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ABSTRACT

The adsorption of particles onto fluid membranes can lead to membrane-mediated interactions between particles that promote their self-
assembly and lead to changes in membrane morphology. However, in contrast with rigid particles, relatively little is known about deformable
particles, which introduce additional complexities due to the mutual deformability of the particles and the membrane. Here, we use Monte
Carlo simulations and umbrella sampling to investigate the equilibrium properties of hinge-like particles adsorbed on membrane vesicles by
means of anisotropic, attractive interactions. We vary the hinge stiffness, adhesive area fraction, patterning of adhesive regions, and number
of adsorbed particles. Depending on their properties, isolated particles can conform to the vesicle, induce invaginations of the membrane, or
exhibit multistable behavior in which they sample distinct classes of configurations due to the interplay of particle and membrane deforma-
tions. With two adsorbed particles, the properties of the particles can be used to promote aggregation, bias the particles to different parts of
the vesicle, or stabilize the coexistence of both cases. With multiple adsorbed particles, the number and type control their organization and
collective impact on the vesicle, which can adopt shapes ranging from roughly spherical to dumbbell-like and multi-lobed. Our results high-
light how modifying the mechanical properties and patterned adhesion of deformable particles, which is possible with DNA nanotechnology,
influences their self-assembly and the resulting shapes of both the particles and vesicles.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0204225

I. INTRODUCTION

Cell membranes enclose cells and organelles, exhibit diverse
morphologies, and are frequently remodeled to transform their
shape and topology. Membrane remodeling is a fundamentally
important process in living cells, contributing, for example, to
endocytosis, viral budding, and cell division. Various membrane-
deforming proteins, which can sense and generate membrane cur-
vature, play a crucial role in the formation and stabilization of
membrane shapes.1–11

DNA nanotechnology, due to its versatility and programma-
bility, has emerged as a useful means to modify membrane
properties and remodel membrane morphologies.12–17 DNA
origami nanostructures, when decorated with lipid moieties,
can anchor to lipid membranes and induce curvature.18–20 Lipid
membranes, in turn, can drive the assembly of DNA nano-
structures to minimize the bending energy of the membrane.

For example, curved DNA origami nanostructures designed
to mimic BAR (Bin-Amphiphysin-Rvs)-family proteins, when
anchored to vesicles by cholesterol, can collectively cause membrane
deformations that lead to structures such as membrane tubules. The
nature and degree of deformation depend on the curvature of the
particles and the positions of the cholesterol anchors.21 Rod-like
DNA origami nanoparticles anchored on lipid membranes can also
experience membrane-mediated attractive interactions between
particles, which results in their self-organization.22

Much theoretical and simulation work has focused on mem-
brane deformations induced by the assembly of rigid particles
adsorbed on membranes.23–28 Linear aggregates of spherical parti-
cles have been observed in simulations due to the attractive inter-
actions between particles when they come close to one another.24,29

For particles adsorbed on the inside25 or outside26 of a vesicle, the
particles can assemble into linear aggregates enclosed by membrane
tubules protruding out of or into the vesicle. Recent simulations of
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spherical Janus nanoparticles adsorbed on vesicles further show that
the interactions between particles depend on the curvature of the
vesicles from the perspective of the particles. When the membrane
initially curves away from the particles, they experience attractive
interactions, but when the membrane curves toward the parti-
cles, they experience repulsive interactions.28 Other recent studies
have considered the self-assembly of Janus nanoparticles on planar
membranes and vesicles.30–32 On planar membranes, the adsorbed
particles form an ordered hexagonal superlattice at intermediate
area number density and intermediate to high adhesion strength.31

On vesicles, highly ordered assemblies of particles can be tuned by
varying the number of adsorbed particles, the relative size between
particles and vesicles, and the adhesion strength.32

For axisymmetric particles, membrane-mediated interactions
between particles depend on the adsorption strength. When the
attraction of particles to the membrane is weak, the particles repel
each other.33 When the attraction is strong, the interaction between
particles is attractive and can lead to large deformations of the
membrane and the alignment of elongated particles. Both rod-like
and curved particles tend to form tip-to-tip aggregates to lower the
membrane bending energy.34–37 The nature of the aggregation also
depends on the membrane tension: Tip-to-tip aggregation is favored
at low tension, while side-by-side aggregation is favored at higher
tension.38 The assembly behavior of curved particles can deform
vesicles into different morphologies, such as faceted, disk, tube, and
bud.39–42 Bonazzi et al. further studied membrane morphologies
induced by curved nanoparticles binding along either their concave
or convex sides and revealed that convex-side binding can stabilize
three-way junctions of membrane tubules.43

