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The adhesion modes and endocytosis pathway of spherocylindrical nanoparticles (NPs) are inves-
tigated numerically using molecular dynamics simulations of a coarse-grained implicit-solvent model.
The investigations is performed systematically with respect to the adhesion energy density &, NP’s
diameter D, and NP’s aspect ratio a. At weak &, the NP adheres to the membrane through a parallel
mode, i.e. such that its principal axis is parallel to the membrane. However, for relatively large &,
the NP adheres through a perpendicular mode, i.e. the NP is invaginated such as its principal axis
is nearly perpendicular to the membrane. The value of £ at the transition from the parallel to the
perpendicular mode decreases with increasing the D or «, in agreement with theoretical arguments
based on the Helfrich Hamiltonian. As £ is further increased, the NP undergoes endocytosis, with
the value of ¢ at the endocytosis threshold that is independent of the aspect ratio but decreases with
increasing D. The kinetics of endocytosis depends strongly on £ and D. While for low values of D,
the NP first rotates to a parallel orientation then to a perpendicular orientation. At high values of

& or D, the NP is endocytosed while in the parallel orientation.

I. INTRODUCTION

Recent advances in nanoscience and nanotechnology
has accelerated the fabrication of nanomaterials with dif-
ferent geometries, dimensions and surface properties [1].
Engineered nanomaterials can be designed for use in dif-
ferent applications including chemical sensing [2, 3], elec-
tronics [4], data storage [5], food industry [6], and cos-
metics [7]. A particularly astonishing progress has been
made in the development of nanomaterials for various
biological and medical applications. These include gene
therapy [8], cancer drug delivery [9], cancer diagnos-
tics [10], biosensing [11], and the probe of intracellular
structure [12]. With the ever-increasing range of appli-
cations of nanomaterials, there is also a growing need to
investigate their potential toxicity and ways to minimize
it [13-15]. The development of effective and safe nano-
materials requires an understanding of how nanoparticles
(NPs) interact with biomembranes, which act as the en-
try point of living cells.

Many NPs properties depend highly on their morphol-
ogy. For example, gold NPs with tailored optical proper-
ties can be synthesized by tuning their morphology, mak-
ing them uniquely promising for a range of biomedical
applications [16]. Several studies have shown that NPs
dimensions and geometry play a major role on their ad-
hesion to lipid membranes and their internalization [17—
21]. Gratton et al’s study, in particular, showed that
internalization of cylindrical NPs with a given aspect ra-
tio is enhanced with increasing the NPs diameter [18].
The uptake of NPs by living cells is complicated by the
presence of several active processes facilitating their in-
ternalization. Furthermore, the actomyosin cytoskeleton
may hinder the adhesion mode in which the NPs pro-
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trude to the inner side of the cell. The understanding
of the effect of NPs morphology on their adhesion on
cells and their subsequent internalization would greatly
benefit from studies of the adhesion of NPs on simple
lipid membranes. Unfortunately, systematic experimen-
tal investigations of the adhesion and internalization of
non-spherical NPs by simple model lipid membranes have
thus far been largely lacking. This makes computer sim-
ulations a useful alternative tool to understand the ad-
hesion and internalization of non-spherical NPs by lipid
membranes.

The onset and modes of adhesion of NPs to lipid mem-
branes can be estimated from the balance between the
adhesive energy and the membrane elasticity energy. In
the simplest case of a spherical NP with diameter D,
its adhesion energy is Fu,qn = —mvD?%£, where £(> 0)
is the adhesion energy density and v is the fraction of
the NP’s surface in contact with the membrane. In the
case of a tensionless planar membrane, its excess elastic
energy, resulting from its curvature deformation, due to
the adhesion of the NP, is F ..., = 87vk, where k is the
membrane bending modulus. The minimization of the
total energy leads to an adhesion threshold £* = 8x/D?,
below which the NP is unbound and above which, the
NP is fully wrapped by the membrane (v = 1) [22, 23].
This argument assumes that the NP and the membrane
interact with each other only when they are in contact
and that the curvature energy of the non-contact portion
of the membrane is zero. This argument was shown to
not be correct if the NPs diameter is comparable to, or
few times, the thickness of the lipid membrane or if the
finite range of the NP-membrane interaction is accounted
for [24-26].

