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1 Introduction

Nanostar Self-Assemblies of Spherical Nanoparticles in-
side Lipid Vesicles’

Yu Zhu,%? Abash Sharma,®¢ Eric J. Spangler, and Mohamed Laradji**

Curvature deformations of lipid membranes resulting from the adhesion of nanoparticles (NPs) often
lead to effective interactions between the NPs, resulting in their self-assembly. Many studies have
shown that this interaction is attractive in the case of NPs with uniform surfaces adhering to the
outer leaflet of lipid vesicles. This interaction leads to the NPs’ self-assembly into in-plane or out-of-
plane linear chains in which they are unidimensionally close-packed. In this article, we show, through
coarse-grained molecular dynamics simulations, that spherical NPs with uniform surfaces adhering to
the inner leaflet of lipid vesicles experience repulsive interactions, resulting in NPs configurations in
which they are apart. Systematic simulation sets with respect to the number of NPs inside vesicles
and the strength of their adhesion to the membrane show an interesting phase diagram with different
adhesion modes. These include a three-dimensional clustering mode, which is fairly dynamic at low
adhesion strength and rigid at moderately high adhesion strength. These two regimes are separated
by an intriguing two-dimensional clustering mode at moderate values of the adhesion strength. In
this mode, the NPs form ordered planar nanostars with geometries determined by the number of
NPs. In contrast to the three-dimensional mode, in the two-dimensional clustering mode, the NPs
are anisotropically wrapped by the NPs with the largest degree of wrapping along the plane normal
to the nanostar plane and the lowest degree of wrapping along the plane of the nanostar.

teraction at strong enough NP-polymer interactions.4 Nanosized
particles, such as transmembrane proteins, that are embedded in

There are numerous instances where micro- or nanosized par-
ticles embedded in a soft material experience effective interac-
tions that are mediated by the embedding material. For example,
non-adsorbing colloidal particles in a solution of smaller particles
deplete the smaller particles from the vicinity of the colloidal par-
ticles. This results in an effective, entropy-driven attractive force
between the colloidal particles called the depletion interaction.”!
Nanoparticles (NPs) in a microphase-separated diblock copoly-
mer melt experience an effective, attractive force resulting from
the stretching and compression of the polymers near the inter-
face between the two blocks.22 NPs in a polymer brush in a good
solvent condition experience an entropically-driven attractive in-
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lipid membranes can experience an attractive interaction driven
by a mismatch between their hydrophobic thickness and that of
the membranes." Likewise, adhering NPs to lipid membranes can
experience interactions resulting from curvature deformations of
the membrane. 68

The effective interactions between NPs, caused by an embed-
ding agent, often lead to their self-assembly into ordered nan-
oclusters or nanocrystals.@ The unique structural and functional
properties displayed by nanoassemblies allow them to be poten-
tially used in a range of advanced applications, including data
storagel® light harvesting,™ non-linear optics,12 catalysis, =3
and biosensing.1¥ As a result, there has been a growing inter-
est in using soft materials, such as copolymers, 1% DNA, 16117 pro-
teins, cellulose, and lipids, as a self-assembly mediat-
ing agent in bottom-up nanofabrication.

The ability of lipid membranes, in particular, to induce interac-
tions between adhering particles is due to their fluidity and flex-
ibility. Hence, the adhesion of an NP to a lipid membrane, due
to attractive forces between the NP’s surface and the lipid head
groups, leads to the wrapping of the NP by the membrane to a de-
gree that depends on the competition between the adhesive inter-
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action and the membrane’s elastic energy.2324 The membrane’s
curvature deformations caused by the NP typically extend over
length scales exceeding the NP’s dimensions. Overlap between
membrane curvature deformations caused by multiple adhering
NPs leads to an effective interaction between the NPs.Z8

Most studies of NPs interacting with lipid membranes have
been performed in the case where the NPs adhere to planar lipid
membranes or the outer leaflet of lipid vesicles. /821122125536 pree
energy calculations of the arrangement of two NPs on the outer
leaflet of a lipid vesicle show two states corresponding to the
dimeric state, in which the NPs form an in-plane or an out-of-
plane dimer or a monomeric state in which the NPs are apart.Z8
The monomeric state dominates at low adhesive strength. In this
case, the NPs are highly diffusive on the membrane due to the
low amount of contact between the NPs and the lipids, and as a
result, they can intermittently dimerize. At moderate values of the
adhesive strength, the free energy exhibits two local minima cor-
responding to the monomeric and dimeric states, with the dimeric
state becoming more stable than the monomeric state as the ad-
hesion strength is increased.® This results in the aggregation of
NPs into in-plane or out-of-plane chains at moderate values of
the adhesive strength.’27:30