A recent development in DNA nanotechnology is the design
of DNA origami nanostructures with tunable mechanical proper-
ties, as exemplified by hinge-like nanoparticles.44,45 Structures with
programmed deformability provide an exciting building block for
mechanically functional DNA origami devices and materials,46 and
studying their interactions with deformable surfaces such as lipid
membranes is particularly interesting because the particles and
surface can mutually deform one another. Deformable, hinge-like
structures can also be found in proteins such as melittin and the
antimicrobial peptide LL-37, which have been implicated in cur-
vature sensing. Coarse-grained simulations revealed that melittin
and LL-37, each of which contains two α-helices joined in a hinge-
like configuration, have the ability to detect direction-dependent
curvature.47 Noguchi recently studied the curvature sensing of pro-
teins with asymmetric shapes and structural deformations using a
model consisting of two crescent, rod-like segments connected by
a kink.48 Hinge-like peptides further motivate the investigation of
the adsorption of deformable particles on membranes. However,
there is a limited understanding of how deformable particles inter-
act with membranes and how their mechanical properties influence
their membrane-mediated interactions and self-assembly.49

In previous work, we investigated two hinge-like particles
adsorbed onto a planar membrane by means of a non-directional,
short-range attractive potential between the particle and the mem-
brane. We characterized how the membrane-mediated interactions
depend on the adsorption strength and hinge stiffness.50 However,
the effects of directional attractive potentials, closed membrane vesi-
cles, and multiple particles are still unknown. We are interested
in the effects of directional interactions because, experimentally,

nanoparticles with both nonadhesive and strongly adhesive areas
have been realized by spatially patterning cholesterol anchors.21,51

To address this gap, we consider a model system of hinge-like parti-
cles comprised of beads with an adhesive cap with an area fraction of
x. To simulate membrane anchors being on different facets of DNA
origami nanostructures, we group the hinge particles into two types:
concave particles where the adhesive caps are on the side with an
acute angle, and convex particles where the adhesive caps are on
the other side. We first use unbiased Monte Carlo simulations to
characterize the effects of hinge type, hinge stiffness, and adhesive
area fraction for isolated particles and pairs of particles adsorbed
on a membrane. We further use umbrella sampling to investigate
the potential of mean force between two particles and reveal the
dependence of their interaction on these factors. We finally study
the organization of multiple particles and the resulting membrane
shapes induced by the particles.

II. MODEL AND SIMULATION DETAILS

We consider a fluid membrane vesicle, which is modeled as a
triangulated, self-avoiding, and closed surface consisting ofM = 828
spherical hard beads of diameter lmem = σ connected by bonds with
lengths ranging from σ to 1.67σ. The membrane bending energy is
given by52–54

Emem =

√
3κ�
�i,j�

(1 − ni ⋅ nj), (1)

where κ is the bending rigidity of the membrane, ni denotes the
normal vector to triangle i, and the sum is over all triangles i and
j sharing an edge. In our work, we fix κ = 10kBT. Membrane fluidity
is introduced by bond-flip moves in simulations, so the connectiv-
ity is not fixed.50,54–56 The energy cost associated with area changes
is included via the term Eγ = γA, where γ is the surface tension and

A is the total surface area. In our work, γ is set to 1kBT�σ2. For σ
corresponding to a length scale of ∼30 nm, the surface tension is
of the order 10−3–10−2 pN/nm.24,50,57 The bounds on the lengths of
individual bonds restrict the minimum and maximum surface area
possible.

The hinge particle is represented by two connected rods com-
prised of Janus-like particles. Each arm of the hinge consists of three
hard-sphere beads of diameter lr = 2σ connected by fixed-length
bonds of length 2.02σ. The center bead is shared by the two arms.
The surface of each bead is divided into a strongly adhesive cap
(Fig. 1, red portion) with an area fraction of x and a nonadhesive
cap (Fig. 1, blue portion) with an area fraction of 1 − x. The adhesive
area fraction of each bead is x = (1 − cosϕ)�2, where the character-
istic angle ϕ is the angle between the vector from the bead center to
the center point of the adhesive cap and the vector from the bead
center to points at the edge of the cap. Here, we consider ϕ = π�4
and π�2, which correspond to x = 0.146 and 0.5, respectively. The
center of the attractive cap is placed on each bead to form either
convex particles, with the caps on the outer surface of the hinge, or
concave particles, with the caps on the inner surface (Fig. 1). We use
the terms concave and convex by analogy with other work on curved
nanoparticles.43 In previous work, we tested the relative size of the
particle beads to the membrane beads50 and found that lr = 2lmem
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FIG. 1. Schematic of the four hinge-like particles studied. The hard-sphere beads
comprising the particle are divided into a strongly adhesive cap (red) with an area
fraction of x and a nonadhesive region (blue) with an area fraction of 1 − x. For
convex particles, the adhesive caps are on the outer part of the hinge. For concave
particles, the adhesive caps are on the inner part of the hinge.