The arguments above can be extended to the case of
a cylindrical NP, with diameter D and very high aspect
ratio, such that its two ends can be ignored. In this
case, one finds that the NP adheres to the membrane for
£ > ¢* = 2k/D?. The decrease in the adhesion threshold
of a cylindrical NP is due to its reduced mean curvature



compared to that of a spherical NP with same diameter.
The adhesion of spherocylindrical NPs on lipid mem-
branes and their endocytosis was investigated through
coarse-grained molecular dynamics (MD) simulations by
Vécha et al. [19] and Huang et al. [20]. Both studies fo-
cussed on the kinetics of spontaneous endocytosis of NPs
with ligands that bind to a fraction of lipids (receptors),
and on the case where the adhesion energy density is rel-
atively high. Huang et al. found that an NP, with aspect
ratio higher than about 2, first adheres through its cylin-
drical side to the membrane [20]. When the NP is about
half-wrapped, it rotates to a perpendicular orientation
[20]. Finally the NP is endocytosed while nearly per-
pendicular to membrane plane [20]. On the other hand,
Vécha et al. found, using a more microscopic membrane
model, that while the NP adheres through its cylindrical
side to the membrane, they are endocytosed while they
remain nearly parallel to the membrane’s plane [19].
The modes of adhesion of cylindrical NPs, with fi-
nite aspect ratio and blunt circular ends, was investi-
gated by Dasgupta et al. [21] using a Monte Carlo en-
ergy minimization method of dynamically triangulated
planar membranes. For low values of £, the NP adheres
shallowly to the membrane through one of its blunt sur-
faces for high values of the curvature, ceqqe, of the cir-
cular edges between the NP’s cylindrical side and blunt
surfaces or for low values of the NP’s aspect ratio, a.
However, for low values of ceqqe Or high values of «, the
NP adheres to the membrane shallowly through its cylin-
drical side [21]. As £ is increased, they predicted a dis-
continuous transition to a deep wrapping state, in which
the principal axis of the NP is perpendicular to the mem-
brane regardless of the value of o or ceqge. This state is
then followed, through another discontinuous transition,
by full wrapping of the NP as ¢ is further increased [21].
The goal of the present study is to investigate the
modes of adhesion of spherocylindrical NPs and their en-
docytosis through an approach that accounts for thermal
fluctuations. To this end, we used MD simulations of a
coarse-grained implicit solvent model of self-assembled
lipid membranes in which the lipid molecules as coarse-
grained as short semi-flexible amphiphilic chains. To re-
duce the number of degrees of freedom associated with
spherocylindrical NPs, they are modeled as a triangu-
lated hollow shells. The focus of the study is to deter-
mine the phase diagram of adhesion and endocytosis of
spherocylindrical NPs as a function of their aspect ratio,
dimensions, and strength of the adhesive interaction.

II. MODEL AND NUMERICAL APPROACH

This work is based on a mesoscale implicit-solvent
model for self-assembled lipid bilayers [27, 28], 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 (¢). The potential energy
of the lipid bilayer has three contributions, and is given

by,

U({r:}) Z Uy ™™ (rig) + Y Upond (ri5)
(i,9)
+ Z Ugied® (vy,v5, 1), (1)
(i,5,k)

where r; is the coordinate of bead %, 7;; = r; — r;, and
a; (= h or t) represents the type of bead i. The second
summation in Eq. (1) is over bonded pairs within the
lipid chains, and the third summation is over the triplets
of beads constituting each lipid chain. The first term in
Eq. (1) is a soft two-body potential, between beads of
types o and 8. This interaction is given by Eq. (A2) in
Appendix A of Ref. [29]. 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 ¢ beads. Otherwise, h-h and h-t
interactions are repulsive [28].

In Eq. (1), Us‘fnd is a harmonic potential which ensures
that beads within a chain are connected, and is given by
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where kgfnd is the bond stiffness coefficient.
Ugﬁ;’i in Eqn. (1) is a three body potential that provides

bending stiffness to the lipid chains, and is given by
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where k257 is the bending stiffness coefficient, and ¢’
is the preferred splay angle of the lipid chain taken to be
180°.

