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Soft Matter

Modes of Adhesion of Two Janus Nanoparticles on the Outer or Inner Side of Lipid
Vesicles

Yu Zhu, Abash Sharma, Eric J. Spangler, and Mohamed Laradji*
Department of Physics and Materials Science, The University of Memphis, Memphis, TN 38152, USA

Using molecular dynamics simulations of a coarse-grained model, in conjunction with the weighted
histogram analysis method, the adhesion modes of two spherical Janus nanoparticles (NPs) on either
the outer or inner side of lipid vesicles are explored. In particular, the effects of the area fraction,
J, of the NPs that interacts attractively with the lipid head groups, the adhesion strength and the
size of the NPs on their adhesion mode are investigated. The NPs are found to exhibit two main
modes of adhesion when adhered to the outer side of the vesicle. In the first mode, which occurs
at relatively low values of J, the NPs are apart from each other. In the second mode, which occurs
at higher values of J, the NPs form an in-plane dimer. Janus NPs, which adhere to the inner side
of the vesicle, are found to always be apart from each other, regardless of the value of J and their

diameter.

I. INTRODUCTION

The understanding of the interaction between nanopar-
ticles (NPs) and lipid membranes is important to the
development of effective and safe nanomaterials for a
wide range of biomedical applications and, potentially,
for harnessing lipid membranes as an alternative tool for
bottom-up fabrication of ordered nanostructures [1]. At-
tractive forces between certain water-soluble NPs and a
lipid membrane lead to the adhesion of the NPs on the
membrane while causing its deformations which extend
over length-scales beyond the size of the NPs [2-5]. In
turn, these deformations induce effective interactions be-
tween the NPs, which can result in their self-assembly
on the membrane [1, 6-17]. Many computational stud-
ies have been conducted, during recent years, to inves-
tigate membrane-induced interactions between spheri-
cal NPs [13, 16], cap-shaped NPs [18], and anisotropic
NPs [19-21] including highly anisotropic crescent-shaped
NPs [14, 22-26].

Janus NPs form a special class of nanomaterials which
are designed to have two moieties with different chemi-
cal compositions [27-30]. Several studies have been con-
ducted to understand the interaction between Janus NPs
with lipid membranes [18, 31-35]. For example, it was
shown through both simulations and experiments that
amphiphilic Janus NPs, with one hydrophilic moiety and
one hydrophobic moiety, induce rupture of lipid mem-
branes [34, 35]. Janus spherical NPs, with one moiety
that interacts attractively with the lipid head groups and
the other moiety that is hydrophilic but interacts repul-
sively with the lipid membrane, are particularly interest-
ing since while they tend to adhere to lipid membranes,
they are not as disruptive as amphiphilic Janus NPs. The
maximum amount of wrapping of such hydrophilic Janus
NPs, by lipid membranes, is limited by the area frac-
tion, J, of the moiety that interacts attractively with
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the lipid membrane. This is contrasted with uniform
spherical NPs whose degree of wrapping depends on the
strength of the adhesion energy density and the size of
the NPs [15].

Using molecular dynamics simulations of an implicit-
solvent model, Reynwar et al. [18] showed earlier that
the adhesion of small, almost spherical Janus NPs, with
diameter about the thickness of the bilayer, lead to large
deformations of the membrane, and form small clus-
ters which are eventually endocytosed. More recently,
Bahrami and Weikl [31] showed, through a Monte Carlo
energy minimization of dynamically triangulated vesicles,
that the preferred placement of Janus NPs on vesicles
depends on J and whether the NPs adhere to the inner
or outer side of the vesicle. They found that when the
NPs adhere to the outer side of the vesicle, they prefer
to be apart from each other for small and moderate val-
ues of J. However, for relatively large values of J, the
NPs dimerize. In contrast, they found that the NPs are
always apart from each other, when they adhere to the
inner side of the vesicle, regardless of the value of J. In
this approach, which does not account for thermal fluc-
tuations, the contribution of the NPs’ adhesion potential
energy to the total energy is interestingly found to be
independent of the distance between the NPs. As a re-
sult, the minimization of the total energy reduces to the
minimization of the membrane curvature energy. Fur-
thermore, the membrane topology is conserved in this
approach. Therefore, endocytosis or exocytosis of the
NPs, which may happen at high degrees of wrapping,
are not accounted for in [31].

The goal of the present investigation is to further eluci-
date the adhesion of spherical Janus NPs on lipid vesicles
through a realistic approach which accounts for thermal
fluctuations and topological changes of the membrane.
This is achieved through a systematic set of simulations
based on molecular dynamics of a coarse-grained implicit-
solvent model with varying values of the adhesion energy
density, size of the NPs and fraction of the NPs area that
interact attractively with the lipids. In this approach, a
NP is modeled as a hollow sphere whose surface is con-
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structed as a triangular mesh obtained from successive
tessellations of a regular icosahedron [36], and the ver-
tices of the mesh are occupied by beads. To provide
rigidity to the NP, its beads are connected by harmonic
springs and three-body interactions. The NP’s rigidity
is further enhanced by inserting a bead at its center and
by connecting it to all surface beads with fairly rigid har-
monic springs. In order to unambiguously determine the
equilibrium state of the system, the free energy is deter-
mined using the weighted histogram analysis method [37]
with the distance between the NPs as its reaction coor-
dinate. Both cases of NPs adhering to the outer and
inner sides of the vesicle were investigated over values of
J ranging between 0.1 and 0.9.

