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Abstract

In recent years, there has been a heightened interest in the self-assembly of nanoparticles

(NPs) that is mediated by their adsorption onto lipid membranes. The interplay between the

adhesive energy of NPs on a lipid membrane and the membrane’s curvature energy causes it to

wrap around the NPs. This results in an interesting membrane curvature-mediated interaction,

which can lead to the self-assembly of NPs on lipid membranes. Recent studies have demon-

strated that Janus spherical NPs, which adhere to lipid vesicles, can self-assemble into well-

ordered nanoclusters with various geometries, including a few Platonic solids. The present

study explores the additional effect of geometric anisotropy on the self-assembly of Janus NPs

on lipid vesicles. Specifically, the current study utilized extensive molecular dynamics sim-

ulations to investigate the arrangement of Janus spherocylindrical NPs on lipid vesicles. We
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found that the additional geometric anisotropy significantly expands the range of NPs’ self-

assemblies on lipid vesicles. The specific geometries of the resulting nanoclusters depend

on several factors, including the number of Janus spherocylindrical NPs adhering to the vesi-

cle and their aspect ratio. The lipid membrane-mediated self-assembly of NPs, demonstrated

by this work, provides an alternative cost-effective route for fabricating highly engineered nan-

oclusters in three dimensions. Such structures, with the current wide range of material choices,

have great potential for advanced applications, including biosensing, bioimaging, drug deliv-

ery, nanomechanics, and nanophotonics.

Keywords: Self-Assembly, Janus Nanoparticles, Lipid Membranes, Nanoclusters, Nanorods,

Molecular Dynamics Simulations

Introduction

Nanostructured materials have tremendous potential in many advanced applications, including

high-density data storage,1,2 energy storage,3 solar energy conversion,4 nanophotonics,5,6 cataly-

sis,7,8 targeted drug delivery,9 biosensing,10–12 and gene transfection.13,14 A lot of progress has

been made during recent years in the development of fabrication tools for the manufacture of

nanostructured materials.15–17 The fabrication of nanostructured materials typically follows a top-

down or a bottom-up approach. The top-down approach uses a sequence of steps that employ

techniques such as femtosecond laser nanolithography,18 electron beam lithography,19 and sput-

tering.20 The bottom-up approach, on the other hand, leverages the mechanism of nanoparticles

(NPs) self-assembly, which is typically mediated by a soft agent such as copolymers,21 DNA

or RNA,22–27 proteins,28,29 cellulose,30 polysaccharides,31 surfactants,32 and liquid crystals.33

Bottom-up approaches have been used to synthesize various nanoassemblies, including dimers,34

trimers,35 tetramers,36 icosamers,37 pyramids,38 tori,25 and chiral structures.39–41

Lipid membranes are fascinating quasi-two-dimensional fluid and deformable materials.42 The

adhesion of an NP with uniform surface to a lipid membrane, resulting from attractive forces

between the two, leads to the deformation of the membrane such that it conforms to the NP’s
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surfaces. Competition between the NP-membrane adhesive energy and the membrane’s curvature

energy dictates the degree of wrapping of the NP43–46 by the membrane and induces an effective

interaction between the NPs.47–50 This effective membrane-curvature-mediated interaction can be

attractive and leads to NPs’ self-assembly on the membrane, as has been shown by numerous

experimental51–58 and theoretical59–64 studies.

At weak adhesive interactions, the degree of wrapping of NPs by lipid membranes is weak.

In this case, the NPs are dispersed on the membrane and are fairly diffusive.64 In contrast, the

NPs are either highly wrapped or endoyctosed by membranes at low tension and high adhesive

interactions.43,64 At intermediate adhesive interactions, however, the deformations caused by the

adhesion of the NPs to the membrane extend over length scales well beyond the size of the NPs and

give rise to an effective membrane-curvature-mediated interaction between them.48,49,65 Experi-

ments and simulations have shown that this interaction can result in NPs’ aggregation into in-plane

or out-of-plane linear chains.50,52,56,60,61,64,66–68 Two generic aspects of these assemblies are that

they are linear, and neighboring NPs within the assemblies are practically in contact with each

other.

Many emerging applications require nanoassemblies in which the NPs are apart from each

other. The limitations of lipid membranes in self-assembling NPs into aggregates with geometries

other than linear, and such that the NPs are distant from each other, can be overcome through their

surface modification into Janus NPs (JNPs). These JNPs are overall hydrophilic and, therefore,

fundamentally different from the more conventional amphiphilic Janus NPs.69,70 Namely, they

consist of two apposed moieties, with one moiety that interacts more attractively with the lipid head

groups than the solvent, while the other moiety interacts more attractively with the solvent.71–73

This surface modification promotes strong adhesion of one moiety to the membrane while the

other remains exposed to the aqueous solution. This results in the suppression of spontaneous

endocytosis of the JNPs and the emergence of an effective membrane-curvature-mediated repulsive

interaction between the JNPs.72,73

We showed recently that the adhesion of JNPs to lipid vesicles leads to their self-assembly into
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various surprisingly ordered nanoclusters, including three Platonic solids, where the JNPs are dis-

tant from each other.74 We also showed, in a more recent study, that the adhesion of spherical JNPs

onto planar membranes can lead to their self-assembly into ordered non-closed packed hexagonal

superlattices, with a lattice constant determined by their number density on the membrane.75 These

investigations were performed in the context of spherical Janus NPs. Thanks to recent advances in

nanomaterial synthesis, anisotropic nanoparticles with varying geometries, dimensions, and sur-

face properties can be engineered.76 Geometric anisotropy of NPs allows for more tunability of

their properties.77 Earlier studies of membrane-mediated interaction between nanorods or sphero-

cylindrical NPs considered only the case where the NPs’ surfaces are chemically uniform.50,68,78,79