Despite a wealth of studies on the spatial arrangement of NPs
adhering to the outer leaflet of lipid vesicles, only a few investi-
gations have been performed on the adhesion of NPs on the inner
leaflet of lipid vesicles. 2829137539 \ost of these studies dealt with
the adhesion of a single NP to the inner side of lipid vesicles.
For example, Bahrami et al. showed that the wrapping process
of an NP adhering to the outer side of a vesicle experiences an
energy barrier that decreases with increasing vesicle’s size.3849
In contrast, no energy barriers occur when the NPs adhere to the
inner leaflet of lipid vesicles.®® The earlier study by Saric and
Cacciuto® on the aggregation of spherical NPs inside lipid vesi-
cles was focused on the case where the size of the vesicle is much
larger than that of the NPs. In the present study, we investigate
the modes of adhesion of several spherical NPs with uniform sur-
faces inside relatively small lipid vesicles through molecular dy-
namics simulations. We focus, in particular, on the effect of the
strength of the adhesive interaction and the number of NPs on the
specific arrangement of the NPs. The salient results of this study
are that NPs adhering to the inner leaflet of a vesicle experience
an effective repulsive interaction and that for intermediate values
of the adhesive interaction, the NPs self-assemble into quasi-two-
dimensional star-like nanoclusters, in which the NPs are apart.

2 Model and Approach

The numerical simulations in the present study are based on a
coarse-grained, implicit-solvent model in which a lipid molecule
is coarse-grained into a short, semi-flexible chain composed of
one head (h) bead and two tail (#) beads.#12/ The interactions
are tuned to allow the lipid chains to self-assemble into bilayer
membranes with elastic constants that are in line with experi-
mental values. Specifically, the potential energy of the bilayer is
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given by
a/ o; ak

;0 aloc
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where r; is the coordinate of bead i, r;; = |r, r;|, and o;(=h or
t) is the type of bead i. U, e /(rij) in Eq. is a pair potential
between particles i and j, and for the sake of the computational
efficiency of the model, this potential is chosen to be a soft pair-
wise function given by

( mfx UOCﬁ) (rw—r)" r) +u%k

min min ifr< Tms

2Uaﬁ (rrf")% +3 Uaﬁ (re— r)2

min () min (., )”

Uéw(r) ifrpm<r<re, (2)

0 if r>re,

where Umafx >0 and Urf:f] < 0. Due to the lack of explicit solvent
in this model, self-assembly of bilayer membranes is achieved
by choosing an attractive interaction between tail beads, i.e.,
UL, < 0. Otherwise, the pair potential of other pairs of beads is
fully repulsive, i.e., U"" = U™ =0. To maintain continuity and

smoothness of the twr(I)mllnody ITrllnteraction in Eq. (@), the potential
in the interval r,, <r <r. is chosen to be a third-order polynomial.
Furthermore, despite the softness of the two-body interaction in
Eq. (2), compared, for example, to the Lenard-Jones potential,
it provides beads with an excluded volume, as shown by Fig. S1
(ESIY).

Connectivity between consecutive beads in a lipid chain is
maintained by the second term in Eq. (I, which is given by

;0

i O 2
Ulff)gé(ri/): b;nd (rij —aca;)”, 3

where kb(‘mé is the bond stiffness coefficient and ag,q, is the pre-
ferred bond length between beads i and j. We note that bonded

beads in a lipid chain interact as well via U(;x 9%

Finally, U, &g(}' in Eq. is a three-body potential that provides
bending stiffness to the lipid chains and is given by

O O O r r 2
;0L Ot bend ooy Yij Tkj
Uprd  (Tiyrj,1) = ! @
bend ( BEJ k) 2 08 @y rijTkj ’
where kf)x iaéa" is the bending stiffness coefficient of triplet (i, j, k),
;00

and @, is the preferred splay angle of the triplet. The bending
modulus of a bare membrane, extracted from the spectrum of the
height fluctuations, with the interaction parameters provided in
Table [1] is x ~ 30kgT, %2 which is comparable to that of a DPPC
bilayer in the fluid phase.43

The NPs in this study are modeled using the same model we
introduced earlier,31133H3544145 Namely, we begin with an icosa-
hedron mesh, which is triangulated thrice, resulting in 642 nodes
(beads of type n) and 1280 elementary triangles.4® The nodes
are subsequently projected onto a sphere of diameter Dyp, with
the same center as the original icosahedron. Two neighboring
beads of the NP are connected via the harmonic potential given
by Eq. (3] . ) with a bond stiffness k2 ; and a bond length a,,,. Every
triplet of connected beads of the NP experiences the three-body
interaction given by Eq. with a bending stiffness k", and a pre-
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Table 1 Model parameters. In this table € is an energy scale related to
temperature (¢ =kpT /3). The minimum of the potential energy between
an n bead and a lipid head bead, i.e., &, is a multiple of € and is varied
in the simulations. r,;, =1 nm and Dyp =20 nm.

| Parameter Value
Uptexs Unix. |~ 100€
v 200
Unin> Untin 0
vt —6¢
unh. 200¢e
Uk, s
um 100e
o 0
um 200
Utin 0
Kionas kbona | 100€/r3,
kfit 100e
kpona 1200¢e
ke 1200¢ /72,
ke 45¢/r2,
kpaty 250¢e
re 2rm
Ay Qs 0.7r,
Aen Dyp/2

ferred bond angle @™ determined by the initial configuration of
the NP. We found that since the NP is hollow, this three-body in-
teraction is not enough to maintain an almost spherical geometry
for the NPs. This problem is circumvented by inserting a bead of
type c at the center of the NP, which is bonded to all n-beads of
the NP’s surface by a harmonic potential given by Eq. with
a bond stiffness k- , and a preferred bond length a., = Dyp/2,
where Dyp is the NP’s diameter. Fig. S2 (ESI}) depicts a snapshot
of an NP at equilibrium.