The article is organized as follows. In Section II, the
model and computational approach are presented. The
results are then presented and discussed in Section III.
Here, results are presented for the case of Janus NPs ad-
hering to the outer and inner sides of the vesicle. Finally,
a summary and conclusion of this work are found in Sec-
tion IV.

II. MODEL AND COMPUTATIONAL METHOD

The present study uses an implicit-solvent model of
self-assembled lipid membranes [38, 39], in which a lipid
molecule is coarse-grained into a short semi-flexible chain
composed of one head (h) bead and two tail () beads.
Essential ingredients of the model are presented below.
Further details are found in Appendix A of Ref. [16]. The
potential energy of the lipid bilayer is given by

U({r;}) ZU‘“‘“ rij) + > Upand (i)
(4,9)

+ Z Upied ™ (ri,xj,10) (1)
(2,4,k)

where r; denotes the coordinates of bead i, r;; = |r; —r;],
and «a;(= h or t) denotes the type of bead i. The angu-
lar bracket in the second summation of Eq. (1) indicates
that ¢ and j are bonded within the same lipid chain.
Likewise, the angular bracket in the third summation in-
dicates that i, j and k are part of the same lipid chain. In
Eq. (1), Uy B ig a soft two- body potential, between beads
of types a and 8. This interaction is given by Eq. (A2)
in Appendix A of Ref. [16]. 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 t beads. Otherwise, h-h and h-t
interactions are repulsive [39].

In Eq. (1), Upio4 ensures connectivity between beads

ond

that belong to the same lipid chain and is given by

Qg

’L]) = bgnd (rlj - aaiozj)Q; (2)
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where kbond is the bond stiffness coefficient and aq,q, is

2

the preferred bond length between beads i and j of types
a; and a;, respectively. It is noted that in addition to this
bonding interaction, in this model, bonded beads within
a lipid chain also interact with each other through U S

Finally, in Eq. (1), U227, is a three-body potential that
provides bending stiffness to the lipid chains and is given
by

Qo r r 2
Qoo ~ Mpend ij " Lky
Upend " (riyrj,rp) = =824— { cosg — —= |
2 Tikaj
(3)

where kpenq is the bending stiffness coefficient and ¢q is
the preferred splay angle of the lipid chain, taken to be
180°. The bending rigidity of the membrane can be mod-
ified by tuning the strength of the hydrophobic interac-
tion, Uf!, and the strength of the three body interaction,
K (3],

A Janus NP is initially constructed as an icosahedron
mesh followed by three subsequent tessellations, resulting
into 642 nodes (beads of type n) and 1280 elementary tri-
angles [36]. The nodes are then projected onto a sphere,
of diameter D,,,, with same center as the original icosa-
hedron. Two neighboring beads of the NP are connected
via the harmonic potential given by Eq. (2) with a bond
stiffness k' 4 and a preferred bond length a,, = 1. To
provide further rigidity to the NP, the three body interac-
tion, given by Eq. (3) with a bending stiffness coefficient
kgg’n’fi, is added to every connected triplet of beads. The
preferred splay angle ¢f™" of each triplet is determined
from the initial configuration of the NP.

Since a NP is hollow in this model, the two-body and
three-body interactions are found not to be sufficient to
provide a very rigid spherical structure, unless k{7, ; and
kpo are very high, which is not desirable since this
would require very small values of the integration time
step. This problem is circumvented by inserting a bead
of type ¢, at the center of the NP, which is bonded to all
surface n-beads by a harmonic potential given by Eq. (2)
with a bond stiffness ki., 4 and a preferred bond length
acn = Dpyp.

A Janus NP is comprised of two types of beads, cor-
responding to n, and n; beads. The interaction be-
tween the NP beads with the lipid beads is also given
by Eq. (A2) in Appendix A of Ref. [16]. Both n, and ns
beads are hydrophilic, i.e. they interact repulsively with
the lipid tail beads (U”¢! = U™! = 0). To promote the
adhesion of the n, beads on the membrane, the interac-
tion between the na beads with the lipid head beads is at-
tractive, i.e. Ugl‘l‘n &€ < 0. The Janus nature of the NP
is ensured by making the interaction between the n; and
the lipid head beads repulsive, i.e. U;’l’n = 0. Beads be-
longing to different NPs interact with each via the same
two-body potential UO“O” This interaction is chosen to
be fully repulsive (U:lj'r? o=yttt = Uet = 0) to pre-
vent NPs from aggregation in the absence of lipid mem-
branes. The term Janusity (J) is introduced to define
the area fraction of the NP that interacts attractively

with the lipid head groups, i.e. J = d/D,,, where d is
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the height of the spherical cap that interacts attractively
with the lipid head beads, as indicated by Fig. 1 for the
case of J = 0.5. We note that the parameters of the
NP model can be tuned to affect the rigidity and the
roughness of the NPs surface.

