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ABSTRACT: It is important that we understand the physical,
chemical, and biological mechanisms that govern the
interaction between nanoparticles (NPs) and heterogeneous
cellular surfaces because of the possible cytotoxicity of
engineered nanomaterials. In this study, we investigated the
lateral localization of nano/microparticles within a biomimetic
heterogeneous membrane interface using cell-sized two-phase
liposomes. We found that lateral heterogeneity in the membrane mediates the partitioning of nano/microparticles in a size-
dependent manner: small particles with a diameter of ≤200 nm were localized in an ordered phase, whereas large particles
preferred a fluidic disordered phase. This partitioning behavior was verified by temperature-controlled membrane miscibility
transition and laser-trapping of associated particles. In terms of the membrane elastic energy, we present a physical model that
explains this localization preference of nano/microparticles. The calculated threshold diameter of particles that separates the
particle-partitioning phase was 260 nm, which is in close agreement with our observation (200 nm). These findings may lead to a
better understanding of the basic mechanisms that underlie the association of nanomaterials within a cell surface.

■ INTRODUCTION

Over the past decade, nanoscience and nanotechnology have
been the focus of increasing interest to achieve advances in
functional nanomaterials, such as carbon nanotubes, den-
drimers, and gold nanoparticles,1−3 since materials at a
nanoscale exhibit properties that are different from those of
bulk materials. By taking advantage of such unique character-
istics, researchers have developed methods for the application
of nanoparticles (NPs) to biological systems, such as quantum
dot tags, drug-delivery systems, and MRI contrast agents.4,5

However, the cytotoxic effects of NPs are not well understood
and need to be elucidated to ensure safe handling and
engineering.6−8 NPs have been shown to adhere to and/or be
internalized on the plasma membrane surface before being
transported into the cytosol or nucleus.9 It is important that we
understand the physical, chemical, and biological mechanisms
that govern the interaction between NPs and the cell surface,
which is a soft interface ∼5 nm thick with a lipid bilayer.10−12

Basically, the physicochemical interaction of NPs with an
interface is expected to be described by the Derjaguin and
Landau, Verwey and Overbeek (DLVO) theory, which includes
van der Waals and electrostatic forces.13 Along these lines, there
have been many studies on the engineering of surface
properties of NPs.14,15 However, the effects of the elastic
feature of the lipid membrane itself as a self-assembled soft
material are not well understood. The intrinsic mechanical
properties of membranes may affect the interaction between
particles and the soft interface.16

Plasma membranes are not just a surface in which proteins
are embedded, but rather they dynamically organize their

interfacial structures.17 Within membranes, microdomains
called lipid rafts are formed to effectively produce lateral
compartments with high lipid order and slow dynamics.18

Bilayer lateral heterogeneity is considered to be a form of
order−disorder phase separation that develops due to the
interaction between membrane lipids.19 The organized domains
are expected to play an important role in the selective
associations of materials during molecular-binding events,
such as signaling or toxic processes.20,21 This indicates that
the mechanical properties of membranes, such as lateral fluidic
heterogeneity, are coupled to functional molecular recognition
within the membrane surface.
To clarify the physicochemical properties of heterogeneous

membranes, several studies have considered model membrane
systems using cell-sized multicomponent liposomes that phase-
separate into domains.22,23 Liposomes that are simply
composed of saturated and unsaturated lipids together with
cholesterol produce lateral domains within bilayer membranes.
The equilibrium phase diagram of ternary lipid systems has
been well characterized,23 and the membrane phase can mainly
be classified into three states: liquid-disorder (Ld), liquid-order
(Lo), and solid-order (So).24 Microscopic domain structures
due to order−disorder phase separation have been observed in
cell-sized liposomes with specific mixing compositions.25 The
two-liquid coexistence between Lo and Ld phases has received
much attention because the Lo phase is expected to correspond
to lipid rafts of the physiological membrane.25−27 Notably,
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solid−liquid coexistence between the So and Ld phases is often
produced in model membranes under altered membrane
conditions, such as a decrease in the cholesterol fraction28 or
under the application of membrane tension.29 Studies with
these simple model membrane systems are invaluable for
elucidating how molecules and materials interact with
heterogeneous membranes, since they are controllable and
specific interactions can be easily understood.30 Recently, such
membrane systems have been used to study Lo-/Ld-phase
partitioning for several signaling proteins and their membrane
anchors.31 Previously, we revealed that a cytotoxic peptide,
Alzheimer’s amyloid β, was selectively localized in the lateral
compartments of phase-separated Lo/Ld and So/Ld mem-
branes in a peptide aggregation-dependent manner.32,33