was sufficiently large so that the discretization of the membrane did
not impact the configurations adopted by themembrane or particles.
This choice of relative particle size is also consistent with the work
of others.38

The attractive interaction between a hinge bead and a vesi-
cle bead is modeled via a generic power-law potential if the line
connecting the center of the membrane bead and the center of the
hinge bead passes through the adhesive cap; it is zero otherwise. The
attractive power-law potential between hinge bead i and membrane
bead j is25,50

Ead,ij = −D0� lmin

rij
�6, (2)

where lmin = (lmem + lr)�2, rij is the distance between the beads, and
a cutoff is imposed at rcut = 1.5lmin. The total adhesion energy Ead

is the sum over all pairs of i and j. Here, D0 = 15kBT, which cor-
responds to the strong adsorption regime. In experiments, DNA
origami nanoparticles with strongly adhesive and nonadhesive sur-
face areas have been realized by spatially patterning lipid moieties
that anchor to lipid membranes.

The angle between the two arms of a hinge particle is denoted
by θ. The bending energy of the hinge is given by50

Eh = kθ(θ − θ0)
2
, (3)

where kθ is the hinge stiffness and θ0 is the preferred hinge angle. In
this work, θ0 is set to π�2, and the value of kθ is varied to simulate
hinges with different degrees of flexibility.

We perform Metropolis Monte Carlo computer simulations
to sample configurations of the system at thermal equilibrium. For
membranes, there are two types of trial Monte Carlo (MC) moves:
single-particle displacement moves and bond-flip moves. Details are
presented in previous work.50,56,58 For hinge particles, we use two
types of pivot moves:50,59,60 One is a global pivot move in which
an entire hinge particle is rotated by a random angle around the
axis through a randomly selected bead with random orientation.
The other is a local pivot movement where one rod of a particle is
randomly selected and rotated by a random angle around the axis

through the common bead of two rods and normal to the plane the
hinge lies in. All trial moves are accepted or rejected according to the
standard Metropolis criterion, and the simulations satisfy detailed
balance. Each Monte Carlo step (MCS) consists of M attempted
displacement moves, M attempted bond-flip moves, 100 attempted
global pivot moves, and 100 attempted local pivot moves.

We first equilibrate the system for 1 × 106 MCS without attrac-
tive interactions between particles and the membrane. We then
include attractive membrane–particle interactions and use a simu-
lated annealing method to obtain reliable sampling. The value of
D0 is increased from D0 = 8kBT to 15kBT with an increment of
δD = 0.5kBT. At each increment, we relax the system for 1 × 106

MCS. Upon reaching the target value of D0, we relax the system
for an additional 5 × 106 MCS before collecting data. We perform
1 × 107 MCS in each collection run and store the configuration every
5 × 103 MCS. Ten independent simulation trajectories are generated
for each set of conditions. For stiff, convex particles with a small
adhesive area fraction, we discovered that one arm would adhere to
the vesicle but the other would only rarely adsorb (4 out of 50 inde-
pendent trajectories in a trial to assess the sampling). However, once
two arms were in contact, they never detached from the membrane,
and the total average energy with both arms in contact was favorable
compared to configurations with only one in contact. These simu-
lations suggest that an energy barrier hinders the adsorption of the
second arm and, thus, the sampling of equilibrium configurations
with two arms adsorbed. This is in contrast with other hinge types,
where both arms readily adsorb. For stiff hinges, to overcome the
barrier and focus on the fully adsorbed configurations, we initial-
ize the simulations with configurations obtained from simulations
of weak hinges in which both arms are adsorbed to the vesicle. We
then follow the same annealing and sampling procedures described
above.

We also employ umbrella sampling simulations to calculate
the potential of mean force (PMF) as a function of the distance
between two hinges adsorbed on a vesicle.50,60–64 Here, a harmonic
bias potential, ωb = k(r − r0)

2, is used, with r denoting the distance
between the centers of mass of the two hinges. The spring constant is
k = 200kBT�σ2. We divide the reaction coordinate r ∈ [0, rmax] into
60 windows with different r0, where rmax = 20σ for particles with
large adhesive area fraction and rmax = 26σ for particles with a small
adhesive area fraction. We use the umbrella integration method61 to
obtain the unbiased probability distribution and calculate the change
in free energy along the reaction coordinate (r). Theminimum value
of the free energy is set to zero. The membrane bending energy,
adsorption energy, and total energy are also calculated by averaging
configurations falling into the neighborhood of each window center,
r ∈ [r0 − δ, r0 + δ], where 2δ = 0.2σ is the bin width.