All beads are moved using a molecular dynamics
scheme with a Langevin thermostat [40],

ti(t) = vi(t) (4)
mvl(t) = —V,»U ({I‘l}) - Fvi(t) + O'Ei(t), (5)

where m is the mass of a bead (same for all beads), I'
is a bead’s friction coefficient, and ¢Z;(t) is a random
force originating from the heat bath. =;(¢) is a random
vector generated from a uniform distribution and obeys

(Ei()) = 0 and (= ()5 (1) = 688 (t—1),
where 4 and v = z, y or z. The dissipative and random
forces are interrelated through the dissipation-fluctuation

theorem, which leads to I' = 02 /2kgT.

The model interaction parameters used in the simula-
tions are,

Ut = Upnax = 100€,
Ut = 200,
Unin = Unin =0,
Upin = —6¢,
Unal = 200,
Upall = =€,
Unie = Upie = upiae = 100€,
Uit = uphy, = ulst =0,
Umax® = Unie® = Ugak® = 200¢,
Unin® = Unin® =Unin" =0,
kbond = k‘bond = 1006/ Tm
khena = 100€,
kPm = 1200,
Khena = 45¢/70,
Ko = 250e,

Te = 2T,

apr = g = 0.7y,

aen = Dhp. (6)

The simulations are performed on vesicles composed of
N = 50 000 lipids. This corresponds to a vesicle diam-
eter D,es = 76 nm. Here, D, 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. The
results in this article are shown for two NP diameters
corresponding to D, = 10 and 20 nm. All simulations
are executed at kT = 3.0¢, with a time step At = 0.027
for Dy, = 20 nm and At = 0.0157 for D,, = 10 nm,
where 7 = r,,,(m/e)'/?2. Eqgs. (4) and (5) are integrated
using the velocity-Verlet algorithm [41] with ' = v/6m /7.
The vesicle is placed in three-dimensional boxes, with pe-
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FIG. 1: Configuration of a spherical Janus NP at time ¢t = 507
with Dy, = 20 nm. Only yellow beads are able to adhere to
the lipid membrane, the red bead is locates at the center of
NP, and is connected to all other beads by harmonic bonds
(not shown for clarity) to maintain a spherical shape of the
NP. In this case, the Janusity J = d/Dnp, = 0.5. Here, d is
the height of the spherical cap that interacts attractively with
the lipid head beads.

riodic boundary conditions along the z-, y- and z-axes,
with a linear size equal to 2D,,.s. This ensures that inter-
action between the vesicle and itself through the periodic
boundary conditions does not occur.

The bending modulus of the bare membrane, with the
interaction parameters given by Eq. (6), and as extracted
from the spectrum of the height fluctuations of a ten-
sionless bilayer, is k ~ 30kgT [39], which is compara-
ble to the bending modulus of a DPPC bilayer in the
fluid phase [42]. From comparison of the thickness of the
present model bilayer in the fluid phase, which is very
close to 4r,,, with that of a typical fluid phospholipid bi-
layer (= 4 nm), the small length scale ,, ~ 1 nm. Hence,
in the remainder of this article, all lengths are expressed
in nanometers and energies are expressed in kgT'.

To determine the adhesion energy density of the NPs
on the membrane, simulations of a uniform NP (i.e., a
Janus NP with J = 1) on a tensionless planar membrane
are performed at different values of £ (which corresponds
to the minimum of the potential energy between a n,
bead and an h bead). The adhesion energy density is
then defined as & = |Eqan|/Aadn, where Eqqp is the net
potential energy between the NP and the membrane and
Agan is the area of the NP adhering to the membrane.
Here, an n, bead adheres to the membrane if it interacts
with at least one h bead of the membrane, i.e. if its dis-
tance from the h bead is less than r.. The dependence of
the adhesion energy density £ on £ is depicted in Fig. 2
for the cases of D, = 10 and 20 nm. This figure shows
that for low values of £, £’s dependence on £ is not lin-
ear. However, this dependence becomes linear for £ 2 e.
Since the number of beads per NP is 642 regardless of
its diameter, the adhesion energy density, for a given £
decreases with increasing D,.