The n-beads comprising an NP interact with the lipid beads
through the potential given by Eq. (2). To promote the adhe-
sion of the NP to the membrane, the n-beads of the NP interact
attractively with the lipid h-beads, i.e., UI’ffi’n < 0 However, the in-
teraction between the n and r-beads is repulsive, i.e., U = 0.
We consider the case where the NPs interact repulsively with each
other, i.e., U =0, to prevent their aggregation in the absence
of lipid membranes.

Table 1 gives the values of the model parameters. With these
parameters, lipid chains spontaneously self-assemble into bilayer
membranes. The bending modulus of the bilayer, as extracted
from the spectrum of its height fluctuations, is x ~ 30kgT42 in
the case where € = kgT /3, where kg is Boltzmann’s constant and
T is temperature. This value of the bending modulus is in line
with that of a DPPC bilayer in the fluid phase#3,

All beads are moved using a molecular dynamics scheme with
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a Langevin thermostat4Z,
k(@) = i)

mvi(t) = =VU({r;})=Tvi(t)+ox(t), 5
where m is the mass of a bead (same for all beads), I' is a
bead’s friction coefficient, and oy;(t) is a random force orig-
inating from the heat bath. y;(r) is a random vector gener-
ated from a uniform distribution®®42 and obeys (x;(r)) = 0 and
™ @2 (1)) = 8uv ;8 (1 —1'), where p and v =1x, y or z.
Numerically, xi(“ ) e [—+v/3/At,\/3/At], where Ar is the integra-
tion time step. The dissipative and random forces are related to
each other by the dissipation-fluctuation theorem, which leads
to I'= 62/2kgT. The equations of motion are integrated using
the velocity-Verlet approach®? with I' = v/6ém/t and a time step
Ar =0.027.

From the simulations, the thickness of the lipid bilayer in the
fluid phase is found to be about 4r,. The typical thickness of a
phospholipid bilayer in the fluid phase is about 4 nm. We there-
fore estimate r,, =~ 1 nm. All lengths are, therefore, expressed in
nanometers. The strength of the interaction between an NP and
the membrane is expressed in terms of the adhesion energy den-
sity, defined as & = |U,gn|/Agan, Where Uy, is the net potential
energy between the NP and the membrane and A,y is the area
of the NP adhering to the membrane. & is directly related to the
strength of the interaction between n- and h-beads. £ vs & in the
case of a 20-nm NP is shown in Fig. S3 (ESIY).

Simulations are performed on lipid vesicles without volume
constraint. This corresponds to the case where the vesicles are
prepared experimentally in an isotonic condition or pure wa-
ter without added buffer or solutes. The slow transport of wa-
ter through lipid membranes can be overcome by the incorpo-
ration of transmembrane aquaporin channels within the mem-
brane of the vesicle.2122' Aquaporin passively translocates water
molecules, thus allowing the vesicle to adjust its volume freely. In
the simulations, the diameter Dyy of the vesicle is varied between
52.6 and 96 nm. Here, Dyy is defined as twice the average dis-
tance between the positions of the s-beads of the outer leaflet and
the center of mass of the vesicle. This range of Dyy corresponds to
a total number of lipid chains in a vesicle ranging between 30000
and 100000). The diameter of the NPs is Dyp = 20 nm. In a typ-
ical simulation, n NPs are initially placed inside an equilibrated
vesicle at random positions such that they are not in contact with
the membrane.

3 Results and Discussions

Earlier numerical studies of two NPs adhering to the outer side
of vesicles show two arrangement modes corresponding to the
dimeric state, in which the NPs are in contact and form either an
in-plane or an out-of-plane dimer, and the monomeric state, in
which the NPs are apart.Z8 To determine the preferred arrange-
ment of two NPs adhering to the inner side of a vesicle, we per-
formed several sets of umbrella sampling simulations>3 with the
following bias harmonic potential energy between the center c-
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Fig. 1 (A) Free energy as the function of the distance between two
NPs' centers for different values of the diameter of lipid vesicles, at
& =0.62kgT /nm?. (B) Free energy as a function of the distance between
two NPs’ centers for different values of adhesion strength between NPs
and lipid vesicles, at D;y = 45.6nm. Snapshots (a-e) are obtained from
wham simulations with different biased distances between NPs.

beads of the two NPs,

Ubias = kb;s (d — dyias)?, ©
where ki, = 100€/nm?, d is the reaction coordinate, and dy;,s is
varied between 21nm and a maximum value that depends on the
size of the vesicle and £. To ensure overlap between consecu-
tive histograms of d, we use a step in dp;,s equal to 0.5 nm. The
histograms generated from these simulations are then combined
using the weighted histogram analysis method (WHAM) to calcu-
late the free energy as a function of d.2%