Here as well, membrane curvature induces an effective attractive interaction between the NPs. In

this case, the elongated NPs are either dispersed or form tip-to-tip aggregates.50,68 The follow-

ing question then arises: How would an additional shape anisotropy to Janus NPs affect their

nanoassembly on lipid vesicles? To answer this question, we conducted a sizeable systematic set

of molecular dynamics simulations of a coarse-grained implicit-solvent model of several adhering

Janus spherocylindrical NPs (JSCNPs) to lipid vesicles. More specifically, we investigated the ef-

fects of the aspect ratio and number of adhering JSCNPs on their arrangement on the vesicle. The

results demonstrate that geometric anisotropy of the Janus NPs increases significantly the diversity

of their highly ordered nanoassemblies.

Results and Discussion

Adhesion of Two JSCNPs to a Vesicle

We first performed a series of simulations of two JSCNPs adhering to a lipid vesicle in order to

determine their preferred placement on the vesicle at equilibrium. In these simulations, a pair

of parallel JSCNPs, which are very close to each other, are initially placed in close proximity to

an equilibrated vesicle. Fig. 1(A), which depicts the time dependence of the distance between the

centers of two JSCNPs, with aspect ratio α = 1.6 and 4, demonstrates that right after their adhesion,
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the two JSCNPs drift away from each other toward an equilibrium state in which they are apart,

regardless of their aspect ratio. Furthermore, Fig. 1(A) shows that the relative equilibrium positions

of the JSCNPs do not exhibit a lot of fluctuations. However, Fig. 1(B) shows that the amplitude

of orientational fluctuations decreases with α but remains overall small, indicating that the two

JSCNPs prefer to be mostly parallel.

To confirm that the non-dimerized state of two JSCNPs on a vesicle is preferred, we performed

free energy calculations using the weighted histogram analysis method,80 in conjunction with a

large number of umbrella sampling simulations.81 Here, the reaction coordinate corresponds to

the distance between the JSCNPs’ center (c) beads. The obtained free energy versus the distance

between the JSCNPs’ centers, shown in Fig. 1(C) for the case of α = 1.6, demonstrates that the ab-

solute minimum of the free energy corresponds to the state where the JSCNPs are distant, namely,

the monomeric state. The value of the distance between the JSCNPs, corresponding to the absolute

minimum (≈ 37nm), agrees with the equilibrium value of the distance obtained from the unbiased

molecular dynamics simulation shown in Fig. 1(A).

Fig. 1(C) shows the existence of a metastable dimeric state in which the JSCNPs lie parallel

to each other with a distance between their centers slightly higher than the JSCNPs’ diameter DN .

However, this state never emerges in the unbiased simulations, even when the JSCNPs were ini-

tially placed such that they are very close to each other, as demonstrated by the far left snapshot

in Fig. 1(A). The reason why the JSCNPs do not dimerize is as follows. Right after their adhe-

sion, the JSCNPs are only weakly wrapped by the membrane and are, as a result, fairly mobile.

Furthermore, the conformation of the vesicle following the initial adhesion of the JSCNPs remains

almost spherical and, therefore, substantially different from the well-deformed conformation of

the vesicle when the JSCNPs are in the dimeric state (far left snapshot in Fig. 1(B) versus far left

snapshot in Fig. 1(C)). Moreover, since the energy penalty from the monomeric to the dimeric

state is much higher than kBT , as demonstrated by Fig. 1(C), the JSCNPs cannot spontaneously

revert to the dimeric state once they are far apart. It is interesting that in the dimeric mode, the

two JSCNPs are arranged side-by-side, whereas spherocylindrical NPs with uniform surfaces form
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Figure 1: (A) Distance between the centers of two JSCNPs versus time for two aspect ratio values.
The two JSCNPs are initially placed adjacent to each other and very close to an equilibrated vesicle.
(B) The angle between the two JSCNPs in (A) versus time. (C) Free energy of a vesicle with two
JSCNPs as a function of distance between their centers in the case of α = 1.6. Snapshots in (A)
and (B) show the time evolution of the configuration of the system. Snapshots in (C) are obtained
from the WHAM simulations. In these snapshots, the membrane is icy blue, and the moiety of
the JSCNPs that interacts attractively (repulsively) with the lipid membrane is yellow (blue). The
simulations are performed at an adhesion energy density ξ = 4.11nm2/kBT and area fraction of a
JSCNP that adheres to the membrane J = 0.4.
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tip-tip aggregates, as was shown earlier by Petrova et al.68 and Sharma et al.50

The simulations above were performed on a vesicle of diameter DV = 73nm. The relative de-

formation of the vesicle is expected to be reduced as its diameter is increased. To test whether the

dimeric state may occur for larger vesicles, we performed a simulation with the same initial con-

ditions and value of the adhesion energy density, ξ , as above, but on a vesicle with DV = 120nm

and found that the JSCNPs do not dimerize in this case as well (see Fig. S3 in the Supporting