The degree of wrapping of a NP by the lipid membrane
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FIG. 2: The adhesion energy density, £, versus the absolute
value of the interaction strength, £, between a NP a-bead
and a lipid head bead. Black and red symbols correspond
to Dnp = 10 and 20 nm, respectively. The solid lines are
fits of the data. The blue line indicates that an arbitrary
energy density £ = 2.'L")/’€B»T/n1fn2 corresponds to £ = 1.15¢ for
Dyp =10 nm and € = 2.79¢ for Dy, = 20 nm. The increased
value of £ with Dy, for a given value of energy density &, is
due to the fact that both 10-nm and 20-nm NPs are composed
of same number of beads.

is defined by the following quantity,
1
W = 5(17cost9), (7)

where the wrapping angle 6 € [0, 7], is calculated as fol-
lows: For each azimuthal angle ¢ € [0,2r), around the
z-axis, a latitude angle 0,.x () is determined as the max-
imum latitude angle of lipid head beads within 1.3 nm
from the NP’s surface. The wrapping angle 6 is then
defined as the average of Oy,.x over . W is extracted
numerically in the case of NPs adhering to a tensionless
planar bilayer. Figs. 3(A) and (B) show that regardless
of the NP’s size, the dependence of the degree of wrap-
ping on ¢ follows two main regimes. For small values
of £, W is lower than J and increases rapidly with £.
For large values of £, the increase of W with J is much
slower and asymptotically saturates to a value W* that
increases with increasing J. The crossover between the
two regimes is due to the repulsive interaction between
the ny and h beads, which limits the degree of wrapping.
The insets of both Figs. 3(A) and (B) show that W*,
which is obtained from the extrapolation of W to £ — oo
(through plotting W versus 1/, then taking the limit
1/¢ — 0), is almost equal to J, with W slightly larger
than J for mid values of J.

Fig. 3 also shows that the value of £ at which the
dependence of W on £ crosses from the rapid increase
to the saturation regime decreases with increasing D,,,.
For example, in the case of J = 0.7, the crossover is
at & ~ 3 and 1 kgT/nm? for D,, = 10 and 20 nm,

0.6

=

04r

0.2

b 05 1 15 2 25 3
f[kBT/an]

FIG. 3: Degree of wrapping W, defined by Eq. (7), versus £
for different values of the Janusity J obtained from a simula-
tion of a single 10-nm and 20-nm Janus NP on a planar lipid
bilayer. (A) and (B) correspond to D,, = 10 and 20 nm,
respectively. The insets show the extrapolated value of W as
¢ — oo as a function of J. The solid line in the inset corre-
sponds to y = z. Snapshots (a), (b), (c), and (d) correspond
to J = 0.3. 0.5, 0.7, and 0.9, respectively, for the case of
Dypp = 20 nm at £ = 1.56 kBT/an. Only a fraction of the
membrane, around the NP, is shown in these snapshots.

respectively. This is due to the fact that a maximum
amount of wrapping for a particular value of J occurs
when the curvature energy, which is about 8xJA/ Dﬁp is
about the adhesion energy £JA, where A = 7TD,21p7 ie
when D2, ~ 8k [3]. Therefore, the adhesion energy
density at saturation £* ~ 1/ D?Lp. This agrees well with
Fig. 3, which shows that the ratio &onm/&50nm = 3-7s
which is close to 4.

To determine the equilibrium state of the vesicle with
two adhering Janus NPs, a series of umbrella sampling
simulations were performed with a reaction coordinate
corresponding to the distance d between the centers of
mass of the NPs [43]. The following bias harmonic po-
tential energy between the center beads of the two NPs
is used

k ias
Upias (d) = % (d — dyias)? (8)

where kp;qs is varied between 10e and 20¢, and the pre-
ferred distance dp;qs is varied between D,, + A and

Page 4 of 10
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Dyp + Dyes, where A is slightly smaller than r,,. The
step in 7p;45 i chosen to be sufficiently small so that there
is an appreciable amount of overlap between consecutive
histograms of the distance between the NPs generated
from the biased simulations. The weighted histogram
analysis method (WHAM) [37] was then used to obtain
the unbiased free energy of the vesicle with two NPs as
a function of the distance d.

III. RESULTS

A. Adhesion of Two Janus NPs on the Outer
Leaflet of a Vesicle

Figs. 4 (A) and (B) show the distance between the NPs
as a function of time for the cases of J = 0.30 and 0.58,
respectively, with an initial distance between the NPs,
d(0) = 11 and 60 nm. Fig. 4 (A) demonstrates that for
J = 0.30, the NPs prefer to be apart from each other,
regardless of their initial placement on the vesicle. In

§[kpT/nm?]