The free energy obtained from these calculations, shown in
Fig. [IJ(A) for a moderate value of the adhesive strength corre-
sponding to & = 0.62kgT /nm?, exhibits a single minimum. This
corresponds to an arrangement of the NPs in which they are far
from each other, regardless of the size of the vesicle. Moreover,
the preferred distance between the NPs increases with Dy . These
results are validated by unbiased simulations starting with two
NPs that are close to each other, which shows that the preferred
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Fig. 2 Curvature free energy as the function of the distance between the
two NPs, d, for the systems shown in Fig. [1] (B). Curves were translated
such that their minima have almost the same value. The curves' colors
correspond to the legends in Fig. 1] (B) (Inset) Adhesion energy versus d
for the systems shown in the main figure.

equilibrium distance between the NPs for different vesicle sizes,
depicted in Fig. S4, agrees with the location of the free energy
minimum in Fig. [IJ(A). Furthermore, Fig. [1|(B) shows that for a
given vesicle size, the location of the free energy minimum in-
creases with increasing €. Fig. therefore indicates that the vesi-
cle induces an effective repulsive interaction between NPs.

The behavior of NPs adhering to the inner side of a vesicle
is fundamentally different from that of two NPs adhering to the
outer side of a vesicle. In the latter case, the free energy exhibits
two local minima, corresponding to a dimeric state at low d val-
ues and a monomeric state at high d values. The absence of the
dimeric state in the case of NPs adhering to the inner side of the
vesicle is inferred from the net adhesion potential energy of the
NPs to the vesicle Uy, and the curvature free energy F. = F — U,y
shown as a function of d in Fig. |2| for the case of Dyy = 45.6 nm.
This figure demonstrates that both U,y,(d) and F.(d) decrease
monotonically with d for low values of d, regardless of the value
of £. This prevents the free energy from exhibiting a local min-
imum at low values of d. In contrast, Fig. [2| shows that U,z (d)
also decreases with d while F.(d) increases with d at high values
of d, leading to a local minimum in the free energy correspond-
ing to the monomeric state. This behavior is different from the
case of NPs adhering to the outer side of vesicles, in which the
dependence of the adhesion potential on d is not monotonic.®

We now focus on the preferred spatial arrangement of more
than two NPs inside lipid vesicles. Toward this goal, we first per-
formed a large number of unbiased molecular dynamics simula-
tions of n NPs, with 3 < n < 10, at values of the adhesion strength
0.25kpT /nm? < & < 2.8kpT /nm2. These energy densities are in
line with those of NPs coated with neutravidin proteins adhering
to a membrane with biotinylated lipids,>> or those of Au NPs with
charged ligands adhering to phospholipid membranes.>® In our
simulations, the ratio between the vesicle area and the net area of
the NPs, p = D?,,/nD%,p = 2.31. This corresponds to vesicles with
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Fig. 3 Adhesion modes phase diagram of spherical NPs inside a vesicle
in terms of the number n of the NPs and adhesion strength £. This
phase diagram is determined in the case of p =2.31. Snapshots (a)
to (c) correspond respectively to configurations in the three-dimensional
clustering mode at low &, the two-dimensional clustering mode at inter-
mediate &, the three-dimensional clustering mode at relatively high &,
and the exocytosis mode at high & in the case of n=6.

52.6 nm < Dry <96.2 nm. The obtained phase diagram of the NPs’
adhesion modes, depicted in Fig. |3] shows three main adhesion
modes, corresponding to a three-dimensional clustering mode of
the NPs (red points in Fig. [3), a surprising two-dimensional clus-
tering mode at intermediate values of & (black points in Fig. [3),
and (3) an exocytosis mode at high values of & (green points in
Fig.[3). In the interesting two-dimensional clustering mode at in-
termediate &, the NPs form nicely ordered nanostars, as demon-
strated by the equilibrium snapshots for different values of n in
Fig.[4 The left row of these snapshots qualitatively demonstrates
that these configurations are quasi-two-dimensional. The two-
dimensional nature of these clusters will be quantified later.

The phase diagram exhibits an interesting reentrant phase be-
havior with respect to &, characterized by the presence of a three-
dimensional clustering mode at low and relatively high values
of £, sandwiching the two-dimensional clustering mode at inter-
mediate values of £. At low values of &, the degree of wrap-
ping of the NPs is weak (see snapshot (a) in Fig. [3). As a re-
sult, the three-dimensional clusters are very dynamic, as demon-
strated by the large fluctuations in the distances between the
NPs shown in Fig. S6(A) (ESIT). In contrast, NPs are strongly
wrapped in the three-dimensional clustering mode at high & (see
snapshot (c) in Fig. [3). This results in a much more rigid struc-
ture than at low &, as demonstrated by the weak time depen-
dence of the distances between the NPs shown in Fig. S6(B)
(ESIT). Both three-dimensional clusters at low and high values
of & are disordered, as demonstrated by their broad radial dis-
tribution function (RDF) shown in Fig. |5|for the case of n = 6 at
& =0.35kgT /nm? and 1.56kzT /nm?. In contrast, the ordered two-