In this study, we investigated the association of polystyrene
nano/microparticles within biomimetic membrane interfaces
with lateral heterogeneity, such as two-phase liposomes. At a
heterogeneous membrane surface with Lo/Ld phase separation,
nano/microparticles were selectively distributed in a size-
dependent manner: large particles localized in the Ld phase,
while small particles localized in the Lo phase. In contrast, all of
the nano/microparticles showed partitioning into the So phase
in So/Ld separated membranes. We discuss the mechanism
that underlies the selective association of nano/microparticles
by considering the intrinsic mechanical properties of fluid
membranes.

■ MATERIALS AND METHODS
Materials. Dioleoyl L-α phosphatidylcholine (DOPC), dipalmitoyl

L-α phosphatidylcholine (DPPC), and cholesterol (Chol) were
obtained from Avanti Polar Lipids (Alabaster, AL). The fluorescent
phospholipid, N-(rhodamine red-X)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine triethylammonium salt (rho-PE, λex = 560 nm,
λem = 580 nm) was obtained from Invitrogen (Carlsbad, CA).
Fluoresbrite yellow green polybead microspheres (YG polybeads, λex =
441 nm, λem = 585 nm) with diameter of 50, 100, 200, and 500 nm,
Fluoresbrite multifluorescent microspheres (multifluorescent poly-
beads, λex = 377, 517, and 588 nm, λem = 479, 546, and 612 nm) with a
diameter of 1000 nm, and Polybead Microspheres with a diameter of
1000 nm were obtained from Polysciences (Warrington, PA). There
was no apparent difference in the phase-partitioning behavior between
these two different 1000-nm particles with or without fluorescence.
Deionized water was obtained using a Millipore Milli Q purification
system.
Preparation of Nano/Microparticles. Before using nano/

microparticles, we removed surfactants in the stored solution. The
original solution was diluted 5-fold by deionized water. The solution
was centrifuged (14500 rpm, several min), and the top clear layer was
replaced with deionized water. This step was repeated 3−5 times. To
eliminate aggregations, the 50-nm and 100-nm particle solutions were
passed through a 200-nm porous filter (Steradisc 25, Kurabo, Osaka,
Japan), and the 200-nm particle solution was passed through a 500-nm
porous filter. We then prepared 10-fold diluted nano/microparticles
solutions with 0.1 M sucrose for liposome hydration. We measured the
ζ potential of NPs using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, United Kingdom) at 25 °C.
Preparation of Cell-Sized Liposomes with Lateral Hetero-

geneity. Cell-sized liposomes were prepared using an electro-
formation method.34 A solution of the desired lipids (10 mg/mL in
chloroform) was deposited on the conducting face of an ITO-coated
slide glass (8−12 Ω/sq, Sigma-Aldrich, MO). After the glass was
heated at 60 °C for ∼5 min, a single drop of chloroform was added to
spread the lipid mixture to obtain a thin lipid film. The lipid film was
dried overnight in a vacuum. The sample glass was covered with
another ITO glass using a silicon rubber spacing of ∼1 mm. The
chamber was then filled with ∼300 μL of 0.1 M sucrose containing
nano/microparticles. An alternating current voltage of 1.0 V and 10 Hz

was applied with a function generator (FG-281, TEXIO, Japan) for 3 h
at 50 °C. The vesicle solution was carefully extracted from the
chamber using a plastic syringe. The final concentration was 1−2 mM
lipids (DOPC/DPPC/Chol) and 0.5 mol % rho-PE. The liposomes
were composed of DOPC/DPPC = 1:1 with (25−30 mol %) or
without Chol to produce Lo/Ld or So/Ld phase separation,
respectively.