III. RESULTS AND DISCUSSION

A. Single particle: Impact of hinge type,
hinge stiffness, and adhesive area fraction

We first study a single hinge particle adsorbed on a vesicle
and characterize its equilibrium configurations in terms of the hinge
angle θ. For an isolated particle without a vesicle, θ is approximately
normally distributed with a mean value of θ0 = π�2.50 When the
hinge adsorbs on a vesicle, the incompatibility of the natural angle
of the hinge and the curvature of the vesicle leads to changes in
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the distribution of θ because the hinge and vesicle mutually deform
one another. The deformations depend on the interplay between
the energy of deforming the hinge, which depends on its stiffness,
and the energy of deforming the membrane. Due to the large size
of the vesicle compared with the particle, highly flexible hinges are
expected to increase their hinge angle to conform to the vesicle
surface. Stiffer hinges, in contrast, are expected to exhibit less pro-
nounced deformations while inducing larger deformations of the
vesicle.50

Figures 2(a) and 2(b) show the probability density of the hinge
angle (θ) for different values of hinge stiffness (kθ) and adhe-
sive area fraction (x). For convex particles [Fig. 2(a)], when the
adhesive area fraction is small (x = 0.146) and the hinge is weak
(kθ = 15kBT), the distribution is narrow with a peak at θ ≈ 0.92π.
As shown in the accompanying snapshot, this corresponds to a
straightening of the hinge and a relatively minor alteration of the
vesicle shape. For the stiffer hinge (kθ = 45kBT), the peak occurs at
θ ≈ 0.75π because of the larger cost of deforming the particle. The

vesicle is moderately deformed inward to conform to the shape of
the hinge.

When the adhesive area fraction is large (x = 0.5), the vesicle
and hinge adopt more deformed configurations to promote favor-
able contact. The distribution of θ for the weak hinge changes
substantially, with the emergence of two peaks: Themore prominent
peak is located at θ ≈ 0.75π, where the hinge adopts a bent configu-
ration and is partially wrapped by the membrane to form an inward
bud. The second peak at θ ≈ 0.90π corresponds to a straighter hinge
accommodated by a cleft in the vesicle surface. This bimodal dis-
tribution reflects the interplay between the energy to deform the
particle and the energy to deform the membrane. For more bent
hinge configurations, the bending energy of the membrane is rela-
tively large but is compensated by a relatively low hinge deformation
energy. For straighter hinge configurations, the energy of the particle
is relatively large but is compensated by a relatively low membrane
bending energy. Thus, the balance between deforming the hinge
and membrane leads to two prominent classes of configurations at

FIG. 2. Probability density (P) of the hinge angle (θ) for different values of the hinge stiffness (kθ) and area fraction (x) for a single convex (a) and concave (b) particle
adsorbed on a vesicle. Characteristic snapshots associated with peaks in the distributions are shown for each case. The box framing each snapshot identifies the associated
hinge stiffness (solid or dashed) and adhesive area fraction (black or red). The preferred angle of the hinge is θ0 = π�2.
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equilibrium, as reflected by the bimodal distribution. Furthermore,
the distribution of the hinge angle can be tuned by varying the
stiffness of the hinge. For the stiffer hinge, the minor peak disap-
pears, and the location of themajor peak shifts toward smaller values
(θ ≈ 0.63π). Here, the vesicle is further deformed to form an inward
bud. For a weaker hinge with kθ = 5kBT, the major peak associated
with the bent particle disappears, and the location of the minor peak
shifts toward higher values (Fig. S1).

For concave particles [Fig. 2(b)], it is easier for the hinge to con-
form to the vesicle, leading to less deformation of both the hinge
and vesicle. When the adhesive area fraction is small, the shape
of the vesicle is not significantly changed by the adsorption of the
particle, and both weak and strong hinges exhibit some degree of
straightening to coincide with the curvature of the vesicle. For the
larger adhesive area fraction, the hinge induces larger changes in
the shape of the vesicle, which adopts a cashew-like shape with the
hinge at the “waist” of the vesicle for both values of the hinge stiff-
ness. Similar configurations have been reported for a semiflexible
polymer adsorbed on a vesicle in previous work.56 The peak of the
distribution of θ occurs at smaller angles for stiffer hinges.

B. Two particles: Spatial distribution
and membrane shape

The results in Fig. 2 demonstrate how particle type, hinge stiff-
ness, and adhesive area fraction impact the configurations of hinges
and vesicles when a single particle is adsorbed. Because membrane
deformations can lead to effective interactions between hinges, we
consider two particles adsorbed on a vesicle and characterize the
distribution of the distance r between their centers of mass.