A spherocylindrical NP is constructed as a fairly rigid
triangulated mesh following the details provided in Sup-
plementary Material. The hemispherical caps are the
two halves of a geodesic polyhedron, that is constructed
starting from an icosahedron followed by three tessella-
tions, followed then by the projection of the vertices onto
a sphere [30]. The two hemispheres are then connected
by a tessellated cylinder. Each vertex of the NP is occu-
pied by a bead n. Every n bead of the NP is connected to
its nearest neighbors by the harmonic potential, Eq. (2),
with a bond stiffness kpi 4 and a preferred bond length
ay™. The value of a;™ is determined from the initial con-
figuration of the NP, as described in ESI. The rigidity
of the NP is further enhanced through the three-body
potential, given by Eq. (3), between the beads of every
connected triplet, with a bending stiffness kptny. The
preferred splay angle ¢{™" of each triplet is determined
from the initial configuration of the NP. Since the NP
is hollow, the two-body and three-body interactions are
not sufficient to provide a very rigid structure to the NP.

Finally,
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This problem is solved by introducing an additional bead,
¢, at the center of mass of the NP, that is connected to
each n bead by a harmonic bond given by Eq. (2), with
a bond stiffness k{” 4 and a bond length determined by
the initial configuration. Short-range attractive interac-
tion between the n beads of the NP and a lipid head bead
is ensured using U < 0. To prevent partial insertion
of the NP in the hydrophobic core of the lipid bilayer,
Upt, = 0.

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

Upix = Unax = 100c,
UL = 200,
Unin = Unin =0,
Upin = —6¢,
Urh = Ut =1210e,
Ui = =€,
Unin = 0,
k{)L(t)nd = kffond = 100¢/r 72n7
kPt . = 100e,
ot = 180°,
Kpona = 500/,
kpet = 100€,
po"" = variable,
kg = 10e/72,,
Te = 2T,
ant = ag = 0.7ry,,
ac, = variable. (4)

All beads are moved using a MD scheme in conjunction
with a Langevin thermostat [31],

ti(t) = vi(t), (®)

where m is the mass of a bead and I' is a bead’s fric-
tion coefficient. ¢Z;(t) is a random force with zero
mean, and is uncorrelated for different particles, dif-
ferent times, and different components. I' and o are
inter-related through the fluctuation-dissipation theorem
leading to I' = 02/2kgT. The simulations are per-
formed in the NVTY ensemble, where N is the total
number of beads in the system, V = L,L,L. is the
system’s volume, and ¥ is the lateral tension applied
on the bilayer 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 zy-plane,
L' = L + A, is selected, with A being a small ran-
dom perturbation in the interval (—0.1rp,, 0.1r,,). At-
tempted new coordinates of all beads correspond then
to af = x;L'/L, y, = yL'/L, and 2z} = 2, L'/L. The
attempted change is then accepted or rejected using
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FIG. 1: The adhesion energy density, £, versus the interaction
strength, £, between a NP n bead and a lipid h bead, for
different values of the NP’s diameter.

the standard Metropolis criterion with the Hamiltonian
H ({r;},L) = U ({r;}) + L% All simulations are per-
formed on tensionless membranes (3 = 0). Typically the
initial size (L, Ly, L,) = (100r,,,100r,,, 100r,,). The
total number of lipids in the membrane is Ny, = 10 000.

The simulations are executed at kpT = 3.0¢, with a
time step At = 0.027, where 7 = 7,,,(m/e)'/2. Egs. (5
and 6) are integrated using the velocity-Verlet algo-
rithm [32] with I' = v/6m/7. The bending 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 k =~ 30kpT [28], which
is comparable to that of a DPPC bilayer in the fluid
phase [33]. By comparing the thickness of our model bi-
layer in the fluid phase, which is about 4r,,, with that of
a typical fluid phospholipid bilayer, ~ 4 nm, we estimate
m =~ 1 nm. Hence, in the remainder of this article, all
lengths are expressed in nanometers, and the adhesion
strength, £, is expressed in kT /nm?.

The adhesion energy density is defined as £ =
|Uadn|/Aadn, where U,qp, is the net potential energy be-
tween the NP and the membrane and A,q, is the area
of the NP adhering to the membrane. To determine the
adhesion energy density, simulations of a spherical NP of
diameter D adhering to a tensionless planar bilayer are
performed at different values of £. Here, an n bead ad-
heres to the membrane if it interacts with at least one
h bead of the membrane, i.e. if its distance from the h
bead is less than r.. Fig. 1 depicts the adhesion energy
density versus distance £ for NPs with diameter D = 10,
15 and 20 nm. This figure shows that £ dependence on
£ is not linear for low values of £, but becomes linear
as & further increases. This figure also shows that for a
given &, ¢ decreases with D. This is simply due to the
fact that the number of beads on a spherical NP is fixed
(642 beads), regardless of its size.
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FIG. 2: The four adhesion modes of a spherocylindrical NP
used in the theoretical determination of the phase diagram.
(A) corresponds to the unbound state. (B) corresponds to the
parallel adhesion mode. (C) corresponds to the perpendicular
adhesion mode in which the NP’s cylindrical side is partially
wrapped by the membrane. Finally, (D) corresponds to the
perpendicular adhesion mode in which the cylindrical side
is fully wrapped and the top hemispherical cap is partially
wrapped.