Microscopic Observation. The association of NPs on the
liposome surface was observed using optical (phase-contrast and
fluorescence) microscopy (IX71, Olympus, Japan). Standard filter sets
(U-MWIG3: ex 530−550 nm, dichroic mirror 570 nm, em 575 nm,
and U-NIBA3: ex 470−495 nm, dichroic mirror 505 nm, em 510−550
nm) were used to monitor the fluorescence of rho-PE and YG
polybeads, respectively. The temperature of the samples was carefully
controlled within ±0.1 °C using a microscope stage (type 10021,
Japan Hitec). The infrared laser used for optical trapping was an
ytterbium fiber laser (model YLM-2-1064-LP, IPG laser) at a
wavelength of 1064 nm (0.10 W). The laser beam was reflected by
a dichroic mirror and focused through an objective lens (UPlanSApo,
100×, NA = 1.40). We used a laser-trapping system to transport a
membrane-associating particle. First, we confirmed that the laser did
not induce changes in the morphology or phase structure of the
vesicles.

■ RESULTS

We prepared cell-sized liposomes with aqueous solutions
containing nano/microparticles by electroformation.34 It has
previously been reported that polystyrene particles sponta-
neously adhere to a phosphatidylcholine (PC) membrane
surface.35−37 Here, we used saturated and unsaturated PC lipids
(dipalmitoyl L-α phosphatidylcholine, DPPC, and dioleoyl L-α
phosphatidylcholine, DOPC) together with cholesterol (Chol)
to form two-phase membranes with lateral heterogeneity. First,
we used a ternary mixture of DOPC/DPPC/Chol = 37:37:26
(molar ratio) to produce two-liquid Lo/Ld phase separation.
The membrane contained 0.5 mol % of a red-fluorescent lipid,
rho-PE, which preferentially partitions into the Ld phase.32

Additionally, to monitor the location of nano/microparticles,
we used green-fluorescent particles, YG polybeads. The
measured ζ potentials of nano/microparticles with different
diameters were essentially equal: −33.9 ± 1.2, −39.4 ± 0.4,
−35.7 ± 0.2, and −38.3 ± 1.0 mV for 50-, 100-, 200-, 500-nm
YG polybeads. Figure 1 shows typical fluorescent images of
liposome surfaces that were simultaneously stained with rho-PE
and YG polybeads. We found that nano/microparticles
localized in a particular membrane phase depending on their
sizes. Small particles with a diameter of 50 or 100 nm tended to
localize in the Lo phase (Figure 1a and also see Figure S1a in
the Supporting Information [SI]), whereas large 500- and
1000-nm particles were partitioned into the Ld phase (Figure
1b and also see Figure S1c in the SI). The localization of
intermediate 200-nm particles appeared to be random (Figure
S1b in the SI); 200-nm particles in some liposomes were
partitioned into the Lo phase, and those in others were
partitioned into the Ld phase. Notably, the absence of the
selective partitioning was also observed, which was not often
observed with other particle sizes. In our experiments, we did
not observe the unbinding event of these membrane-associated
particles. Notably, although most of the adhering particles
showed random thermal motions on membrane surfaces,
microscopic snapshots indicate the possibility of particle
aggregation (Figure 1b and Figure S1c [SI]). The linear
particle aggregation within fluid membranes has been recently
reported in simulations.38 Further experimental developments
on the quantitative analysis of the motions, such as diffusion,
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aggregation, and location, of partitioning particles are under-
way.
To better understand the effects of membrane phase