Information). This indicates that the dimeric state is likely not preferred, regardless of the size of

the vesicle, although simulations on vesicles that are much larger than the JSCNPS are necessary

to infer the stability of the monomeric state in the case of large vesicles. Overall, the preferred

placement of two JSCNPs on a vesicle is therefore similar to that of Janus spherical NPs on a vesi-

cle.72,73 We note that the results above were obtained in the case where the fraction of a JSCNP’s

area that adheres to the membrane is J = 0.4. Further simulations are also needed to infer the

effect of J on the mode of adhesion of two JSCNPs on a lipid vesicle. At higher values of J, it is

possible that the dimeric state of two JSCNPs becomes more stable than the monomeric state, as

was observed earlier in the case of Janus spherical NPs.73

Now that we have established that adhering JSCNPs to lipid vesicles experience an effective

repulsive interaction, the remainder of this article is focused on determining and characterizing

the preferred arrangements of more than two JSCNPs on lipid vesicles. These arrangements are

characterized by (1) the radial distribution function (RDF) of the JSCNPs’ center beads, which

is defined as the normalized distribution of the distance between the NPs’ centers of mass, (2) the

bond angle distribution (BAD), which is defined as the distribution of the bond angle of a triplet of

NPs as defined from their centers of mass, (3) the angles between the axes of the JSCNPs, and (4)

their nematic order, whose calculation is described in Section S5 in the Supporting Information.82

In the calculation of the BAD, we only use triplets in which all JSCNPs’ center beads are nearest

neighbors.
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Figure 2: (A) Two different views of snapshots of the vesicle with three JSCNPs for three different
aspect ratio values. (B) Radial distribution function, g(r), of the JSCNPs center beads, for different
values of α . In these simulations, ρ = AV/3AN = 1.2, where AV and AN are the net areas of the
vesicle and a single JSCNP, respectively. Values of ξ and J are the same as in Fig. 1.

Adhesion of Three JSCNPs to a Vesicle

Fig. 2(A) shows that three JSCNPs form a highly ordered nanocluster, in which their centers form

an equilateral triangle, similar to the case of spherical Janus NPs.74 This is confirmed by the cor-

responding RDFs in Fig. 2(B), which exhibit a single peak regardless of the value of α . Fig. 2(A)

also shows that the three JSCNPs are arranged such that they are perpendicular to the plane con-

taining their center beads. The general features of nanoclusters composed of three JSCNPs are,

therefore, independent of their aspect ratio. These include, in particular, the fact that the angles

between the JSCNPs’ axes are close to zero (Fig. 1(A) and (B)), independent of the aspect ratio,

leading to a nematic order parameter close to 1 (Fig. S4).
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Figure 3: Snapshots of the vesicle with the JSCNPs at values of n ranging between 4 and 8 and
for different aspect ratio values. The first and third rows for each value of n show two views of the
vesicle with the JSCNPs. The second and fourth rows for each value of n show different views of
the geometries of the JSCNPs’ nanoclusters obtained from time averages of their positions at equi-
librium. Red spheres correspond to the center beads of the JSCNPs. Yellow segments represent
the axes of the JSCNPs. Blue segments correspond to links between nearest neighbor JSCNPs ob-
tained from the Delaunay triangulation. Names of the geometries of the vesicles and corresponding
nanoclusters for different values of n are shown on the top and bottom tables, respectively. Here,
values of ξ and J are same as in Fig. 1.
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Adhesion of more than Three JSCNPs to a Vesicle

Configuration snapshots, at equilibrium, of n JSCNPs adhering to a vesicle, in the cases of n = 4,

6, 7, and 8 at α = 1.23, 1.6, 1.9 and 2.5, are shown in Fig. 3. Here, the first and third rows, for each

value of n, depict different views of the system. The second and fourth rows show corresponding

polyhedra whose vertices (red points) are time-averaged positions of the JSCNPs’ center beads

at equilibrium. The edges (blue segments), which are links between nearest neighbor JSCNPs,

are obtained using spherical Delaunay triangulation based on the JSCNPs’ center beads.83 The

yellow segments correspond to the time-averaged directions of the JSCNPs. Fig. 3 demonstrates

that JSCNPs’ adhesion to lipid vesicles leads them to form strikingly ordered nanoassemblies with

details that depend strongly on the value of n. In particular, the JSCNPs’ centers form mostly

highly symmetric, strictly convex polyhedra. The JSCNPs’ orientations in these nanoclusters tend

to be highly correlated and depend on the locations of the respective JSCNPs on the polyhedra.

Although we have not performed a systematic set of simulations for the case of n = 5, a simulation

of five JSCNPs at the aspect ratio α = 1.9 demonstrates a highly ordered nanocluster here as well,

as shown by Fig. S4 in the Supporting Information.

Snapshots in the second and fourth rows of Fig. 3, corresponding to n = 4 at α = 1.23, demon-

strate that the centers of the JSCNPs form a tetrahedron, similar to that of 4 Janus spherical NPs

on a lipid vesicle.74 The almost regular nature of this structure is demonstrated by the fact that its

corresponding RDF, shown by the red curve in Fig. 4(A) for n = 4, exhibits a single peak.74 The

corresponding BAD (red curve in Fig. 4(C) for n = 4) exhibits two peaks that are close to 60o, in

contrast to the single well-defined peak at 60o in the case of 4 spherical Janus NPs.74 This implies

that the center beads’ polyhedron is slightly distorted from the regular polyhedron. Although 4

JSCNPs’ centers are localized in space, relative to each other, the orientations of their axes exhibit

a high amount of fluctuations at low values of α , as demonstrated by the time dependence of the

angles between their axes shown in Fig. 5(A).