Front view
crossection

R

Top View

"

Fig. 4 Equilibrium configurations of n NPs adhering to the inner side of
a vesicle at & :O.SSkBT/an. Here, the ratio between the net area of the
vesicle and the NPs, i.e., p = D2, /nD%, =2.31. The NPs are yellow, the
lipid tails are icy blue and the lipids heads are red. The lipid heads are
not shown in the left column. The lateral degree of wrapping 6,,;, and
transverse degree of wrapping 6,,,x demonstrate that in the case where
the NPs form nanostars, their degree of wrapping is anisotropic.
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Fig. 5 Radial distribution function, g(r), at three different values of &,
for the case of n=6. Also shown are equilibrium snapshots corresponding
to the three values of &.

dimensional clusters exhibit well-defined peaks as shown by its
RDF at & = 0.85kpT /nm? Fig. [5]

Figure [3| shows that the interesting two-dimensional cluster-
ing of NPs occurs over a wide range of adhesion strength. The
series of snapshots for different values of n at & = 0.85kT /nm?,
shown in Fig.[d qualitatively demonstrates that NPs’ nanoclusters
are fairly ordered polyhedra with vertices occupied by the NPs.
The two-dimensional character of these nanoclusters is quantified
through the coplanarity of NPs, defined as

f(A*,B*,C*,D*), 7
where )
1 & (Axj+By;+Cz;+ D)

A,B,C,D) = — 8

f( y D,y ) nl:ZI A2+B2+C2 9 ( )

and A*, B*, C*, and D* are the values of A, B, C and D that mini-
mize f, and (x;,y;,z) are the coordinates of the ith NP. Fig. [6(A),
which depicts the time evolution A at & = 0.85kg7T/nm? and
p = 2.31, shows that the coplanarity becomes very small (con-
siderably smaller than the diameter of the NPs) at late times re-
gardless of the number of NPs. The flattening of the NPs’ cluster
is shown qualitatively by Fig.[6[(B) for the case of n = 10. This in-
dicates that at equilibrium, the NPs form quasi-two-dimensional
nanoclusters. Fig. |7, which depicts the coplanarity as a function
of £ in the case of n = 6, shows that A depends nonmonotonically
on &. The high values of A at low & indicate that NPs form a
three-dimensional structure at low £. In contrast, A is small at
intermediate values of & (0.4kgT /nm? < & < 1.5kzT /nm?), indi-
cating that the NPs are practically coplanar at these values of &,
in accord with Fig.[3| At moderately high values of &, A is high, in-
dicating that the NPs form three-dimensional nanoclusters in this
regime. These results agree with the molecular dynamics study
of Reynwar et al.® which shows that caps or capsids (Janus NPs),
which adhere strongly to planar membranes, produce invagina-
tions in which they form disordered three-dimensional nanoclus-
ters where the particles are also apart from each other. Our results
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Fig. 6 (A) Coplanarity, A, versus time for 3<n <10 at & :O.SSkBT/nm2
and p =2.31. (B) A time series of snapshots demonstrating the evolution
of the NPs arrangement from a three-dimensional nanocluster to a two-
dimensional nanocluster during equilibration starting from a disordered
placement of the NPs inside an equilibrated vesicle.

at moderately high values of & are also in qualitative agreement
with the Monte Carlo simulations of triangulated surfaces by Atil-
gan and Sun,2” in which they observed that conical inclusions
with curvature having same sign as that of the embedding vesi-
cle, tend to be dispersed randomly and remain apart.

The nanostar configurations shown in Fig. are highly
anisotropic. A qualitative inspection of the NPs’ wrapping by
the membrane, from Fig. [4} indicates that the degree of wrap-
ping along the xy-plane is lower than that along the normal di-
rection. This anisotropy in the degree of wrapping is qualita-
tively indicated by the wrapping angles 6, and 6, in Fig. [4]
for the case of n =9. To assess if this is indeed the case, we de-
termined the instantaneous maximum and minimum wrapping
angles of single NPs, i.e., ;. and 6,,,, of the NPs for low, in-
termediate, and high values of £, at which the NPs form three-
dimensional, two-dimensional, and three-dimensional nanoclus-
ters, respectively. Fig. (A), (B), and (C) depict the instantaneous
profile of the wrapping angles as a function of the azimuthal an-
gle ¢ (defined in top right snapshot in Panel (D) of the figure) at
& = 0.35kpT /nm?, 0.85kpT /nm?, and 1.56kT /nm?, respectively.
These graphs show that the profiles are uniform (subject to fluc-
tuations) at low and high values of &, at which the NPs cluster-
ing is three-dimensional. In contrast, the instantaneous profile
is highly non-uniform in the case of & = 0.85kzT /nm2, with az-
imuthal angles corresponding to consecutive minima and maxima
separated by about 90°. Here, the minimum degree of wrapping
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is along the plane that is parallel to that of the two-dimensional
nanocluster and passing by the NP’s center of mass. In contrast,
the maximum degree of wrapping is along the plane perpendic-
ular to the plane of the nanocluster and passing by the NP’s cen-
ter of mass. This indicates that the degree of wrapping is non-
uniform in the case of two-dimensional clustering of the NPs.
The time evolution of the difference between the instantaneous
maximum and minimum degrees of wrapping, A8 = 0,,4x — Opin
for all 6 NPs in the nanoclusters and for the three values of
the adhesion strength is shown in Fig. [8| (E). This figure clearly
demonstrates that when the NPs form two-dimensional nanoclus-
ters (at & = 0.85kgT /nmz), A0 is substantially higher than when
the NPs form three-dimensional nanoclusters, as a function of
time for the three values of adhesion strength, is relatively small
at low and high values of the adhesion strength. However, at
& = 0.85kgT /nm?, A6 is clearly high in the case of quasi-two-
dimensional clustering of the NPs.