properties on nano/microparticle partitioning, we prepared
liposomes of DOPC/DPPC = 50:50 (molar ratio) without
Chol. This binary system does not exhibit two-liquid Lo/Ld
phase organization and instead shows solid−liquid So/Ld
separation, since the Lo phase is a unique structure that is only
seen with membranes that contain sterol.24 There is a clear
difference in phase boundary structures between two-liquid and
solid−liquid separation: while liquid domains show circular
shapes due to line tension (Figure 1a,b), solid domains have a
random boundary structure (Figure 1c,d). As shown in Figure
1c,d (also see Figure S2 in the SI), within So/Ld membranes,
nano/microparticles with diameters of 50, 100, 200, 500, and
1000 nm were all localized in the So phase. In contrast to the
Lo/Ld membranes shown in Figure 1a,b, the lateral distribution
of particles in So/Ld membranes does not depend on the
particle size. Our results correspond to the equilibrium
configuration, because we started the observation after 3-h
incubation time for the particle−membrane mixing procedure.
Next, we investigated whether the selective localization of

particles is reproduced during the miscibility (mixing/
demixing) transition. At low temperature, the membranes are
phase-separated. An increase in temperature above the

miscibility transition temperature alters the membrane such
that the two-phase membrane becomes a one-phase mem-
brane.28 Figure 2 shows the membrane surface structure of a

single Lo/Ld liposome with 1000-nm particles under a change
in temperature. In this particular analysis, to monitor the
behaviors of both particles and membranes in real-time, we
used particles with the same red fluorescence, multifluorescent
polybeads, as the membrane tag (rho-PE). Before the
temperature change, 1000-nm particles were localized in the
Ld phase region (Figure 2a). We then increased the
temperature from 25 to 40 °C at 10 °C/min. When the
temperature increased over the miscibility transition temper-
ature (∼30 °C),28 the membrane became homogeneous
without domains. The particles exhibited random thermal
motion in the uniform membrane surface (Figure 2b). When
we decreased the temperature (at −10 °C/min) to induce Lo/
Ld phase separation,39 the particles again associated in the Ld
phase region during domain growth (Figure 2c,d).
We, then, obtained quantitative data showing the selective

partitioning for each particle (Figure 3). First, we incubated the

sample at 60 °C for over an hour after the vesicle preparation
with electroformation. Then, we put the sample at 25 °C for 3
days to achieve equilibrium configuration, and counted the
localization preference of particles. Liposomes with 50- and
100-nm particles mostly showed Lo-phase partitioning (93%
and 47%, respectively). In contrast, the absence of selective
localization (adsorption on both phases) was predominantly
observed in liposomes with 200-nm particles (46%). Liposomes
with 500-nm particles largely exhibited Ld phase localization
(79%).
To better understand the characteristics of the particles

associated within phase-separated domains, we manipulated
particles with lasers. With the use of laser-trapping as an
experimental tool, a particle can be fixed at the focus of an IR
laser.40 We trapped a 1000-nm particle (multifluorescent
polybead), which was localized in the Ld phase of an Lo/Ld

Figure 1. Selective localization of nano/microparticles (green) on
phase-separated membranes, where the membranes were stained with
rho-PE (red), which partitions into the Ld phase. (a) Particles 100 nm
in diameter were distributed in the Lo phase of an Lo/Ld membrane;
(b) 500-nm particles were localized in the Ld phase of an Lo/Ld
membrane; (c) 100-nm particles were partitioned into the So phase of
an So/Ld membrane; and (d) 500-nm particles were localized in the
So phase of an So/Ld membrane. Scale bars are 10 μm.

Figure 2. Reproducibility of the selective association of a particle
during the mixing/demixing transition. In the images, the arrows
indicate a 1000 nm particle that localizes in the Ld phase.