Fig. 4(A) shows that the single peak of the RDF, in the case of n = 4 at α = 1.23, bifurcates

into two distinct peaks as the aspect ratio increases. The corresponding BADs, shown in Fig. 4(C),
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also exhibit two distinct peaks as α is increased. Therefore, the geometry of the polyhedron, cor-

responding to 4 JSCNPs, which is close to a regular tetrahedron at low values of α , evolves into

an elongated tetrahedron, i.e., a disphenoid, as α is increased. These disphenoid nanoclusters

comprise four congruent acute isosceles triangles whose vertex angle decreases with increasing α .

Furthermore, Fig. 4(B), which depicts average values of the angles between the axes of any two

JSCNPs in the nanocluster, shows that in the case of n = 4, all angles decrease with increasing

α . This results in the increase of the namatic order parameter S with α ,82 shown in Fig. S4.

Furthermore, Figs. 5(A) and (B) show that the amount of fluctuations in the angles between the

JSCNPs’ axes decreases drastically with increasing α in the case of n = 4. Hence, while the JSC-

NPs’ centers form a well-ordered disphenoid nanocluster for the considered values of the aspect

ratio, the relative orientations of the JSCNPs are fluid at low α but become increasingly rigid with

increasing α .

Based on the above, the following question arises: Why is the arrangement of 4 JSCNPs not

equivalent to that of 3 JSCNPs shown in Fig. 2? In other words, why are the 4 JSCNPs not parallel

to each other, with their center beads arranged in a square or a rectangle? To answer this question,

we performed a biased simulation that favors an arrangement of the 4 JSCNPs such that they

are parallel to each other and their centers form a rectangle. This biased simulation is based on

additional three-body interactions, with details found in Section S6 in the Supporting Information.

These correspond to a set of three-body potential energies between the center beads, which bias

the JSCNPs to adopt a rectangular geometry, and a set of three-body potential energies between

the JSCNPs’ poles, which bias them to be parallel.

The biased simulations resulted in a long-lived intermediate state in which the JSCNPs’ center

beads form a square configuration and are parallel, as shown by snapshot (A) in Fig. S8 in the

Supplementary Information. Interestingly, the square state then spontaneously evolves into a rect-

angular state, shown by snapshots (B) in Fig. S8 in the Supplementary Information. This implies

that the biased rectangular state is more stable than the square state. Once the biased interaction

is turned off, the rectangular configuration rapidly transforms into the same disphenoid structure
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obtained from the unbiased simulation (see snapshots (C) and (D) in Fig. S8 in the Supplementary

Information). Therefore, the disphenoid nanocluster must be more stable than the square or rect-

angular nanocluster. To confirm the stability of the disphenoid nanocluster, we calculated the net

adhesion energy of the JSCNPs on the membrane and the curvature energy of the vesicle. Fig. S7

in the Supporting Information shows that the adhesion energy is independent of the geometry of

the nanocluster. This is not surprising since the JSCNP moieties, which interact favorably with the

lipids, are fully wrapped by the membrane, regardless of the JSCNPs’ placement on the vesicle.

Therefore, the relative stability of the different structures is dictated by the vesicle’s curvature en-

ergy, which is calculated using an approach based on the Helfrich Hamiltonian84 in conjunction

with a local Monge representation64 (see details of this approach are found in Section S8 in the

Supporting Information). Fig. S8 in the Supplementary Information demonstrates that the cur-

vature energy of the rectangular nanocluster is lower than that of the square nanocluster, which

explains the spontaneous transformation of the square nanocluster into a rectangular nanocluster.

More importantly, Fig. S8 in the Supplementary Information shows that the curvature energy of

the disphenoid nanocluster is lowest, confirming the stability of the disphenoid nanocluster against

the square or rectangular nanoclusters.

We now turn to the case of n = 6, whose configurations at different values of α are shown in

Fig. 3. At α = 1.23, the nanocluster formed by the centers of the 6 JSCNPs is almost a regular

octahedron, and the geometry of the corresponding vesicle is close to a cube, very similar to the

case of 6 Janus spherical NPs.74 The regular octahedral structure of the 6-JSCNPs’ nanocluster,

at α = 1.23, is demonstrated by its corresponding RDF, shown in Fig. 4(A), which exhibits two

peaks with a ratio between their positions that is very close to
√

2. This octahedral structure is

also confirmed by its corresponding BAD, shown in Fig. 4(C), which exhibits a single peak at

φ = 60o. Despite the ordered placement of the centers of 6 JSCNPs at α = 1.23, Fig. 5(C) shows

that their relative orientations exhibit a high degree of fluctuations, similar to the case of 4 JSCNPs.