We first consider the case of convex particles, which induce
inward budding of vesicles at the larger adhesive area fraction.
Figures 3(a) and 3(b) show the probability density of r. For x = 0.5,
the peak of the distribution occurs near r = 10σ for both values of the
hinge stiffness. As shown in the snapshots, this corresponds to the
particles being at the opposite sides of a strongly deformed vesicle.
In contrast, for x = 0.146, the distribution reveals two stable con-
figurations: The peak at large r corresponds to the particles located
on opposite sides of a pear-shaped vesicle. The peak at small r cor-
responds to particles in side-by-side contact on a cashew-shaped
vesicle. For weaker hinge stiffness, the particles are more likely to be

FIG. 3. Probability density (P) of the distance (r) between the centers of mass of two particles adsorbed on a vesicle for different values of the hinge stiffness (kθ)
and adhesive area fraction (x). (a) and (b) Results for convex particles. (c) and (d) Results for concave particles. Characteristic snapshots associated with peaks in the
distributions are shown for each case. The box framing each snapshot identifies the associated hinge stiffness (solid or dashed) and adhesive area fraction (black or red).
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in the configuration in which they are separated. For stronger hinge
stiffness, the side-by-side configuration is more prominent. Thus,
increasing the hinge stiffness can promote side-by-side aggregation
of convex particles with a small adhesive area fraction.

For concave particles, which induce less pronounced defor-
mation of vesicles, the distribution of r exhibits qualitatively dif-
ferent behavior from that of convex particles [Figs. 3(c) and 3(d)].
For x = 0.146, the distribution is relatively broad with a peak near
r = 19σ, which is approximately the diameter of the vesicle. The
corresponding snapshots show two particles on opposite sides of a
minimally deformed vesicle. For x = 0.5, the major peak of the dis-
tribution is located near r = 8.5σ, where the two particles form an
end-to-end aggregate and induce a cashew-like vesicle shape. The
minor peak near r = 13σ corresponds to a configuration where the
two particles are located at opposite sides of the waist of a “cinched”
vesicle. The hinge stiffness has less influence on the behavior of
concave particles than on convex particles.

C. Two particles: Effective interactions

To quantify the effective, membrane-mediated interactions
between two particles adsorbed on a vesicle, we use the umbrella
integration method61 to characterize the potential of mean force
(PMF), �F = F(r) − Fmin, as a function of the distance (r) between
the centers of mass of the two particles. We report the PMF relative
to its minimum value in the range of interest, Fmin.

1. Convex particles

Figure 4 shows the PMFs obtained for convex particles. For
x = 0.146, the weaker hinges give rise to two minima located near
r = 3σ and 17σ [Fig. 4(a)], with the local minimum near r = 17σ hav-
ing a lower effective free energy. The stiffer hinge also has two local
minima [Fig. 4(b)], but in contrast, the minimum near r = 3σ cor-
responds to the lower effective free energy. Thus, the larger hinge
stiffness favors the aggregation of convex particles with small adhe-
sive patches. For x = 0.5, the PMF exhibits a single minimum, which
occurs near r = 10σ for both values of the hinge stiffness. As shown
in Fig. 3, this corresponds to the hinges being on opposite sides of a
highly deformed vesicle.

For further insight into the two convex particles, we ana-
lyze contributions to the total energy as a function of r (Fig. 5).
When x = 0.146 and kθ = 15kBT [Fig. 5(a)], the total energy is rel-
atively flat for 6σ < r < 18σ when compared to the variation in the
PMF. This indicates that the minimum in the PMF near r = 17σ
is entropically favorable. As r decreases from 6σ, the total energy
first increases but then exhibits a local minimum near r = 3σ. When
x = 0.146 and kθ = 45kBT [Fig. 5(b)], the total energy has aminimum
near r = 3σ and increases with increasing r. The favorable entropic
contribution at large r is offset by the energetic cost, leading to the
minimum in the PMF at small r being the most favorable state.

When x = 0.5, weak and strong hinges have a minimum in the
total energy near r = 9σ and r = 10σ, respectively [Figs. 5(c) and
5(d)]. These minima are consistent with the minima observed in the
PMFs. To explore why the particles do not adopt a closer configura-
tion such as the side-by-side configurations observed for x = 0.146,
we analyze the energetic contributions and snapshots of the system.
At smaller values of r, the membrane energy increases with decreas-
ing r [Figs. 5(c) and 5(d)] because the curvature of the membranes

FIG. 4. Potential of mean force (�F) as a function of the distance (r) between
the centers of mass of two convex hinges for different values of the adhesive area
fraction and hinge stiffness: (a) kθ = 15kBT and (b) kθ = 45kBT .

between the hinges increases (Fig. 6). The large bending energy out-
weighs the favorable change in adhesion energy. Near r = 5σ, the
membrane bending energy and adhesion energy exhibit a sharp
change for kθ = 15kBT [Fig. 5(c)] but not for kθ = 45kBT [Fig. 5(d)].
This corresponds to the straightening of at least one hinge (Fig. 6).
This leads to a decrease in the bending energy but comes at the
expense of less adhesive contact between the hinge and the mem-
brane. Physically, the particles do not come into side-by-side contact
because doing so would lead to a substantial loss of adhesive contact;
the highly curved membrane shapes observed in Fig. 6 are energeti-
cally unfavorable but allow the particles to maintain a large contact
area.