Using the RDF, we now examine the degree of ordering of
the NPs at intermediate values of & when they form quasi-two-
dimensional nanoclusters. Fig. [9] depicts the RDFs of the NPs
(based on their centers of mass) for values of 3 < n < 10 in the
case of & = 0.85nm?/kgT and p = 2.31. This figure shows that
g(r) has a single peak in the case of n = 3, which implies that
the NPs self-assemble into an equilateral triangle. In the cases
of n =4 and 5, g(r) has two well-defined peaks, which is indica-
tive of the fact that the NPs form a square and a regular pen-
tagon, respectively. In the cases of n =6 and 7, g(r) exhibits three
peaks, which indicates that the structures correspond to the regu-
lar hexagon and heptagon, respectively. Similarly, in the cases of
n=_8 and 9, g(r) exhibits four peaks, which indicates that the NPs
are self-assembled into a regular octagon and nanogon, respec-
tively. Finally, for n = 10, g(r) exhibits four well-defined peaks,
while a regular decagon should exhibit five peaks. We will show
later that this is simply because the two last peaks are very close
to each other and, due to fluctuations, effectively merge into a
single peak.
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Fig. 8 (A-C) Profile of the wrapping angle 6 as a function of the az-
imuthal angle ¢ for three different values of the adhesion strength cor-
responding to the case where the NPs form three-dimensional clusters
(A,C) and two-dimensional clusters (B). (D) Snapshots of the lipid head
groups that are in contact with the NP showing the maximum (left) and
minimum (right) wrapping angles. (E) Time evolution of A8 = Ouqx — Oin
for the adhesion strengths shown in (A-C) Data shown in this figure cor-
respond to the case of n=6 and p =2.31.

The quasi-two-dimensional nanoassemblies are further charac-
terized by the ratios of the RDF peaks’ positions in Fig.[9] These
are obtained by fitting the RDF around the peaks with Gaussians
and comparing the ratios r;/r; with their corresponding ideal val-
ues, where r; is the location of the RDF’s peak i. The obtained
values of r;/ry for different values of n are shown in Table. S1
(ESIT). Also shown in this table are the values of r;/r; in the case
of regular polygons with n vertices. The values of r;/r; are very
close to those of the regular polygons, indicating that the quasi-
two-dimensional nanoclusters at intermediate values of & are or-
dered.

The effect of vesicle size on the degree of order of the nan-
ocluster was inferred by simulations in the case of n = 6 inside
vesicles with Dy ranging between 68 and 86 nm. We found that
the hexagonal geometry of the nanocluster is preserved for all
considered values of Dyy, as demonstrated by their correspond-
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Fig. 9 (A) Geometries of the NPs’' nanoclusters obtained from the sim-
ulations Vertices (yellow spheres) correspond to the NPs' centers. (B)
Radial distribution function, g(r), for different values of n, in the case
of £ =0.85nm?/kgT and p =2.31. The integers in the pairs next to the
peaks correspond to the indices of the NPs in Panel (A). Inset of (B)
shows the portion of the RDF in the case of n = 10 containing the three
last peaks. The solid red line is a fit with the sum of three Gaussians.
The locations of the peaks (1,4), (1.5), and (1,6) obtained from the fit
are shown by the vertical green, orange, and blue lines, respectively.

ing RDFs in Fig. S5. However, the relative width Ar; /| of the first
peak of the RDF, shown in the inset of Fig. S5, increases with Dyy,
indicating an increase in the amount of fluctuations. We expect
that the nanoclusters should become disordered beyond a certain
vesicle size. However, from the inset of Fig. S5, this vesicle size
should be quite large, and would require very large simulations.
We now address the interesting reentrant behavior of the three-
dimensional clustering modes with increasing adhesion strength,
as shown by Fig.|3] We recall that the results presented for each
value of & are obtained from simulations starting from an equi-