Interestingly, however, Fig. 5(C) shows that these fluctuations are localized around either low or

large values, with frequent transitions between them.
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Fig. 5(D) shows that the amplitude of the fluctuations of the relative orientations of the JSCNPs,

in the case of n= 6, decreases with increasing α , again similar to the case of 4 JSCNPs. This figure

demonstrates that, for α = 2.5, any arbitrary JSCNP of the nanocluster is almost parallel to one of

the other five JSCNPs (blue curve in Fig. 5(D)), while the angles with the other four JSCNPs are

high (black, green, red, and orange curves in Fig. 5(D)). This is also demonstrated by Fig. 4(B)

(blue curve for n = 6). Namely, the angle of three pairs of JSCNPs is relatively low, i.e., the

JSCNPs in each of the three pairs are almost parallel. However, the angles of the remaining 12 pairs

are relatively high. Fig. 5(D) shows that the time dependence of the 4 angles between a JSCNP

and the 4 JSCNPs that are not parallel to it can be grouped into two correlated pairs. Namely, the

black and green curves are correlated, and the red and orange curves are also correlated. These

correlations result from the fact that these 4 JSCNPs are composed of two parallel pairs, as stated

above.

Inspection of the 6 JSCNPs’ snapshots, in Fig. 3, leads us to conclude that the general geometry

of their center beads polyhedra is a triangular gyroprism. This structure is clearly demonstrated

by the snapshots in Fig. 6(A), which are rotated to emphasize the three-fold symmetry of their

geometry. In these snapshots, only centers of mass of the JSCNPs are shown. This figure shows

that the JSCNPs’ center beads are arranged into two parallel equilateral triangles. These corre-

spond to the base triangles of the 6-JSCNPs’ gyroprism. The equilateral nature of these triangles

is demonstrated by the angle β ≈ 120o, shown by Fig. 6(B) and (C), regardless of α . Here, the

vertex of the angle β is the center of mass of the triangle, as defined schematically by the snap-

shot in Fig. 6(B). The base triangles of the 6-JSCNPs’ gyroprism are offset by an angle γ that is

about 60o for low values of α , as shown by Fig. 6(B) and (C), confirming our earlier observation

that the nanocluster’s geometry at α = 1.23 is very close to a regular octahedron. However, the

angle γ decreases with increasing aspect ratio, as shown by Fig. 6(C). The change of the structure

from a regular octahedron to triangular gyroprism with increasing α is also demonstrated by the

emergence of several peaks in the corresponding RDF and BAD, shown respectively in Fig. 4(A)

and (C). It is interesting to note that the JSCNPs in each triangular base of the gyroprism form a
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chiral structure. However, the orientations of the two chiral structures are opposite. It is also in-

teresting to note that the angle, φ , between a JSCNP’s axis and the plane of the triangular base, to

which it belongs, decreases with increasing α , as demonstrated by Fig. 6(D). Therefore, the JSC-

NPs’ axes in each triangular base become increasingly coplanar with increasing α . The ordered

chiral nanocluster of 6 JSCNPs has a distinct geometry, and to our knowledge, such a structured

self-assembled nanocluster has not been observed in earlier studies.

Fig. 3 shows that in the case of n = 7, the JSCNPs’ center beads form a pentagonal bipyramid

in which the 5 JSCNPs of the pentagonal base are perpendicular to the pentagon’s plane and the

JSCNPs at the apex and bottom vertices of the polyhedron are parallel to the pentagonal base.

Fig. 4(B) shows that for the case of n = 7, 10 of the total 21 angles between JSCNPs’ axes are

close to zero. These correspond to the angles of the JSCNPs’ pairs within the pentagonal base.

The angles of 10 other JSCNPs’ pairs are close to 90o. These correspond to pairs between the

apex or bottom JSCNPs and those in the pentagonal base. However, the value of the angle of

one pair is about 50o at α = 1.23 and increases with increasing α . This corresponds to the angle

between the apex and bottom JSCNPs. Fig. S6 in the Supporting Information shows that the

amount of fluctuations of the angle between the apex and bottom JSCNPs, in the case of n = 7, is

substantially higher than that of the angles between nearest neighbor JSCNPs shown in Figs. 5(E)

and (F). This implies that while the pentagonal base of the nanocluster is fairly rigid, the apex and

bottom JSCNPs are orientationally less rigid. This is attributed to the conformational frustration

of the JSCNPs at the apex and bottom of the nanocluster since the pentagonal base is not even-fold

symmetric.

Fig. 3 shows that 8 JSCNPs form a very interesting and highly ordered nanocluster with general

details that are independent of α . Inspection of the second and fourth row of Fig. 3, in the case

of n = 8, implies that the polyhedron formed by the center beads of 8 JSCNPs corresponds to

the digonal gyrobianticupola, and that of the vesicle is the elongated gyrobifastigium (dual of the

digonal gyrobianticupola). We recently showed that 8 Janus spherical NPs self-assemble into a

polyhedron that is intermediate between the snub disphenoid and square antiprism.74 Since the
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digonal gyrobianticupola polyhedron is simply a distorted snub disphenoid, it is not surprising that

8 JSCNPs self-assemble into a nanocluster with a digonal gyrobianticupola geometry.

It is interesting to note from the snapshots corresponding to n = 8, shown in Fig. 3, that all

8 JSCNPs in the nanocluster are parallel to the same plane. Based on their orientations, the 8

JSCNPs can be divided into two sets of 4, where all JSCNPs belonging to each set are parallel,

and their corresponding centers are coplanar. Furthermore, JSCNPs belonging to different sets

are perpendicular to each other. This is demonstrated by the angles between the JSCNPs’ axes,

shown in Fig. 4(B), which are either close to 0 or 90o, regardless of α , but with a degree of

fluctuations that decreases with α , as shown by Figs. 5(G) and (H). This results in a nematic order

parameter parameter that is practically independent of α , except at very low values of α (Fig. S4).