2.94
433
| — 2.94
— 433

(B)
L 4 f[kBT/an]
2.94
60 433
— | — 2.94
g — 433
= 401 e
e
=
20+ e
O() 5 5 5 5
1x10 2x10 3x10 4x10

t[r]

FIG. 4: Distance between 10-nm NPs, adhering to the outer
side of a vesicle, versus time for the case of J = 0.30 (A)
and J = 0.58 (B). Blue and red curves correspond to the
case where the initial distance between the NPs is 60 nm.
Cyan and orange curves correspond to the case where the
initial distance between the NPs is 11 nm. The values of the
adhesion energy density are indicated in the legends.
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FIG. 5: Preferred configurations of 10-nm NPs, adhering to
the outer side of a vesicle, with different values of J and at
different values of the adhesion energy density £. Lipid head
and tail beads are red and cyan, respectively. NP beads that
interact attractively with the lipid head beads are yellow. NP
beads that interact repulsively with both head and tail lipid
beads are blue. The center beads of the NPs are colored blue

contrast, at J = 0.58, the final state of the NPs depends
on their initial placement on the vesicle. When the initial
distance between them is relatively large, the NPs tend
to remain apart from each other in a monomeric state, as
demonstrated by Fig. 4 (B). However, Fig. 4 (B) shows
that the distance between the NPs remain small, if the
initial placement between the NPs is small, i.e. the NPs
are dimerized in this case. This figure therefore implies
that at the higher value of J, there exist an energy barrier



Soft Matter

between the monomeric and dimeric state that is much
higher than the thermal energy. It is noted that for low
values of the Janusity, the NPs are weakly wrapped by
the membrane, as indicated by Fig. 3. As a result, NPs
with low J are highly diffusive on the vesicle, regardless
of the adhesion strength.

Typical equilibrium configurations at different values
of J and adhesion strength are shown in Fig. 5. This fig-
ure shows, again, that at low values of J, e.g. J = 0.30,
the NPs prefer to be apart from each other. However at
higher values of J, the final state depends on the initial
separation between the NPs as discussed earlier. Fig. 5
demonstrates qualitatively that the amount of wrapping
experienced by the NPs increases with increasing either
Janusity or adhesion energy density. This figure also
shows that when the two NPs are dimerized, they are
localized in a pit which turns into a bud with a narrow
neck as J or ¢ is increased (e.g. see lower snapshots at
(J,€) = (0.58,4.33kpT /nm?) and (0.70,2.94kpT/nm?)
in Fig. 5. For high values of J and values of £, the dimer-
ized NPs are endocytosed in a single vesicle, as shown
by the upper snapshots at (J,£) = (0.70,3.94kpT /nm?)
or (0.70,4.33kpT/nm?) in Fig. 5. In contrast, the NPs
in the monomeric state are not endocytosed even at high
values of J (J < 0.8) and &, as shown by Fig. 3, in
contrast to the case of uniform spherical NPs which of
course can be endocytosed by vesicles and planar mem-
branes [5, 44, 45]. Therefore, the endocytosis of the Janus
NPs with J < 1 is facilitated by their dimerization. This
is due to the fact that as the Janusity is increased, at
large enough values of £, the neck of the invagination
containing the dimer decreases, while the angle between
the principal axes of the NPs increases. Endocytosis oc-
curs when the neck size becomes very small. Fig. S1
shows a snapshots time series of a dimer, at J = 0.7 and
¢ = 3.94kpT /nm?, undergoing endocytosis.

Although the equilibrium state of the system can
be determined from direct molecular dynamics simu-
lations at low values of J, the relative stability of
the monomeric and dimeric states at moderate and
high values of J, requires calculation of the free en-
ergies of the two states. This is achieved through
WHAM using the distance d between the center beads
of the NPs as the reaction coordinate. The free en-
ergies, for different values of the Janusity, in the case
of (Dpp,€&) = (10 nm, 4.33kpT/nm?) and (D,,, &) =
(20 nm, 1.57kpT/nm?) are shown in Figs. 6 and 8, re-
spectively.

Fig. 6 shows that in the case of D,, = 10 nm and
for J < 0.2, the free energy is practically independent
of d, except for large values of d (i.e. for values of d 2
Dyes + Dy =~ 80 nm). In this case, the NPs degree of
wrapping is weak, as demonstrated by Fig. 3, and the
vesicle shape is almost spherical, except for high values
of d (d Z 80 nm) at which the adhering NPs elongate the
vesicle along the axis connecting the two NPs centers,
as shown by configuration (f) in Fig. 6 for J = 0.2 at
d =90 nm.
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FIG. 6: Free energy, as obtained from WHAM, versus
distance between two Janus 10-nm NPs, adhering to the
outer side of the vesicle, for different values of J at £ =
4.33kpT/nm?. Snapshots (a), (b) and (c) correspond to the
monomeric state at J = 0.30, 0.39 and 0.58, respectively.
Snapshots (d) and (s) correspond to the monomeric state at
J = 0.30 and 0.58, respectively. Snapshot (f) corresponds to
an unstable state in which the vesicle is elongated at J = 0.2
at d = 90 nm. Snapshot (g) corresponds to an unstable state
at the local maximum of the free energy at J = 0.58.