Figure 3. Selective partitioning of nano/microparticles within Lo/Ld
membranes. N = 71 (50-nm particles), 178 (100-nm particles), 168
(200-nm particles) and 67 (500-nm particles).
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liposome. We then transported the particle laterally on the
surface of the liposome (Figure 4; the shift of the laser focus is

shown in Figure 4i). Although the trapped particle was
transported following the shift in position of the laser focus
within the Ld phase (Figure 4a−e), the particle could not exit
the Ld region across the phase boundary (Figure 4e−h). When
we shifted the focus position from the Ld to the Lo phase
region, the shape of the Ld domain was slightly deformed to
retain the associated particle (Figure 4e). After particle
movement was stopped, the domain reverted to its original
spherical shape due to line tension of the phase boundary
(Figure 4f). Further shifting of the focus toward the Lo region
resulted in the departure of the particle from the focus position.
However, the particle still remained in the original Ld phase
domain (Figure 4g,h).
Furthermore, we explored this particle−membrane inter-

action to move lateral membrane domains by laser-trapping an
associated particle. It is important that we are able to control
such mesoscopic organized structures of soft-matter complexes
so that we can better understand the physical mechanism of
self-organization and develop soft nanotechnology for specific
functions. Figure 5 shows a clear demonstration of the optical
transportation of an Ld-phase domain on a membrane surface.
When we trapped a 1000-nm particle in an Ld domain and
gradually shifted the position of the focus, the position of the
Ld domain moved in association with the trapped particle to
achieve domain fusion. These findings are an example of an
engineered soft-matter system: the formation of lateral domains
mediates nano/microparticles partitioning (Figure 2), and
membrane-associated nano/microparticles enable the optical
manipulation of lateral domains (Figure 5).

■ DISCUSSION
The present results reveal that lateral heterogeneity of the
membrane mediates the phase-partitioning of nano/micro-
particles in a size-dependent manner. Within phase-separated
two-liquid (Lo/Ld) membranes, smaller particles of ≤200 nm
were localized in the Lo region (Figure 1a), while larger
particles of ≥200 nm were partitioned into the Ld region
(Figure 1b). When we excluded Chol to achieve solid−liquid

(So/Ld) phase separation, all of the nano/microparticles,
regardless of size, were localized in the So phase (Figure 1c,d).
The partitioning of nano/microparticles was reproduced during
the mixing/demixing miscibility transition (Figure 2), indicat-
ing that this behavior of nano/microparticles is mediated by the
thermodynamic characteristics of the lipid membranes.
Recently, a few theoretical investigations have reported on
the interaction of particles with multicomponent mem-
branes.41,42 This is the first experimental report on the
interaction between particles and heterogeneous membrane
systems, although there have been several studies on
membrane−colloid interactions with homogeneous cell-sized
liposomes.35−37,43−48

This selective association may be attributed to the
mechanical properties of the heterogeneous membranes, since
the surface properties of polystyrene particles, such as the ζ
potential, do not change with their size. It has been known that
polystyrene microparticles spontaneously adhere to PC
membranes.35−37 We also confirmed that small (100 nm) and
large (500 nm) particles can adhere to both Ld-only (DOPC)
and Lo-only (DPPC/Chol = 50:50) membranes (see the SI).
The adhesion trend in the one-phase liposomes was essentially
the same as that observed in the two-phase liposomes: 100-nm
particles tend to adhere on Lo-only liposomes, and 500-nm
particles relatively adhere on Ld-only liposomes (Figure S3, SI).
We here discuss the mechanism of the partitioning of adhered
nano/microparticles within two-phase membrane interfaces
from a phenomenological perspective. We assume that particles
simply contact a fluid interface without disrupting the
membrane bilayer.49 When a particle strongly adheres to a
membrane surface, the membrane curves around the particle’s
periphery.50−52 The threshold particle radius r* for membrane
deformation to wrap a particle is estimated to be r* ≈ (2κ/
w)1/2,49 where w is the adhesion energy (J·m−2), κ is the
bending stiffness of the membrane (J), and the spontaneous
curvature of the membrane is zero. This indicates that the
adhesion of larger particles of r > r* tends to induce the
deformation of membrane curvature, while smaller particles of r
< r* do not alter such mesoscopic membrane structures. When
a membrane exhibits bending deformation due to the
association of large particles, the free energy cost per unit
area is shown as

κΔ = + −F c c c
2

( )1 2 0
2

(1)

Figure 4.Movement of an associated particle using laser tweezers. (a−
h) Fluorescent image sequences of a laser-trapped 1000-nm particle
within an Ld domain. The laser trap is positioned at the center of the
images. (i) The shift of the trapping point corresponding to each
image (a−h) is shown schematically.