It is also interesting to note that the RDF and BAD of 8 JSCNPs at low values of the aspect

ratio (α = 1.23) are qualitatively different from their spherical Janus NP counterparts,74 despite

that the overall geometry of the nanocluster is the same. This is due to the fact that the overall

geometry of the nanocluster becomes increasingly oblate with increasing α . Among all systems

we considered in this study, the nanoclusters with n = 3 and 8 are special in that their structures are

fairly independent of α . This is particularly demonstrated by the fact that their respective nematic

order parameters are almost independent of the aspect ratio.

Effect of Ratio between Area of Vesicle and Net Area of JSCNPs

The results above were obtained from simulations based on a ratio between the vesicle’s area

and the JSCNPs’ net area ρ = 1.2. We inferred the effect of this ratio on the geometry of the

nanocluster by performing additional simulations for the cases of n = 4 and 6 with α = 1.9 at

ρ = 3.6. Figs. 7(A) and (B) show that a moderate increase in ρ does not substantially affect

the geometry of the vesicle and the placement of the JSCNPs’ centers of mass. The RDFs of

the nanoclusters at ρ = 3.6 are substantially broader than those at ρ = 1.2, which indicates an

increase in the relative fluctuations of the JSCNPs’ positions. However, since the peaks remain

well-defined at ρ = 3.6, the nanocluster based on the positions of the JSCNPs’ centers remains
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relatively ordered. Moreover, the fact that the 4-JSCNPs’ RDF at ρ = 3.6 exhibits a single peak

instead of two implies that the 4-JSCNPs’ nanocluster is closer to a regular tetrahedron than an

elongated disphenoid. Likewise, the 6-JSCNPs’ nanocluster at ρ = 3.6 is closer to an octahedron

than a triangular gyroprism. Comparison between these results and those shown in Fig. 4(A)

implies that increasing vesicle size for a given aspect ratio is, to some extent, equivalent to reducing

aspect ratio for a given value of ρ .

The JSCNPs adhering to the larger vesicles also exhibit increased orientational fluctuations

with increasing ρ , as demonstrated by the angles of JSCNPs’ pairs shown in Figs. 7(C) to (F).

Therefore, while the positions of the JSCNPs’ positions remain ordered with increasing vesicle

size for a given value of α , the JSCNPs’ orientations become fluid at high ρ . Therefore, the

effect of increasing vesicle size for a given α on the fluctuations of the JSCNPs’ orientation is also

equivalent to the effect of reducing the aspect ratio for a given value of ρ (see Fig. 5).

Conclusion

The spatial arrangement of Janus spherocylindrical nanoparticles (JSCNPs), which adhere to the

outer leaflet of lipid vesicles, is explored through systematic molecular dynamics simulations of

an efficient coarse-grained implicit-solvent model. The NPs are longitudinally surface-modified

into Janus NPs, such that one moiety interacts more attractively with the lipid head groups than

the solvent, while the other moiety interacts more attractively with the solvent than the lipids. This

surface modification suppresses endocytosis of the JSCNPs and induces an effective repulsive

membrane-curvature-mediated interaction between them.

The central result of the present work is that JSCNPs adhering to lipid vesicles self-assemble

into nanoclusters, in which the JSCNPs are apart from each other. These nanoclusters are intri-

cately ordered, with geometries dictated primarily by the number, n, of the JSCNPs on the vesicle

and their aspect ratio, α . Highly ordered nanoclusters of spherical Janus NPs adhering to lipid vesi-

cles were observed recently.74 However, the present investigation demonstrates that the addition
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of a geometric anisotropy feature to the NPs further enriches the diversity of the self-assembled

nanostructures.74 For example, we found three JSCNPs adhering to a vesicle self-assemble into a

nanocluster in which they are parallel to each other, and their centers form an equilateral triangle,

regardless of α . The centers of four JSCNPs form a tetrahedron at low values of α , similar to

the case of spherical Janus NPs. However, the 4-JSCNPs’ polyhedron elongates uniaxially into

a disphenoid as α is moderately increased. Likewise, six JSCNPs self-assemble into a regular

octahedron at low values of α . However, the structure changes into a triangular gyroprism as α

is increased. The JSCNPs become increasingly coplanar in each of the two triangular bases of

the gyroprism with increasing α . Eight JSCNPs self-assemble into an interesting polyhedral nan-

ocluster with a geometry corresponding to that of the digonal gyrobiamnticupola. This structure

is biaxially anisotropic and becomes increasingly oblate with increasing α . Future experimental

studies are warranted to validate our findings.

The nanoclusters observed in the present study are fairly rigid, with a degree of rigidity that

increases with the JSCNPs’ aspect ratio. Increasing the relative area ρ , which is the ratio between

the area of the vesicle and the net area of the JSCNPs, results in increased fluctuations. The effect

of increasing ρ for a given α is similar to decreasing α for a given ρ . The rigidity of these

structures, coupled with the fact that the nanoclusters are hollow due to the adhesion of the NPs to

the vesicle’s surface, implies that they may find interesting applications. For example, different

placements of the plasmonic spherocylindrical NPs lead to different confinements of photons at

the nanoscale and, therefore, allow for modulation of the resonance wavelength.