2. Concave particles

Figure 7 shows the PMFs obtained for concave particles. For
x = 0.146 and kθ = 15kBT, the PMF has a single minimum near
r = 19σ. In contrast, the stiffer hinge has three local minima. The
global minimum is near r = 19σ, with additional local minima near
r = 9σ and 3σ. These two minima correspond to end-to-end and
side-by-side configurations, respectively, although the side-by-side
configuration is extremely unlikely and hence physically inconse-
quential. For x = 0.5 and kθ = 15kBT, the PMF has two minima
located near r = 9σ and 14σ, with the end-to-end configuration
(r ≈ 9σ) corresponding to the lowest free energy. The stiffer hinge
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FIG. 5. Change in the total energy (�Etotal), membrane bending energy (�Emem), and adhesion energy (�Ead) as functions of the distance (r) between the centers
of mass of two convex hinges. �E denotes the change in energy relative to the energy at the distance where the total energy is smallest (dashed line). (a) x = 0.146,
kθ = 15kBT ; (b) x = 0.146, kθ = 45kBT ; (c) x = 0.5, kθ = 15kBT ; and (d) x = 0.5, kθ = 45kBT .

has two primary minima near r = 9σ and 13σ. However, the end-to-
end configuration (r ≈ 9σ) is more favored when compared with the
weak hinge.

Figures 8(a) and 8(b) show the energy as a function of r for
x = 0.146. The total energy is approximately constant in the region
of 6σ ≤ r ≤ 22σ for both kθ = 15kBT and 45kBT, indicating that the
minima in the PMFs near r = 19σ and r = 9σ are entropically favor-
able. For x = 0.5, the total energy has a minimum at r = 9σ [Figs. 8(c)
and 8(d)], in agreement with the global minimum of the PMF.
The total energy first increases as r increases from r = 9σ, but then
flattens in the range 12σ < r < 14σ before increasing again.

Note that the PMFs for convex and concave particles (Figs. 4
and 7) are generally consistent with the distributions of r obtained
from unbiased simulations (Fig. 3); peaks in Fig. 3 correspond to
minima in the PMFs. However, the PMFs provide quantitative infor-
mation about the relative free energy of various states that would
require far longer simulation time in unbiased simulations. The one
notable inconsistency between the results is for convex particles
with x = 0.146 and kθ = 45kBT. In this case, there is a peak in the

FIG. 6. Snapshots of configurations of two convex particles at various separation
distances (r) with x = 0.5.

distribution of r near r = 15.5σ, but the associated local minimum in
the PMF is near r = 22.5σ. This can be attributed to the fact that the
biasing potential used in umbrella sampling caused one of the arms

FIG. 7. Potential of mean force (�F) as a function of the distance (r) between
the centers of mass of two concave hinges for different values of the adhesive area
fraction and hinge stiffness: (a) kθ = 15kBT and (b) kθ = 45kBT .
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FIG. 8. Change in the total energy (�Etotal), membrane bending energy (�Emem), and adhesion energy (�Ead) as functions of the distance (r) between the centers
of mass of two concave hinges. �E denotes the change in energy relative to the energy at the distance where the total energy is smallest (dashed line). (a) x = 0.146,
kθ = 15kBT ; (b) x = 0.146, kθ = 45kBT ; (c) x = 0.5, kθ = 15kBT ; and (d) x = 0.5, kθ = 45kBT .

of the hinge to dissociate from the vesicle, whereas in unbiased sim-
ulations, the hinges maintained full contact for the duration of the
simulations. This is consistent with our trial simulations indicating
an energy barrier separating configurations with one and both arms
in contact with the vesicle (see Sec. II). The broad minimum in the
PMF likely results from the two stable classes of configurations, but
the barrier to one arm’s dissociation is not clearly evident along the
reaction coordinate used for the PMFs.

D. Multiple particles: Collective behavior

Thus far, we have shown how hinge stiffness (kθ), adhesive
area fraction (x), and particle type (convex vs concave) impact
the behavior of single particles and pairs of particles adsorbed on
a vesicle. In this section, we characterize the membrane-mediated
organization of multiple particles adsorbed on a vesicle and their
impact on the shape of the vesicle. We consider cases withN = 4 and
10 particles.

