytsokeleton, which affects the elasticity of
the lipid membrane, and to the presence of active effects in living
cells. Experimental studies of many SCNPs interacting with sim-
ple planar lipid membranes or lipid vesicles would be very useful
to validate our results.
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