The present study is based on Janus NPs, which can be fabricated using a variety of experi-

mental methods. 85 These include phase separation,86 seed-mediated polymerization,87 microflu-

idic synthesis,88 masking,89 and nucleation.90 Janus nanorods somewhat similar to the JSCNPs

considered in the present study, with Au and polyaniline moieties, were in fact recently synthe-

sized using a droplet-based microfluidic platform.91 Janus NPs have a wide range of applications,

such as biomedical imaging,92 biosensing,93 drug delivery,94 cancer therapy,95 and micromechan-

ics.96,97 Nanoassemblies of Janus NPs can find applications in nanophotonics, optical engineering,
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and micro/nanomechanics. Nanoassemblies of plasmonic NPs, in particular, exhibit specific opti-

cal modes through their localized plasmon resonances. Ordered arrangements of plasmonic NPs,

in particular, can exhibit special optical responses, including Fano resonance,98 which has been

proven to offer an extremely sensitive sensing capability. The optical response of nanostructured

materials is tunable through the geometry and size of the NPs and by the details of their arrange-

ments. Unfortunately, arranging NPs through conventional bottom-up approaches or top-down

approaches, including DNA origami, is very challenging. The present study demonstrates that

lipid membranes can be used as an alternative approach to self-assemble Janus NPs into fairly

rigid nanostructures, both in terms of their positions and their orientations. These conditions are

necessary for designing nanostructures with specific optical modes. Future studies to determine

the optical modes of the nanostructures observed in this study would be highly desirable.

Methods

The present work is based on a mesoscale implicit-solvent model of self-assembled lipid mem-

branes,99 in which a lipid molecule is coarse-grained into a short semi-flexible chain that is com-

posed of one hydrophilic head (h) bead and two hydrophobic tail (t) beads. The potential energy

of the lipid bilayer has three contributions and is given by,

U({ri}) = ∑
i, j

Uαiα j
0 (ri j) + ∑

⟨i, j⟩
Uαiα j

bond(ri j)+ ∑
⟨i, j,k⟩

Uαiα jαk
bend (ri,r j,rk), (1)

where ri is the coordinate of bead i, ri j = ri −r j, and αi (= h or t) represents the type of bead i. In

Eq. (1), Uαβ

0 is a soft two-body potential, between beads of types α and β and is given by

Uαβ

0 (r) =



(
Uαβ

max −Uαβ

min

)
(rm−r)2

r2
m

+Uαβ

min if r ≤ rm,

−2 Uαβ

min
(rc−r)3

(rc−rm)
3 +3 Uαβ

min
(rc−r)2

(rc−rm)
2 if rm < r ≤ rc,

0 if r > rc,

(2)
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where Uαβ
max > 0 and Uαβ

min ≤ 0 for any pair (α,β ). Uαβ

min = 0 implies a fully repulsive interaction

between α and β , and Uαβ

min < 0 implies a short-range attraction between the two beads. The

self-assembly of the lipids into thermodynamically stable bilayers is ensured by choosing Uhh
min =

Uht
min = 0 and strong enough negative value of U tt

min.99

The second summation in Eq. (1) is over bonded pairs within the lipid chains. The argument of

this sum is a harmonic potential that ensures the connectivity of the beads within each chain and is

given by

Uαβ

bond(r) =
kαβ

bond
2

(
r−aαβ

)2
, (3)

where kαβ

bond is the bond stiffness coefficient and aαβ is the preferred length of the spring. Note

that a pair of connected beads within a lipid chain experiences both two-body interaction given by

Eq. (S1) in the Supporting Information and bonding interaction given by Eq. (3).

The third summation in Eq. (1) is over the triplets of beads constituting each lipid chain. The

argument of this sum is a three-body potential that provides bending stiffness to the lipid chains

and is given by

Uαβγ

bend

(
ri,r j,rk

)
=

kαβγ

bend
2

(
cosϕ

αβγ

0 −
ri j · rk j

ri jrk j

)2

, (4)

where kαβγ

bend is the bending stiffness coefficient, and ϕ
αβγ

0 is the preferred splay angle of a lipid

chain taken to be 180◦.

A spherocylindrical NP of diameter DN and length l = αDN , where α is its aspect ratio, is

constructed as a highly rigid triangulated mesh, with vertices occupied by beads of type p, fol-

lowing the details provided in Section S1 in the Supporting Information. We recently used this

NP model to investigate the adhesion modes of spherical NPs73,74 and spherocylindrical NPs.46,50

The advantage of this model lies in the fact that the NPs are hollow, which leads to a significant

reduction in the number of degrees of freedom associated with the NPs as opposed to models in

which NPs are constructed from a three-dimensional arrangement of beads in some lattice struc-

ture.44,100 This model allows for simulations of relatively large and many NPs. Every p-bead of

the SCNP is connected to its nearest neighbors by the harmonic potential given by Eq. (3), with a
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bond stiffness kpp
bond and a preferred bond length app. Since a SCNP is hollow in this model, the

bonding interaction is insufficient to provide high rigidity to the NP. This problem is overcome

by introducing an additional bead, c, at the center of mass of the SCNP that is connected to all

p-beads by a harmonic bond given by Eq. (3), with a bond stiffness kcp
bond and a preferred bond

length depending on the location of the p-bead on the spherocylinder.