Fig. 6 shows that for J = 0.3, the free energy exhibits
two clear local minima. The first minimum occurs at
di1 = Dpp + 1 nm and corresponds to the dimeric state.
The second minimum occurs at a larger distance do and
corresponds to the monomeric state. At J = 0.30, this
energy barrier is only about 6kpT from the dimeric state.
This explains why the two NPs fairly quickly move away
from each other when the initial distance between them
is small at J = 0.30, as shown by the orange and cyan
curves in Fig. 4 (A). In contrast, the relatively high en-
ergy barrier (= 28kpT) from the monomeric state at
J = 0.30 prevents the two NPs, if initially far from each
other, from sampling states in which they are dimer-
ized, as shown by the red and blue curves Fig. 4 (A).
However, at J = 0.58, the energy barrier from either
the monomeric or dimeric state is much higher than
kpT. This explains why the NPs remain either in the
monomeric or dimeric state at high J as shown by Fig. 4
(B). Fig. 6 shows that ds decreases with increasing J,
which is associated with the increased flattening of the
vesicle with J, along the plane perpendicular to the axis
passing by the NPs centers. This flattening is due to
the increased degree of wrapping of the NPs, as demon-
strated by snapshots (a to ¢) in Fig. 6. The monomeric
state is more stable than the dimeric state for J < 0.5,
with an energy barrier that increases with increasing J.
Fig. 6 shows that the dimeric state is more stable than
the monomeric state at J = 0.58, which means that the
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FIG. 7: Net adhesion energy of two 10-nm Janus NPs, adher-
ing to the outer side of the vesicle at £ = 4.33kgT/nm?, as a
function of the distance between them. Curves for J = 0.20,
0.30, 0.39, 0.50, and 0.58 were translated upward by 350, 600,
950, 1350, and 1550kg7T, respectively. The black curve cor-
responds to the case of & = 6.0kpT/nm? at J = 0.50. This
curve is translated upward by 2150kpT.

transition from the monomeric to the dimeric state oc-
curs at a value of J somewhere between 0.5 and 0.58. The
fact that the energy barrier is much larger than kgT for
J 2 04 (e.g., at J = 0.5, the energy barrier from the
monomeric state to the dimeric state is about 3.5k, and
that from the dimeric to the monomeric state is about
2.3x) implies that the final state of the system depends
strongly on the initial placement of the NPs, rather than
on the relative stability of the monomeric and dimeric
states, in agreement with the results shown earlier in
Fig. 4 for J = 0.58. For J 2 0.65, the monomeric state
is locally stable, i.e., if the NPs initially adhere to the
membrane at a distance larger than about 20 nm, they
remain adhered in the monomeric state with typical con-
figurations similar to that shown in Fig. 5. However, if
the NPs adhere to the vesicle at a distance shorter than
about 20 nm, they form a dimer, which is then endocy-
tosed.

The results shown above are in good qualitative agree-
ment with those by Bahrami and Weikl [31]. A dif-
ference between the present results and theirs, how-
ever, is that the dimeric state in their calculations be-
comes metastable only for J 2 0.5, whereas, in the
present study, the dimeric state becomes metastable for
J 2 0.3. Furthermore, they reported that due to their
choice of a relatively high adhesion energy per unit of
area (£ = 20x/D32)), the net adhesion energy of the
NPs on the vesicle is independent of the distance be-
tween them. As a result the minimization of the energy
amounts to the minimization of the curvature energy of
the vesicle. In the present study, however, the net ad-
hesion energy of the NPs varies with the distance be-
tween them, as demonstrated by Fig. 7 for the case of
Dy, = 10 nm. This dependence is particularly signifi-
cant for J 2 0.4. These simulations correspond to the
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FIG. 8: Free energy versus distance between two Janus 20-nm
NPs, adhering to the outer side of the vesicle, for different val-
ues of J in the case of Dy, = 20 nm and £ = 1.57kBT/nm2.
Snapshots (a), (b), (c), and (d) correspond to the monomeric
state at J = 0.095, 0.30, 0.39, and 0.50, respectively. Snap-
shots (e) and (f) correspond to the dimeric state at J = 0.43
and 0.50, respectively. (g) and (h) correspond to snapshots
of the unstable state at the local maximum of the free energy
tat J = 0.39 and 0.50, respectively.

case where £ = 4.33kpT =~ 14,‘»<;/D,2Lp7 which although
lower than that used in Ref. [31], it is in the regime where
the degree of wrapping is practically in the saturation
regime, as shown by Fig. 3(A).

To verify that the adhesion energy depends on d even
at higher values of the adhesion energy density, simula-
tions were performed at a value of the adhesion energy
density equal to that in Ref. [31], i.e. at £ = 6kgT/nm? =
20K/ D%p. Here as well, the net adhesion energy is found
to depend on the distance between the NPs, as shown
by the black curve in Fig. 7. The discrepancy between
the present results and those in Ref. [31] could be due to
differences between the two models. The relatively large
mesh size of the membrane, in Ref. [31], compared to
the NPs diameter coupled to the fact that the interac-
tion between the membrane vertices and an NP’s surface
is a square potential may result in inaccurate values of
the adhesion energy. Therefore the equilibrium state of
the system is not merely due to the minimization of the
bending free energy. Moroever, the observed structures
exhibit a high degree of fluctuations, which are neglected
in Ref. [31]. Furthermore, since topological transforma-
tions of the vesicle are not allowed in Ref. [31], endocy-
tosis of the NPs cannot occur. For example, it is highly
plausible that the NPs dimer in Ref. [31] at .J = 0.7 would
be endocytosed.