III. ELASTICITY THEORY PHASE DIAGRAM

Before presenting our results from the MD simulations,
it is instructional to first determine an approximate ad-
hesion phase diagram of a spherocylindrical NP using
simplified theoretical arguments based on a balance be-
tween the Helfrich’s curvature energy [34] of the mem-
brane and the adhesion energy. Assuming that the NP
only deforms the portion of the membrane that is in con-
tact with it, the excess free energy of the membrane is
then given by [34]

A A
.7::/ da g(cl+02—co)2+/ da Reieg —EA, (7)

where A is the NP-membrane contact area. x and & are
the bending modulus and saddle splay modulus, respec-
tively. ¢; and cy are the local principal curvatures of
the membrane in the contact region. Due to the absence
of transbilayer asymmetry of the membrane, the sponta-
neous curvature cg = 0. Assuming that the saddle-splay
bending modulus is not locally modified by the adhesion
of the NP, the second term in Eq. (7) reduces to an in-
tegral of the Gaussian curvature cjcy over space, which
is a topological invariant. Therefore, this term is not
included in the subsequent calculations.

Motivated by the MD results, four adhesion modes of
the NP on the membrane, shown schematically in Fig. 2
are considered in the calculations. These correspond
to the unbound state, the parallel adhesion mode, the
partially wrapped perpendicular mode, and the strongly
wrapped perpendicular mode, shown by (A), (B), (C),
and (D), respectively. The free energy of the system in
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FIG. 3: Theoretical adhesion phase diagram in terms of the
reduced adhesion energy density, £, and NP’s aspect ratio,
a, obtained from the minimization of the free energy given
by Eq. (8). The transition line from the unbound mode to
the parallel mode is blue, the transition line from the parallel
mode to the perpendicular mode is pink, and the transition
line from the perpendicular mode to the fully wrapped mode
is orange. Note that the transition line from the unbound
to the parallel mode (blue line) asymptotically approaches
the adhesion threshold of a an infinitely long cylindrical NP
(§ = 0.5) as « is increased.

the different modes is given by

3 0 ) for (A),

F ) @90 -cose)+ 2211 — 200 for (B),
21k (2-8&+ (e =1)(1-2¢) for (C),
(D)

(2 - &) (1 +sing) + (a —1)(1 —2€) for (D),

i (8)
where & = £D?/4k is the reduced adhesion energy den-
sity, D is the NP’s diameter, o = (L+ D)/D is the NP’s
aspect ratio, and o/ = (L' + D)/D, where L’ is the par-
tial height of the cylindrical portion of the NP that is
wrapped by the membrane. The wrapping angles ¢ and
@ are defined in Fig. 2. We emphasize that this the-
oretical approach is fairly crude as (1) it assumes that
the interaction between the NP and the membrane is a
contact interaction, (2) it does not account for the fact
that the NP deforms the membrane beyond the contact
region, (3) it is only valid in the limit where the NP’s di-
mensions are much larger than the membrane thickness,
and (4) it does not account for fluctuations.

The phase diagram of the adhesion modes, in terms of £
and «, obtained from the minimization of the free energy
in Eq. (8) is shown in Fig. 3. The degree of wrapping of
the NP f, defined as the fraction of the NP’s area that
is wrapped by the membrane, is shown as a function of
¢ for four different values of the aspect ratio in Fig. 4.