In the present study, we consider SCNPs that are surface-modified into Janus SCNPs (JSCNPs),

such that the plane containing the boundary between its two moieties is parallel to the SCNP’s axis,

as shown by Fig. S2 in the Supporting Information. A JSCNP is comprised of two types of beads.

These correspond to pa-beads, which interact attractively with the h-beads, and pb-beads, which

interact repulsively with the h-beads. Both pa- and pb-beads interact repulsively with t-beads.

The two-body potential, Uαiα j
0 , given by Eq. (S1) in the Supporting Information, is used for the

interaction between the pa- and pb-beads with the h- and t-beads, with U pah
min < 0 and U pbh

min =U pat
min =

U pbt
min = 0. Beads belonging to different JSCNPs interact with each other via the same two-body

potential Uαiα j
0 , given by Eq. (S1) in the Supporting Information. This interaction is chosen to be

entirely repulsive (U pa pa
min = U pb pb

min = U pa pb
min = 0) to prevent the JSCNPs from aggregation in the

absence of lipid membranes. The adhesion energy density is defined as ξ = |Uadh|/Aadh, where

Uadh is the net potential energy between the NP and the membrane, and Aadh is the area of the NP

adhering to the membrane. Details of the calculation of ξ are found in Refs.46,73

All beads are moved using a molecular dynamics scheme with a Langevin thermostat,101

ṙi(t) = vi(t) (5)

mv̇i(t) = −∇iU ({ri})−Γvi(t)+σΞi(t), (6)

where m is the mass of a bead (same for all beads), Γ is the friction coefficient, and σΞi(t) is a

random force originating from the heat bath. Ξi(t) is a random vector generated from a uniform

distribution and obeys ⟨Ξi(t)⟩= 0 and ⟨Ξ(µ)
i (t)Ξ

(ν)
j (t ′)⟩= δµνδi jδ (t − t ′), where µ and ν = x, y or

z. The dissipative and random forces are interrelated through the fluctuation-dissipation theorem,
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Table 1: Model parameters

Parameter Value

Uhh
max, Uht

max 100ε

U tt
max 200ε

Uhh
min, Uht

min 0

U tt
min −6ε

U pah
max 200ε

U pah
min −4ε

U pbh
max, U pbt

max, U pat
max 100ε

U pbh
min , U pbt

min, U pat
min 0

U pa pa
max , U pa pb

max , U pb pb
max 200ε

U pa pa
min , U pa pb

min , U pb pb
min 0

kht
bond, ktt

bond 100ε/r2
m

khtt
bend 100ε

kpa pa
bond , kpa pb

bond , kpb pb
bond 500ε/r2

m

kpac
bond, kpbc

bond 10ε/r2
m

rc 2rm

aht , att 0.7rm

acpa , acpb variable
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which leads to Γ = σ2/2kBT . Eqs. (5) and (6) are integrated numerically using the velocity-Verlet

algorithm102 with Γ =
√

6m/τ and a time step ∆t = 0.02τ , where τ = rm(m/ε)1/2.

Table 1 gives the values of the model’s interaction parameters. In all simulations, the JSCNPs

diameter DN = 20rm. Their aspect ratio, α , varies between 1.23 and 5.5. All simulations are

executed at kBT = 3.0ε . With the parameters in Table 1, the adhesion energy of the JSCNP on the

membrane per unit of contact area, is ξ = 4.11kBT/r2
m. The bending modulus of the bare bilayer,

with the interaction parameters shown in Table 1, as extracted from the spectrum of the height

fluctuations of the bilayer, is κ ≈ 30kBT ,44 comparable to that of a DPPC bilayer in the fluid

phase.103 By comparing the thickness of this model bilayer in the fluid phase, which is about 4rm,

with that of a typical fluid phospholipid bilayer, which is about 4nm,104 we estimate rm ≈ 1 nm.

Hence, in the remainder of this article, lengths and the adhesion energy density, ξ , are expressed

in units of nanometers and kBT/nm2, respectively.

The simulations are performed on vesicles with a diameter, DV , ranging between 48 and

160nm. Here, DV is defined as twice the average distance between the positions of the h-beads

of the outer leaflet and the vesicle’s center of mass. This corresponds to a total number of lipid

chains in a vesicle ranging between 2.5×104 and 3.2×105. The fraction of a JSCNP’s area that

adheres to the membrane is fixed at J = 0.4. In a typical simulation, n JSCNPs, initially placed

close to an equilibrated vesicle at random positions, quickly adhere to the vesicle. We consider

values of n corresponding to 3, 4, 6, 7, and 8. Unless indicated, the ratio ρ = AV/nAN = 1.2 in all

simulations, where AV is the surface area of the outer leaflet of the vesicle and AN is the surface

area of a single JSCNP. Most simulations were run over 4×107 time steps. Typically, systems are

equilibrated over 2×105τ . We emphasize that the results presented in this article are independent

of the initial conditions. Therefore, quantities, such as the radial distribution functions (RDF),

bond angle distributions (BADs), and angles between the axes of the JSCNPs, for a specific set of

parameters, are calculated from averaging over a long interval of time after equilibration, typically

ranging between 4×105τ and 8×105τ .
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