Figure 9 shows representative equilibrium snapshots of mul-
tiple hinges adsorbed on a vesicle. For convex particles with x
= 0.146 and kθ = 15kBT [Fig. 9(a)], the hinges have little influence

on the vesicle for N = 4. The particles straighten to gain favor-
able contact with the surface, but the shape of the vesicle does
not markedly change. Increasing the number of particles leads to
the self-assembly of the particles and substantial deformation of
the vesicle. With N = 10, two stable configurations are observed:
In one, the vesicle is dumbbell-shaped with particles surrounding
the narrow “waist” in a side-by-side configuration. In the other,
three distinct groups of particles in side-by-side contact sculpt
the vesicle into the shape of a three-way junction. Increasing the
hinge stiffness leads to the particles having a more pronounced
impact on the shape of the vesicle. For N = 4, the particles aggre-
gate and lead to a cashew-like vesicle shape. For N = 10, the par-
ticles aggregate in a side-to-side configuration and deform the
vesicle into a dumbbell-like shape. The neck connecting the two
lobes is narrower than with kθ = 15kBT due to the smaller hinge
angle.

For convex particles with x = 0.5 [Fig. 9(b)], both weak and
strong hinges cause invaginations of the membrane around the
particles. This is energetically unfavorable from the perspective of
membrane bending, but it increases the contact area between the
particles and the membrane. Similar behavior has been observed
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FIG. 9. Snapshots of multiple particles adsorbed on a vesicle. Four cases are shown in each panel and correspond to different values of the hinge stiffness (kθ) and number
of hinges (N). For each case, the left image shows the particles on the vesicle, and the right image shows the same snapshot without particles to more clearly reveal
deformations of the vesicle. (a) Convex particles with x = 0.146. The boxed configurations for kθ = 15kBT and N = 10 correspond to two distinct states observed. (b) Convex
particles with x = 0.5. (c) Concave particles with x = 0.146. (d) Concave particles with x = 0.5.

for semiflexible polymers, which can form inward buds when
adsorbed to vesicles.56 When the number of hinges increases from
N = 4 to 10, more particles aggregate together to form larger
invaginations.

For concave particles with x = 0.146 [Fig. 9(c)], the hinges
do not markedly impact the shape of the vesicles. For kθ = 15kBT,
the shape of the vesicle is largely unchanged for both N = 4 and
N = 10, and the hinges are distributed around the surface. For

FIG. 10. Probability density (P) of the hinge angle (θ) for different values of the hinge stiffness (kθ) and adhesive area fraction (x) for multiple convex (a)–(d) and concave
(e)–(h) particles adsorbed on a vesicle.
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kθ = 45kBT and N = 10, the particles promote an oblate membrane
shape, with the hinges preferentially located near the equator. For
x = 0.5 [Fig. 9(d)], the particles tend to induce furrow-like deforma-
tions of the membrane and assemble in end-to-end configurations.
With N = 4 particles, the vesicle adopts a dumbbell-like shape with
particles circling the waist in an end-to-end configuration. With
N = 10 particles, the total length of the particles is too long to
form a single continuous deformation, as with N = 4. Instead, the
particles assemble in a manner that favors end-to-end connec-
tions with the vesicle having multiple outward-facing lobes. Because
the particles are concave and the shape of the vesicle accommo-
dates their shape, the stiffness of the particle does not play as
large of a role for the concave particles as it did for the convex
particles.

We further characterize the effect of the number of particles on
the deformations of the hinges in terms of the probability density
of the hinge angle (Fig. 10). For convex particles, the hinge con-
figurations are significantly affected by the number of particles. For
x = 0.146, increasing the particle number induces a shift of the peak
toward lower values. This is a consequence of the hinges causing a
large deformation of the vesicle, which better accommodates the nat-
ural shape of the hinge, as shown in Fig. 9(a). For x = 0.5, increasing
the particle number results in the emergence of multiple peaks. For
concave particles, the number adsorbed has no appreciable effect on
the hinge configuration at x = 0.146. For x = 0.5, increasing the par-
ticle number results in a modest shift of the peak toward the lower
values.

IV. CONCLUSIONS

DNA origami nanoparticles, functionalized with lipid anchors,
have the ability to interact with lipid membranes and induce cur-
vature. The membranes can, in turn, promote the self-assembly of
the nanoparticles due to effective interactions mediated by mem-
brane bending.21,22 Recent developments have opened the door to
deformable DNA origami nanoparticles with controllable mechan-
ical properties.44 Such particles offer exciting opportunities because
they provide new design parameters that can affect both the individ-
ual and collective behavior of membrane-anchored particles. In this
work, we investigated the equilibrium properties of hinge-like parti-
cles adsorbed on membrane vesicles. We studied the effects of hinge
stiffness, adhesive area fraction, patterning of the adhesive regions,
and the number of particles.