The free energy versus d for the case of 20-nm NPs,
shown in Fig. 8, has the same qualitative characteristics
as those for the case of 10-nm NPs (Fig. 6). Namely, the
dimeric state emerges at J = 0.2, but remains less stable
than the monomeric state for J < 0.45. However, the
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FIG. 9: Typical configurations of two Janus NPs, adhering
to the outer side of a vesicle, in the monomeric state at high
values of £&. The top row corresponds to D,p, = 10 nm at
¢ = 4.33kpT/nm? and the bottom row corresponds to Dy, =
20 nm at £ = 1.57kgT/nm?. (a), (b), (c), and (d) columns
correspond to J = 0.58, 0.70, 0.80, and 0.90, respectively.

dimeric state becomes more stable than the monomeric
state at higher values of J. The value of J at which the
dimeric state becomes more stable than the monomeric
state is lower in the case of 20-nm NPs than in the case
of 10-nm NPs for same vesicle size. This implies that
the vesicle-mediated attraction between the Janus NPs
increases with increasing D,/ Dyes, in good agreement
with Bahrami and Weikl’s results [31]. It is interesting to
note than in the case of 20-nm NPs at J = 0.5, the two
NPs are not symmetrically positioned on the vesicle (see
configuration (f) in Fig. 8). Namely, only one NP is well
wrapped by the vesicle. The free energy of the dimeric
state is lower than that of the monomeric state, at which
both NPs are well wrapped (configuration (d) in Fig. 8),
by 36kpT. However, the adhesion energy of the dimeric
state in the case of 20-nm NPs is —2440kgT, whereas
that of the monomeric state is —2660kgT". The lower free
energy of the dimeric state at J = 0.5 is therefore due
to a lower contribution of curvature of the vesicle to the
free energy in the dimeric state than in the monomeric
state. This is qualitatively explained by the fact that the
deformation of the vesicle in the dimeric state (snapshot
(f) in Fig. 8) is less than that in the monomeric state
(snapshot (d) in Fig. 8), since only one NP is significantly
wrapped by the vesicle in the dimeric state.

Although the dimeric state is unstable against endo-
cytosis at high values of J (J 2 0.65 for D, = 10 nm
and J 2 0.55 for D,, = 20 nm), the monomeric state is
locally stable, due to the high energy barrier needed for
the NPs to dimerize before they are endocytosed. The
NPs in the monomeric state for the 10-nm NPs assume
symmetric positions for all values of J, as shown by the
top row of snapshots in Fig. 9 at 4.33k5T /nm?. However,
for high values of D,,;,/D,.s, as in the case of 20-nm NPs,
the NPs positions on the vesicle in the monomeric state
and for J 2 0.6 are not symmetric, as demonstrated by
Fig. 9. This is due to the fact that for high values of J,
there is not enough material to wrap each NP by an area
fraction equal to J. Interestingly, although endocytosis
of single 10-nm NPs is not observed even for J = 0.9,
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Fig. 9 shows that one of the two 20-nm NPs is endocy-
tosed. This allows the second NP to be more wrapped by
the vesicle (see snapshot (d) versus (c) for D, = 20 nm
in Fig. 9).

B. Adhesion of Two Janus NPs on the Inner
Leaflet of a Vesicle

We now turn to the situation where the Janus NPs
adhere to the inner side of the vesicle. The corresponding
free energy, extracted from WHAM, for the case of D,,,, =
10 nm is shown in Fig. 10 for different values of J. The
free energy for the case of Dy, = 20 nm is shown in
Fig. S1 in Electronic Supplementary Information (ESI).
Regardless of the value of J, Fig. 10 shows that the free
energy, in the case where the NPs adhere to the inner side
of the vesicle, exhibits a single minimum corresponding
to the state where the NPs are apart from each other
(i.e. monomeric state). The dimeric state, however, is
unstable, which is contrasted with the case where the
NPs adhere to the outer side of the vesicle, in which the
dimeric state is either metastable or stable over a range of
value of J. Furthermore, both Figs. 10 and S1 show that
regardless of the size of the NPs, the preferred distance
between them increases with J. This is also contrasted
with the trend of the distance between NPs with J, in the
case where they adhere to the outer side of the vesicle.
These results are also in agreement with those of Bahrami
and Weikl [31]. A difference between our results and
theirs, however, is that their free energies are fairly flat
over a wide range of distances, even for J as high as 0.7.
Therefore, according to Ref. [31], the distance between
the NPs must fluctuate over a wide range of values if
they adhere to the inner side of the vesicle. This is not
found to be the case, as demonstrated by Fig. 10, where
the free energy versus d is relatively flat only for small
values of J (J < 0.3). At intermediate and high values
of J, however, the NPs remain fairly localized on the
vesicle.