Fig. 3 shows that regardless of the aspect ratio, the
NP adheres to the membrane in the parallel mode at low
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FIG. 4: The degree of wrapping of the NP’s area, obtained
from the minimization of the free energy in Eq. (8), as a
function of the reduced adhesion energy density, for different
values of the aspect ratio.

values of the adhesion energy density. In this state, the
degree of wrapping f gradually increases with increasing
& toward a maximum value that increases with the aspect
ratio, as shown by Fig. 4. This is contrasted to the case
of a spherical NP (o = 1 in Fig. 3), which can either
be unbound (f = 0) or completely wrapped (f = 1).
The cylindrical side of a spherocylindrical NP therefore
allows for its partial wrapping. As the adhesion strength
is further increased, the NP mode of adhesion changes to
the perpendicular mode, in which the whole cylindrical
side of the NP is wrapped by the membrane (i.e. L' =
L). The phase diagram also shows that the adhesion
energy density, at which the NP flips from the parallel
to the perpendicular mode, decreases with increasing the
aspect ratio. Interestingly, the range of £ over which the
parallel mode is stable decreases with increasing o, and
eventually vanishes in the marginal case of infinitely long
NPs. The transition from the perpendicular mode to the
fully wrapped mode occurs at £ = 2 regardless of the
NP’s aspect ratio, and includes the case of a spherical
NP . In state (D), the NP is always fully wrapped, i.e.
© = /2 regardless of 5

IV. NUMERICAL RESULTS

We now turn to the modes of adhesion, obtained from
the MD simulations. Fig. 5 depicts a sequence of typi-
cal equilibrium configurations for different values of the
adhesion energy density in the case of a = 1.60. These
modes of adhesion are essentially the same as those in
Fig. 2, with some differences which will be discussed later.
The endocytosis mode in Fig. 5 at £ = 1.56kpT /nm? is
identified with the completely wrapped state in Fig. 2.

The adhesion phase diagram, from the simulations, as

£=0.10 k,T/nm? £=0.62 k,T/nm?

£=0.86 kyT/nm?
Pso e et

£=1.33 kpT/nm?

£=1.56 kyT/nm?

£=1.10 kpT/nm?

FIG. 5: Equilibrium snapshots at different values of £ in the
case of a NP with D = 20 nm and o = 1.60.

a function of the adhesion energy density and aspect ra-
tio in the case of NPs with D = 20 nm is shown in Fig. 6.
The degree of wrapping of the NP as a function of adhe-
sion energy density for different values of aspect ratio for
D = 20 nm is shown in Fig. 7. Fig. 6 shows a &-a phase
diagram of adhesion that is qualitatively in agreement
with the theoretical one in Fig. 3. Namely, the NP is un-
bound at very low values of £ and adheres in the parallel
mode as £ is increased. As £ is further increased, the NP
adheres in the perpendicular mode, and is endocytosed
at high values of £. The qualitative dependence of the
transition lines on ¢ from the MD simulations agree with
those in Fig. 3. In particular, the transition adhesion
energy density from the unbound state to the parallel
adhesion mode and that from the parallel to the perpen-
dicular mode decrease with increasing the aspect ratio.

O Parallel mode
A Perpendicular mode

o Endocytosis
1.90% o AODOOm O O O
1.75% o AOOOD O O O+
1.60% o ADOOm O O
3
1380 Aooom o O
1230 ADOODm O O
| .
1.005 15 2

&lkgT/nm?]

FIG. 6: &« adhesion phase diagram, from the MD simula-
tions, in the case of D = 20 nm. The transition line from
the unbound state to the parallel adhesion mode is blue, the
transition line from the parallel mode to the perpendicular
mode is pink and the transition line from the perpendicular
mode to endocytosis is orange.
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FIG. 7: The degree of wrapping of the NP versus & for the
case of D = 20 nm at different values of the NP’s aspect ratio.
Here, a NP bead is in contact with the membrane if it is at a
distance < 2 nm with at least one membrane head bead.

These results imply that the higher is the aspect ratio of
a spherocylindrical NP, the easier it is for it to adhere
to a planar membrane. Likewise, the NP becomes more
prone to flip from the parallel to the perpendicular mode
as its aspect ratio is increased. Fig. 7 shows that the de-
gree of wrapping exhibits a discontinuity at the transition
from the parallel mode to the perpendicular mode, also
in qualitative agreement with the theoretical predictions.

A notable qualitative difference between the MD and
theoretical phase diagrams is that a spherical NP (a =
1), in the MD simulations, is partially wrapped over a
range of values of &, with the contact area fraction f
that increases continuously with &, as shown by the cyan
data in Fig. 7 and by earlier studies [25, 26]. In contrast,
the theoretical argument predicts that the NP is either
unbound or completely wrapped, as demonstrated by the
phase diagram in Figs. 3 and 4 at & = 1. Another im-
portant difference between the phase diagrams in Figs. 3
and 6, is that the theoretical arguments predict that the
degree of wrapping of the NP in the perpendicular mode
is independent of £, as shown by Fig. 4. This is due to
the fact that the theory predicts that the top hemispher-
ical cap of the NP is not wrapped by the membrane in
this mode. In contrast, the MD simulations show that
the degree of wrapping increases continuously in the per-
pendicular mode, as shown by Fig. 6.