For isolated particles, the effect of hinge stiffness is more
pronounced for convex particles than for concave particles. This
is a consequence of concave particles more easily conforming to
the shape of the vesicle than convex particles. As the adhesive
area fraction increases for both weak and strong concave particles,
the particle induces a broad furrow that gives rise to a cashew-
like vesicle shape. The convex particles generate larger membrane
deformations, including inward membrane invaginations. Interest-
ingly, the weak hinge with a large adhesive area fraction exhibits
a bimodal distribution of the hinge angle, indicating that there
are two prominent equilibrium configurations. These are associated
with the particle being either straightened or bent. Straightening the
particle is energetically unfavorable from the perspective of the par-
ticle, but it leads to a less pronounced membrane deformation. This
behavior is not possible with rigid particles and demonstrates the

nontrivial interplay between the mechanical properties of the
particle and membrane.

For two hinge particles adsorbed on a vesicle, we again observed
the possibility of multistable behavior. For convex particles with a
small adhesive area fraction, the particles adopt either a side-by-
side configuration or one in which they occupy opposite sides of
the vesicle. Increasing the hinge stiffness promotes the side-by-side
configuration, demonstrating that the mechanical properties of the
particles can tune the resulting configurations. For the larger adhe-
sive area fraction, the convex hinges form inward deformations and
tend to be located on opposite sides of the vesicle. The more flex-
ible hinges generate dumbbell-like vesicle shapes, while the stiffer
hinges generate discocyte-like vesicle shapes. For concave particles,
hinges with a small adhesive area fraction tend to broadly sample the
surface with a preference to localize on opposite sides of the vesicle.
Increasing the adhesive area fraction generates a bimodal distribu-
tion in which the particles align along a furrow circling the waist of
cashew- or dumbbell-like vesicles, with the most likely configuration
being an end-to-end aggregate. A comparison of the total energy and
the PMF revealed the importance of entropic contributions to stable
configurations associated with the particles residing far apart on the
surface.

When multiple particles are adsorbed on a vesicle, the number
and type of particles control the organization of particles and their
collective impact on vesicle shape. The most pronounced and reg-
ular patterning of particles is observed for convex particles with a
small adhesive area and concave particles with a large adhesive area.
For large numbers of weak, convex particles with a small adhesive
area, the particles assemble side-by-side into stable configurations
that give rise to vesicles shaped either like a dumbbell or a three-way
junction. Increasing the hinge stiffness promotes the dumbbell-like
shape. Convex particles with a large adhesive area form prominent
invaginations that tend to coalesce. For concave particles, the hinges
with a large adhesive area induce dumbbell-like structures when a
small number of particles circle the vesicle in an end-to-end config-
uration. When larger numbers of particles are adsorbed, the vesicles
form multi-lobed shapes. Similar multi-lobed behavior has been
observed in previous simulation studies of membranes with rigid
BAR-family proteins. Noguchi observed that crescent rods gener-
ate a saddle shape, with outward buds stabilized by the side-by-side
aggregation of rods with negative curvature.65 Olinger et al. stud-
ied elongated curved nanoparticles adsorbed on vesicles and found
that at weak adsorption strength, particles prefer side-by-side aggre-
gation, while at strong adsorption strength, they self-assemble into
asters to form a network spanning the vesicle.42 Adifferentiating fea-
ture of our work is that the hinges can change their shape as they
self-assemble, as characterized in Fig. 10.

Note that we consider vesicles of fixed size in this work. Both
the vesicle size and the preferred angle of the hinge-like particles are
expected to impact the membrane morphology, particle configura-
tions, and self-assembly. By changing the vesicle size or preferred
hinge angle, the mismatch between the curvature of the vesicle and
the shape of the hinges can be tuned, which can lead to more or less
pronounced deformations of the vesicle. The effect of vesicle size and
the preferred shape of the hinge-like particle is an interesting topic
for further exploration.

Our work here demonstrates that varying the mechanical prop-
erties and adhesive patterning of deformable particles can control
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membrane-mediated interactions between particles, their organi-
zation on the membrane, and the resulting membrane shapes. In
contrast with particles of fixed shape, deformable particles offer new
mechanical design properties that can be used to control their self-
assembly. Such control may be useful for the self-assembly of DNA
origami nanoparticles on membranes.

SUPPLEMENTARY MATERIAL

The supplementary material includes Fig. S1: Probability den-
sity of the hinge angle for a single convex particle adsorbed on a
vesicle with kθ = 5kBT.
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