As in the case where the NPs adhere to the outer side
of the vesicle, the net adhesion energy of the NPs, adher-
ing to the inner side of the vesicle, also depends on the
distance between the NPs, as shown by Fig. S2 in ESI
for the case of 20-nm NPs. This implies that both the
vesicle’s curvature energy and the NPs’ adhesion energy
contribute to the free energy of the system.

IV. CONCLUSION

This article presents the results of a systematic inves-
tigation, based on molecular dynamics simulations of an
implicit solvent model, of the modes of adhesion of two
spherical Janus NPs on the inner or outer side of lipid
vesicles. In this study, a Janus NP is constructed as tes-
sellated shells, in which the vertices are connected with
each other via harmonic springs and three-body inter-
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FIG. 10: Free energy versus distance between two 10-nm NPs,
adhering to the inner side the vesicle, for different values of J
at £ = 4.33ksT/nm>. Snapshots (a), (b), and (c) correspond
to most stable states at J = 0.30, 0.50, and 0.79, respec-
tively. Snapshots (d), (e), and (f) correspond to the dimeric
state (d = 11 nm) for J = 0.30, 0.50 , and 0.79, respectively.
Snapshot (g) is for J = 0.79 at d = 40 nm.

actions. The rigidity of the NP is further enhanced by
the addition of a bead at the center of the NP, which is
connected to all vertices by fairly rigid harmonic springs.
The preferred placement of the NPs outside or inside the
vesicle is determined from free energy calculations using
the weighted histogram analysis method [37].

The free energy calculations show that the NPs exhibit
two modes of adhesion in the case where they adhere to
the outer side of the vesicle. The first one, which corre-
sponds to the monomeric state, occurs at relatively low
values of the area fraction, J, of the NPs that interact at-
tractively with the lipids head groups. For intermediate
values of J, the NPs prefer to dimerize into an in plane
dimer. The energy barrier between the monomeric and
dimeric states is much higher than kg7 at intermediate
values of J. This implies that the final placement of the
NPs on the vesicle depends on their initial position upon
their adhesion. Therefore, the NPs are dimerized if their
initial positions on the vesicle are close to each other.
However, the NPs remain apart from each other if their
initial positions are far from each other. In contrast to
the case where the NPs adhere to the outer side of the
vesicle, the dimeric state of Janus NPs adhering to the
inner side of vesicles is found to be unstable, regardless
of J and the ratio between the diameters of the NPs and
vesicle. In the limit of vesicles with infinite radius, i.e.
in the case of planar membranes, the distinction between
the cases where the NPs adhering to the outer or inner
side of the vesicle disappears. Therefore, one expects that
the energy barrier between the dimeric and monomeric
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states, in the case where the NPs adhere to the outer
side of the vesicle, to decrease with increasing the vesi-
cle’s size. Indeed, we performed simulations of two Janus
NPs at & = 1.57kgT/nm? on a tensionless planar bilayer
in the case of J = 0.5 and found that the dimeric state
is unstable.

The results presented in this article are largely in
agreement with those presented earlier by Bahrami and
Wiekl [31]. However, the following differences are noted.
In their approach, which is based on an energy minimiza-
tion of dynamically triangulated vesicles and therefore
neglects the effect of thermal fluctuations, the adhesion
energy of the NPs is found to be independent of the dis-
tance between them. Therefore, the equilibrium state
is found from the minimization of the vesicles curvature
energy, which in their model is described by the Helfrich
Hamiltonian [46]. In contrast, however, we found that
the adhesion energy of the NPs depends on the distance
between them, with this dependence becoming increas-
ingly important as J is increased. Therefore the adhesion
energy plays a role on the equilibrium state of the system.
Furthermore, the vesicle’s topology is conserved in their
approach. As a result they found that the dimeric state
of the NPs, that adhere to the outer side of the vesicle,
occurs at values of J at which we observe endocytosis of
the dimerized NPs.

Much of the interest on Janus NPs is driven by
their ability to self-assemble into interesting superstruc-
tures [47]. These NPs are typically hydrophilic, i.e. with
one moiety that is anchored with a hydrophilic ligand
and the other moiety that is anchored with a hydropho-
bic ligand. Both moieties of the Janus NPs considered
in the present study, however, have to be hydrophilic to
allow them to interact attractively both with the lipid
head groups and the aqueous solvent, while interacting
repulsively with the hydrophobic lipid tail groups. Such
Janus NPs can, for example, be synthesized such that
one moiety is capped with citrate and the other moiety
is decorated with short poly-ethylene glycol chains.
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