The effect of the NP’s diameter on its adhesion is
shown by the ¢-1/D? phase diagram in Fig. 8 for the
case of « = 1.75. The corresponding phase diagram
is found in Supplementary Material. This figure shows
that the adhesion energy densities corresponding to the
transition from the parallel to the perpendicular mode
and the transition from the perpendicular mode to en-
docytosis decrease with the diameter of the NP. Fig. 8
shows that the adhesion energy density at these tran-
sitions, £* ~ 1/D?, in agreement with the theoretical
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FIG. 8: ¢-1/D? adhesion phase diagram, from the MD sim-
ulations, in the case of @ = 1.75. The transition line from
the unbound state to the parallel adhesion mode is blue, the
transition line from the parallel mode to the perpendicular
mode is pink, and the transition line from the perpendicular
mode to endocytosis is orange. Note that the blue line is very
close to the vertical axis.

predictions. The particularly strong dependence of £* on
the NP’s diameter at the transition from the perpendic-
ular mode to endocytosis, and the lack of dependence of
&* on the length of the NP, as shown by the &-a phase
diagram in Fig. 6, imply that the onset of endocytosis
of spherocylindrical NPs is controlled by their diameter
and not by their length.

In the parallel mode, the NP’s orientation is mainly
parallel to the xy-plane, as shown by the distribution of
the latitude angle, P(f), depicted in Fig. 9 (A) for the
case of D = 20 nm and a = 1.60. We note that the nor-
malization of P is [ P(#)sinf df = 1/2m. This figure
shows that the distribution is peaked at 8 = 90°, which
is consistent with a NP adhesion in the parallel mode.
However, the amount of fluctuations exhibited by the
NP’s orientation increases with increasing the adhesion
strength. This implies that as the transition from the
parallel mode to the perpendicular mode is approached,
the NP’s wobbling around its horizontal orientation is
increased.

The simulations show that in the perpendicular mode,
the NP typically adopts an orientation in which its prin-
cipal axis is almost parallel to the z-axis for relatively low
values of ¢ (see snapshot at & = 0.86kpT/nm? in Fig. 5).
However, for relatively high values of &, the NP’s prin-
cipal axis is mostly tilted with respect to the z-axis, as
shown by the snapshot at ¢ = 1.33kgT /nm? in Fig. 5 and
by the distribution of # in Fig. 9 (B). To infer the origin of
the tilt of the NP in the the perpendicular mode, the net
adhesion potential energy of the NP vs. its latitude angle
is shown in the scatter plot in Fig. 10, determined from
a large set of configurations at equilibrium. This figure
shows that for low values of &, within the perpendicular
state, the range of the NP’s latitude angle is small, for
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FIG. 9: (A) Distribution of the latitude angle 6, defined in
the inset, for an NP with D = 20 nm and « = 1.60 in the (A)
parallel mode and (B) perpendicular mode, at different values
of the adhesion energy density. The solid lines are guides to
the eye.

example up to about 15° and an average about 5° for
¢ = 0.86kpT/nm?. This indicates that the NP’s princi-
pal axis is mostly perpendicular to the xy-plane at low
values of £ within the perpendicular mode. However, as
¢ is increased, the range of the latitude angle sampled by
the NP is increased, with an average value about 18° at
¢ = 1.10kpT/nm? and 23° at & = 1.33kpT/nm?, which
indicates a preferred tilt of the NP in the perpendicular
mode at high €.

The adhesion energy, shown in Fig. 10, is essentially in-
dependent of the angle 0 for a given £. This is explained
by the fact that as the latitude angle 8 of the NP changes,
the size of the neck connecting the bud containing the NP
to the membrane remains roughly constant, and therefore
the amount of NP’s wrapping is independent of 6. Since
the curvature of the membrane in the contact region also
remains unchanged by the tilt of the NP, the preferred
tilt must be due to a reduced curvature energy of the
non-contact region of the membrane. An interesting fea-
ture of the tilted orientation of the NP (see snapshots in
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FIG. 10: Scatter plot of the NP’s net adhesion energy, Uqdn,
versus its tilt angle 0 for the case of D = 20 nm, o = 1.6 at
¢ = 1.33kpT/nm?. The inset shows that the average latitude
angle of the NP versus adhesion energy density.