Figure 5. Controllable fusion of Ld phase domains by the optical
transfer of an associated particle. White arrow indicates the direction of
the applied force. We trapped a 1000-nm particle in an Ld domain,
and gradually shifted the position of the focus toward another Ld
domain (a). The Ld domain moved together with the trapped particle
(b), so that it eventually collided with the other domain (c) and fused
(d). Rapid movement of the focus position led to detachment of the
trapped particle, as shown in Figure 3h.
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where c1 and c2 are the two principal curvatures, and c0 is the
spontaneous curvature.53 Since the free energy is proportional
to κ, a difference in bending stiffness between the Ld and Lo
phases (κLd < κLo) leads to ΔFLd < ΔFLo, indicating that large
particles of r > r* tend to distribute in the Ld phase of Lo/Ld
membranes. In contrast, for small particles of r < r*, the effect
of bending deformation is insignificant. However, when
particles are situated close to the membrane surface, thermal
undulation of the membrane should be restricted in a finite
space. For the adhesion of small particles of r < r*, the change
in membrane undulation may be considered instead of bending
deformation. The free energy cost per unit area for restricted
undulation is expressed as

π κ
Δ =F

k T
d

3( )
2

1B
2

2 2 (2)

where d is the length of the space.54 The free energy is inversely
proportional to κ, indicating that ΔFLd > ΔFLo, which explains
why smaller particles tend to localize in the Lo phase while
larger particles partition into the Ld phase, in agreement with
our experimental results. Notably, for the interaction of large
particles, the contribution of undulation energy is expected to
be much smaller than that of bending energy (see the SI). It
should be also mentioned that here we observed quasi-spherical
liposomes, and the membrane area and internal volume are
essentially constant during the experiments. The change in
membrane area or internal volume would influence the phase-
partitioning behavior of particles, because additional parame-
ters, such as bilayer stretching and/or membrane excess area,
should be considered.
For simplicity, we assume that the adhesion energy is

essentially derived from van der Waals interaction between the
surfaces of a polystyrene and lipid, since electrostatic
interactions may be ignored between the negatively charged
particles and neutral phospholipid (PC) membranes. The
adhesion energy can be expressed as w = A/12πD2, where A is
the Hamaker constant of A = ((Apolystyrene)

1/2 − (Awater)
1/2)-

((Alipid)
1/2 − (Awater)

1/2), and D is the distance between the
surfaces of the particle and membrane.13 By substituting κ = 1.2
× 10−19 J,55 Apolystyrene = 6.5 × 10−20 J, Alipid = 8.0 × 10−20 J,
Awater = 3.7 × 10−20 J, and D = 3 nm,13 we obtain r* = 130 nm
(260 nm diameter), which is in close agreement with our
observation (200 nm). This also explains the absence of the
selective partitioning in some liposomes with particles of 200
nm. For So/Ld membranes, the surface of the So phase does
not show fluidic properties such as curvature deformation and
thermal undulation. The partitioning of small particles into the
So phase is energetically preferable for the same reason as the
Lo-phase partitioning in Lo/Ld membranes. However, the
mechanism for the So-phase partitioning of large particles is still
unclear. Since So membranes are essentially nondeformable,
the gain of adhesion energy is expected to be less. We should
consider some factors for an increase in adhesion energy on So-
phase membranes. The absence of thermal undulation in the So
phase decreases the distance between the particle and
membrane, leading to an increase in adhesion energy. In
addition, the roughness of the So-membrane surface may
somewhat fit a colloidal surface to gain a large contact area. It
should also be mentioned that the surface properties of So
phase, such as Hamaker constant and/or charge characteristics,
are possibly different from the liquid phases. Our results
indicate that contacting materials tend to localize into the So