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

librated vesicle with n NPs inside it but not adhering to its in-
ner leaflet. These simulations yield configurations of the NPs
at high &, which are localized spatially, as demonstrated by the
distances between NPs versus time in Fig. S6 (ESIT). The in-
ability of the nanoclusters to deform into two-dimensional clus-
ters might be due to the presence of a high energy barrier be-
tween the two states. To infer if this is indeed the case, we
performed upward and downward annealing simulations with re-
spect to &, starting from a state where the NPs form a quasi-two-
dimensional cluster and three-dimensional cluster, respectively.
The details of the downward annealing simulation are as fol-
lows: Starting from an equilibrated configuration in the case of
n==6and p =2.31 at & = 2.03kgT /nm?, the system is evolved
for 3 x 10°7 at & = 1.79kpT /nm?. & is then suddenly reduced to
1.56kpT /nm?, at which the system is evolved for 3 x 10°7. Finally,
& is again suddenly reduced to 1.3357/ nm?2, at which the system
is evolved for 3 x 10°7. The details of the upward annealing simu-
lation are as follows: An equilibrated configuration in the case of
n=6and p =231 at & = 1.33kgT /nm? is evolved for 3 x 10°7 at
& = 1.56kgT /nm>. & is then suddenly increased to 1.79kT /nm?,
at which the system is evolved for 3 x 10°t. & is then suddenly
increased again to 2.033T /nm?, at which the system is evolved
for 3 x 10°7.

Fig.|10|shows the adhesion potential energy, the curvature en-
ergy, and the coplanarity as a function of time during the down-
ward and upward annealing simulations described above. Here,
the curvature energy is calculated using an approach based on
the Helfrich Hamiltonian®® in conjunction with a local Monge
representation. =2 Fig. C) shows that in the downward anneal-
ing simulation, the coplanarity remains high at & = 1.79kzT /nm?
and 1.56kzT /nm?, implying that the nanocluster remains three-
dimensional at these values of {&. However, the coplanarity
becomes very close to its value from the direct simulation at
& = 1.33kgT /nm?, which implies that the nanocluster becomes
two-dimensional at this relatively low value of £. In contrast, in
the upward annealing simulation, the coplanarity remains small
at & = 1.56kgT /nm?, 1.79kzT /nm® and even at 2.03kzT /nm?2, im-
plying that the nanoclusters remain quasi-two-dimensional at
these relatively high values of &, at which the direct simulations
produce three-dimensional nanoclusters. These two-dimensional
structures are either locally stable, which implies that an en-
ergy barrier must exist between the two-dimensional and three-
dimensional states, or the nanoclusters are very slowly evolv-
ing into three-dimensional clusters. In the two-dimensional nan-
oclusters at moderate £, the degree of wrapping of the NPs
is anisotropic, as discussed earlier (see Fig. E)). In contrast,
AB = Oy — Oy at & = 2.03»kBT/nm2 is independent of whether
the nanoclusters are two- or three-dimensional, as demonstrated
by Fig. S7. The two-dimensional nature of the nanoclusters dur-
ing the upward annealing at high £ could then be due to very
slow kinetics.

4  Conclusion

This article reports results on the effective interaction and self-
assembly of spherical NPs adhering to the inner leaflet of a
lipid vesicle using molecular dynamics simulations of an implicit-
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Fig. 10 Adhesion potential energy (A), curvature energy (B), and copla-
narity (C) as a function of time during downward annealing simulation
(magenta curves) and upward annealing simulation (orange curves). De-
tails of these annealing simulations are found in the text Black, red,
green, and blue solid lines indicate average values of the adhesion energy
(in (A)), curvature energy (in (B)), and coplanarity (in (C)) Vertical
dashed lines indicate the times at which & is suddenly changed All re-
sults in this figure are based on simulations of n =6 with p =2.31.

solvent model.>? In this approach, the NPs are treated as hollow,
relatively rigid triangulated meshes with spherical geometry and
vertices occupied by beads. The results presented in this article
are based on simulations of two NPs to determine the effective
interaction between the NPs and simulations of three to 10 NPs
to determine their preferred modes of adhesion as a function of
the strength of the adhesive interaction.

Free energy calculations based on the weighted histogram anal-

Soft Matter

ysis method># performed systematically as a function of adhesion
strength and vesicle size show that two NPs inside a vesicle expe-
rience a repulsive interaction, regardless of the adhesion strength
or diameter of the vesicle. This implies that NPs inside the vesi-
cles cannot dimerize in contrast to NPs that adhere to the outer
leaflet of lipid vesicles, which can experience both attractive and
repulsive interactions. 78

The central result of the present study is that several NPs ad-
hering to the inner leaflet of a vesicle form intriguing, highly or-
dered two-dimensional nanostars in which the NPs are apart. The
ordered nature of these nanoclusters is demonstrated by their ra-
dial distribution functions, and their two-dimensional character is
demonstrated by the high coplanarity of the NPs’ centers of mass.
Interestingly, the membrane’s wrapping of the NPs is anisotropic
when they form a two-dimensional nanostar. The degree of wrap-
ping of an NP is greatest along the plane perpendicular to the
nanocluster’s plane that passes by the NP’s center of mass. How-
ever, the degree of wrapping is lowest along the plane parallel to
the nanostar and passes by the NP’s center of mass. We emphasize
that the results above are obtained in the case where the vesicle
can freely adjust its volume. This can be achieved, for example,
by incorporating the transmembrane aquaporin channels within
the membrane of the vesicle to facilitate passive transport of wa-
ter molecules across the membrane.®1>2, The cross-section of an
aquaporin complex channel is about 8 nm?,°Y which is substan-
tially larger than the cross-section of a lipid molecule. As a result,
the number of aquaporin complexes that can be incorporated in a
single vesicle with a diameter about that in our simulations can-
not be large without adversely affecting the bending rigidity of
the membrane. In the presence of osmotically active particles
that cannot cross the membrane, such as sugars or salts, the re-
duced volume v = 67!/2V /A3/ 2 where A7y = nD%V is the vesicle’s
area and V is the enclosed volume, can be decreased by tuning
the concentration of the solute in the solution. This allows for
low values of the reduced volume in the presence of NPs, leading
to nanostar configurations similar to those in Fig.