Fig. 10) is that at the azimuthal angle corresponding to
the tilt angle 0, the membrane does not adhere to the
top hemispherical cap, whereas at the supplementary az-
imuthal angle, the membrane degree of wrapping of the
top hemispherical cap is maximized. Such a configura-
tion must correspond to a reduced curvature energy of
the non-contact region of the membrane than in the case
where the NP is perpendicular to the xzy-plane.

V. KINETICS OF ENDOCYTOSIS OF
SPHEROCYLINDRICAL NPS

In this section, we focus on the effect of the adhesion
energy density, aspect ratio and diameter of the NP on
the kinetics of its endocytosis. Fig. 11 depicts the time
evolution of the NP’s latitude angle along with the frac-
tion of its area wrapped by the membrane for the case of
D = 20 nm and « = 1.6 at different values of £ within
the endocytosis regime. Here, the NP is initially placed
such as its axis is perpendicular to the membrane (i.e
6(0) = 0). Time series of snapshots corresponding to
¢ = 1.56 and 2.77kpT/nm? are also shown in Fig. 11.
A corresponding movie is found in Supplementary Ma-
terial. This figure shows that regardless of the adhesion
strength, upon its adhesion on the membrane via one of
its hemispherical caps, the NP rotates from the perpen-
dicular to the parallel orientation within a short amount
time. While the NP remains temporarily in the parallel
orientation for a short duration, the degree of wrapping
f, at which the orientation of the NP is parallel to the
zy-plane increases with time, with a value around 0.5.
The NP’s latitude angle then decreases with time, as the
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FIG. 11: (A) Latitude angle of the NP’s principal axis versus time for the case of @ = 1.75 and D = 20 nm at three different
values of the adhesion energy density. (B) The area fraction of the NP wrapped by the membrane versus time for the same
systems shown in (A). Snapshot series (a) to (g) correspond to the case of & = 1.56k5T/nm?. Corresponding Multimedia view:

link. Snapshot series (i) to (vii) correspond to the case of £ = 2.

(g) and (vii) are taken right after endocytosis.

degree of wrapping further increases. For relatively low
values of ¢, such as £ = 1.56kpT/nm? (i.e. values of &
close to the endocytosis transition line in the phase dia-
gram), the NP almost completely rotates again to an ori-
entation perpendicular to the zy-plane (snapshot (e) in
Fig. 11). However, as the amount of wrapping increases,
such as the neck connecting the main bilayer to the in-
vagination containing the NP is well formed, the latitude
angle increases again such as the NP adopts a tilted ori-
entation (snapshot (f) in Fig. 11) that is reminiscent of
that in the perpendicular adhesion mode at high values of
¢ (snapshot at ¢ = 1.33kpT/nm? in Fig. 5). This kinetic
pathways is in agreement with that observed by Huang
et al. [20] using a more coarse-grained model.

At higher values of € (e.g. € = 2.02 and 2.92kpT /nm?),
Fig. 11 and corresponding movie in Supplementary Mate-
rial show that the NP does not rotate almost completely
to the perpendicular orientation (snapshots (iv to vi) in
Fig. 11), with the minimum value of 6 achieved by the
NP that increases with increasing £. This is due to the
fact that the higher curvature energy of the intermediate
orientations (iv-to vi) is compensated by a higher adhe-

77kBT/nm2. Corresponding Multimedia view: link. Snapshots

sion energy (in absolute value) at high values of . As
a result, the NP is endocytosed while nearly parallel to
the membrane at high values of £&. The details of the
endocytosis pathway therefore depends on the adhesion
strength.

The effect of the diameter of the NP on the endocyto-
sis kinetics is shown in Fig. 12 for the case of a = 1.75
at & = 6kpT/nm?. Here, the NPs are initially placed
parallel to the membrane. This value of £ is very close
to the endocytosis transition for D = 10 nm, as shown
by the phase diagram in Fig. 8. Fig. 12 shows that the
tendency of the NP to rotate from the horizontal orien-
tation decreases with the difference, A = £ — &ena(D),
where £.,q(D) is the value of the adhesion energy den-
sity at the endocytosis transition for a NP of diameter
D. This is due to the fact that as D is increased, A&
is increased, and therefore the resistance to wrapping of
the NP by the membrane, due to the curvature energy is
decreased. As a result the angle by which the NP rotates
toward the perpendicular orientation is diminished as D
is increased.