region within phase-separated membranes. We also reported
that amyloid β peptides tend to localize into the So phase of
So/Ld membranes.33 An So phase has been reported to be
produced in model membrane systems under a decrease in the
Chol fraction28 and an increase in membrane tension.29 Within
actual plasma membranes, a change in the fluidity of membrane
domains may be a key step for cytotoxic processes, since all
materials tend to aggregate in the So-phase membrane. The
critical particle size depends on the particle−lipid interaction
and membrane stiffness. It is predictable that an increase in
attractive forces, such as the introduction of electrostatic
attraction or particles with a large Hamaker constant, decreases
the critical size. The increase in membrane stiffness, such as
highly mixing fractions of DPPC, tends to increase in the
critical size. It should be noted that carboxyl-modified
polystyrene nanoparticles with a high negative charge can
adsorb on PC large unilamellar vesicles and change its phase
properties.56 It was also reported that, in the supported PC
bilayer systems, polystyrene nanoparticles disrupt the bilayer to
form holes, probably due to hydrophobic interaction.57

We only studied nano/microparticles with a spherical
structure. Nanomaterials with different shapes, such as carbon
nanotubes (nonbiological) as well as protein/peptide, DNA,
and virus (biological), may exhibit different partitioning
behaviors. Parameters such as the degree of asymmetry of the
specific shape should be important. It is also crucial to consider
other membrane interactions, such as bilayer insertion, in
addition to simple adhesion (which we described above) to
fully unravel the binding events of materials on heterogeneous
bilayer membranes.33 We did not consider the insertion of
particles into the lipid bilayer, because the diameter (≥50 nm)
of particles used in this study is 10 times greater than the
thickness of the lipid bilayer (∼5 nm). Much smaller
nanoparticles may exhibit bilayer insertion, leading to the
disruption of the membrane.42,58 Further experimental develop-
ments to clarify the phase-partitioning of nanoparticles with a
diameter of ≤50 nm are underway.
The results of our laser-manipulation experiments also

support the partitioning of nano/microparticles within a lateral
membrane compartment. A trapped 1000-nm particle was
transported after the laser focus was shifted inside the Ld phase
of the Lo/Ld membrane but could not migrate from the Ld
region across a phase boundary (Figure 4). This indicates that
the partitioning energy is greater than the energy of the laser-
mediated particle-transportation that we applied here. If we
consider the bending energy from the curved region that is
needed to wrap the particle, the energy that governs
partitioning of the particle would be expected to be greater
than the estimated transportation energy (see the SI).

■ CONCLUSIONS
In summary, we have demonstrated the selective partitioning of
polystyrene nano/microparticles (50-, 100-, 200-, 500-, and
1000-nm diameters) within a biomimetic heterogeneous
membrane interface using phase-separated cell-sized liposomes.
We found that the size of the particles determined the
partitioning phase without a change in the surface property of
the particles. This association preference can be explained by
considering the membrane elastic energy with the fluidic
difference between two coexisting phases; small particles tend
to be localized in the ordered phase, while large particles prefer
the disordered phase. The calculated threshold diameter of
nano/microparticles that separates the particle-partitioning
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phase was 260 nm, which is in close agreement with our
observation (200 nm). These findings strongly indicate that not
only specific molecular interactions, such as those of receptor
proteins, but also the mechanical properties of the fluid bilayer
itself play an important role in the selection of associating
materials into lateral compartments. Cells may take advantage
of the membrane thermodynamic characteristics to recognize
contacting materials. Desai et al., observed the size-dependent
uptake of particles in a cell.59 In further studies, it may be useful
to investigate the dynamical behavior of nanoparticle−
membrane systems, such as endocytosis, since nanomaterials
that are in contact with plasma membranes are eventually
engulfed by wrapping.9 Theoretical investigations have also
been developed.60,61 Biological raft domains are expected to
function as platforms that form such endocytic carriers,21 and
endocytosis-like transformation has been demonstrated using a
cell-sized model system.62
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