The phase diagram of the adhesion modes of several NPs in-
side a vesicle is characterized by a three-dimensional mode at
low values of the adhesion strength in which the NPs are apart,
weakly wrapped by the membrane, and highly diffusive. As the
adhesion strength increases, the NPs form the two-dimensional
nanostar assemblies discussed above. Interestingly, the phase di-
agram exhibits a reentrant behavior characterized by the reemer-
gence of the three-dimensional clustering mode with increasing
adhesion strength. However, in this structure, the NPs are spa-
tially localized. Downward and upward annealing scans with
respect to the adhesion strength show that the two-dimensional
nanostars are preserved with increasing adhesion strength, which
implies that there must exist a high-energy barrier between the
two-dimensional and three-dimensional nanoclustering modes at
moderately high adhesive strength. Experimentally, the differ-
ent types of assemblies can be obtained by tuning the strength
of the adhesive interaction between the NPs and the membrane.
This can be achieved by tuning the grafting density of the ligands
coating the NPs and by the concentration of the counterions in
the solution.
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In prior studies, we have shown that lipid vesicles can self-
assemble Janus NPs, with spherical or spherocylindrical geome-
tries adhering to the outer leaflet of lipid vesicles into highly or-
dered three-dimensional nanoclusters.2#3> Janus NPs adhering
to planar membranes also self-assemble into ordered hexagonal
lattices.#2 The present study shows that lipid vesicles can also
self-assemble NPs with uniform surfaces into two-dimensional or-
dered nanoclusters, provided that the NPs adhere to the inner
side of lipid vesicles. This further demonstrates the potential of
lipid membranes as an alternative bottom-up tool for fabricating
nanostructures with specific geometries. Experimental validation
of our results is warranted. We should note, however, that encap-
sulating NPs within vesicles is experimentally more challenging
than allowing NPs to adhere to the outer surface of lipid vesicles
through incubation, for example. As stated above, this difficulty
is compounded with challenges in controlling small values of the
volume-to-area ratio of the vesicles encapsulating the NPs. With
these challenges, experimental validation of the results above in
the near future experimentally is undoubtedly difficult. Experi-
mental characterization of these nanostructures is also expected
to be challenging due to their small size and may require tools
such as cryogenic transmission electron microscopy. Although
our simulations are performed on relatively small vesicles, the
same results are expected in the context of larger NPs adhering to
larger vesicles. Characterization of larger vesicles with larger NPs
is less challenging than that of small vesicles with small NPs since
it can be achieved through tools such as confocal microscopy.
There have been many studies exploring the self-assembly of
NPs mediated by various media. However, experimental stud-
ies of the self-assembly of NPs into ordered structures mediated
by their adhesion to lipid membranes remain largely lacking. The
unique highly-ordered two-dimensional nanoclusters observed in
the present study should stimulate the exploration of lipid mem-
branes as an effective tool for the self-assembly of nanomaterials.

Although the present study was conducted in the context of
uniform spherical NPs, we also expect NPs with other geometries,
adhering to the inner leaflet of lipid vesicles, to form ordered
nanoclusters. For example, membrane-curvature-mediated inter-
action between spherocylindrical NPs adhering to the inner leaflet
of lipid vesicles is also expected to be repulsive. A spherocylindri-
cal NP adhering to a lipid membrane exhibits two modes corre-
sponding to a parallel mode (where the principal axis of the NP
is parallel to the membrane) at weak adhesive interactions and
a normal mode (where the principal axis of NP perpendicular
to membrane), at moderate adhesive interactions.4* We there-
fore expect different types of nanoassemblies of spherocylindrical
NPs adhering to the inner side a lipid vesicle. At relatively weak
adhesive interactions, the spherocylindrical NPs may form two-
dimensional polygonal nanoclusters, while at moderate adhesion
strength, they may form star nanoclusters.

The present study was performed using a coarse-grained
model, which accounts to some extent for the internal degrees of
freedom of the lipid molecules and allows for lipids self-assembly
into bilayer membranes. As such, the model is suitable for in-
vestigations of NPs with diameters comparable to the thickness

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

of lipid membranes. The model simplifies molecular interactions
and does not explicitly account for the ligands typically mediat-
ing the interaction between NPs and the lipid head groups. This
simplification allows for large-scale simulations of vesicles with
diameters close to 100nm encapsulating several 20-nm NPs. Al-
though we expect the general results presented in this article to
be independent of the details of the model, it would be, of course,
desirable to validate our results using a more system-specific ap-
proach, such as the Martini model.>°
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