VI. SUMMARY AND CONCLUSION

The adhesion modes and endocytosis of spherocylin-
drical NPs on tensionless planar membranes are investi-
gated using molecular dynamics simulations of a coarse-
grained implicit-solvent model. The NPs are efficiently
modeled as triangulated hollow shells. The simulations
were performed over a range of values of the NP’s di-
ameter D, aspect ratio «, and strength of the adhesion
energy density £&. The NPs exhibits two modes of adhe-
sion which depend on &, @ and D. For low values of &,
the NP adheres through its side, i.e. its principal axis
is parallel to the membrane with an increasing amount
of wobbling with increasing £. As £ is increased, the
NP’s adhesion mode flips to the perpendicular mode, in
which the principal axis is mainly perpendicular to the
membrane. The value of £ corresponding to the transi-
tion from the parallel mode to the perpendicular mode
decreases with increasing the NP’s aspect ratio or its di-
ameter, in agreement with theoretical arguments based
on the Helfrich Hamiltonian. An interesting feature of
the perpendicular adhesion mode is that once the neck
of the bud containing the NP is well formed, the NP’s
principal axis is tilted from the z-axis by an angle that
increases with . The lack of correlation between this
tilt angle and the net adhesion energy of the NP implies
that the preferred tilt angle in the perpendicular adhe-
sion mode is due to a combination of the finite range of
the interaction between the lipid head beads and the NP
and the curvature energy of the non-contact region of the
membrane.

The sequence of adhesion modes observed in this study
are in qualitative agreement with those based on the en-
ergy minimization approach [21]. However, in their ap-
proach, the NPs caps are blunt with varying degrees.
Due to the bluntness of the caps, the transition between
the partially wrapped perpendicular mode and the fully
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FIG. 12: Latitude angle of the NP’s principal axis versus time
for the case of @ = 1.75 and £ = ()’kBT/nm2 at three values
of the NP’s diameter.

wrapped perpendicular mode is discontinuous. In con-
trast, the present study shows that the degree of wrap-
ping increases continuously with increasing &.

As ¢ is further increased, the NP undergoes sponta-
neous endocytosis. The value of ¢ corresponding to the
transition from the perpendicular adhesion mode to en-
docytosis (€enq) is found to be independent from the NP’s
aspect ratio. However, &.,4 decreases with the diameter,
as 1/D? in agreement with the theoretical arguments.
The independence of the this transition from the NP’s
aspect ratio is due to the fact that the neck linking the
NP’s invagination to the main membrane in the perpen-
dicular mode is near the hemispherical cap, and is there-
fore independent of the length of the cylindrical portion.

The kinetics of endocytosis depends strongly on £ and
D. Quickly after its adhesion, the NP rotates to a paral-
lel orientation until its degree of wrapping is about 0.5.
The NP then rotates toward the perpendicular orienta-
tion while its degree of wrapping increases with time. A
minimum orientation angle of almost 0 is achieved in the
case of relatively weak values of £. The almost verti-
cal orientation of the NP is achieved once the cylindrical
portion of the NP is fully wrapped. As the degree of
wrapping further increases, the tilt of the NP’s orienta-
tion increases. This implies that as the NP’s invagination
detaches from the membrane, the NP is not perpendicu-
lar to the xy-plane at low values of £&. As £ is increase,
within the endocytosis region of the phase diagram, the
minimum angle it achieves, as it rotates away from its
parallel orientation, decreases with increasing £. As such,
the NP’s orientation as it is endocytosed becomes in-
creasingly parallel to the zy-plane as ¢ is increased.The
tendency of the NP to rotate from the parallel mode to
the perpendicular mode during its endocytosis pathway
is also found to decrease with increasing its diameter.
However, it is fairly independent of its aspect ratio. The
observed endocytosis pathways agree with earlier ones
performed in the limit of high adhesion strength [19] and
in the limit of relatively weak adhesion strength [20].

Supplementary Material

See Supplementary Material for 1) a detailed descrip-
tion on how spherocylindrical nanoparticles are gener-
ated in this study, 2) a £&-D phase diagram, 3) a movie
of the endocytosis of a nanoparticle with a = 1.75,
D =20 nm at £ = 1.56kpT/nm?, and 4) a movie of the
endocytosis of a nanoparticle with a = 1.75, D = 20 nm
at & = 2.77kgT /nm?.
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Snapshots in this article were generated using VMD ver-
sion 1.9.3 [35].
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