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ABSTRACT: In the environment, microplastics fragment and
degrade into plastic oligomers, posing potential risks to ecosystems
and human health. In the present study, the interactions between
giant unilamellar vesicles (GUVs) and liquid droplets of oligo-
(styrene), oligo(butadiene), oligo(methyl methacrylate), and
oligo(tert-butyl acrylate) were investigated using fluorescence
microscopy. GUVs were used in a homogeneous fluid state or in
a phase-separated state consisting of either a liquid-disordered (Ld)
phase and a solid-ordered (So) phase, or a Ld phase and a liquid-
ordered (Lo) phase. The effects of plastic oligomers on membrane
structures vary depending on the oligomer type. Oligo(styrene),
oligo(butadiene), and oligo(tert-butyl acrylate) droplets were
homogeneously embedded between the monolayer leaflets, whereas
the oligo(methyl methacrylate) droplets were bound to the bilayers through inhomogeneous membrane structures, regardless of the
lipid composition. The bilayer phase separations were retained after oligomer incorporation, except for the Ld/So phase-separated
bilayer exposed to oligo(tert-butyl acrylate). In this exceptional case, no domain structures were visible in the fluorescence images. In
the Ld/So phase-separated bilayer, the oligo(styrene) and oligo(butadiene) droplets were distributed exclusively in the Ld phase, and
were all pinned at the domain boundaries. In the Ld/Lo phase-separated bilayer, the oligo(styrene), oligo(butadiene), and oligo(tert-
butyl acrylate) droplets invariably localized to the Ld phase, with approximately half anchored to domain boundaries. The data also
suggested that in the Ld/So bilayer, oligo(methyl methacrylate) molecules were predominantly partitioned into the Ld phase, whereas
in the Ld/Lo bilayer, they were slightly more soluble in the Ld phase than in the Lo phase. Furthermore, the slight solubility of
oligo(methyl methacrylate) in water enabled its incorporation into homogeneous fluid bilayers via two pathways: transfer from an in-
bilayer droplet to the matrix bilayer and transfer from aqueous solution.

■ INTRODUCTION
Since the mass production of plastics began less than a century
ago,1,2 plastic pollution has become a critical problem. From
1950 to 2015, approximately 60% of total plastic production
has entered landfills or been emitted into the natural
environment.1 These plastics accumulate in the environment
because of their high persistence.3 These accumulated plastics
then fragment and degrade into smaller pieces via mechanical
stress, photo-oxidation, and enzymatic reactions.3,4 According
to the definition proposed by Hartmann et al.,5 plastic
fragments in the size ranges of 1−1000 μm and 1−1000 nm
are referred to as microplastics (MPs) and nanoplastics (NPs),
respectively. MPs and NPs serve as vectors of toxic
hydrophobic materials including plastic additives and organic
contaminants.6,7 Currently, these fragments are ubiquitous
across the planet and have been detected in various biological
species including humans.3,4 Therefore, the risks they pose to
ecosystems and human health are of considerable concern.3

Further fragmentation of MPs and NPs generates plastic

oligomers,4 and recent studies suggest that these oligomers are
potential pollutants.8−11 Thus, understanding the influence of
MPs, NPs, and plastic oligomers on biological cells is of
considerable importance.

At the onset of an interaction with a cell, a plastic particle or
oligomer molecule encounters the cell membrane. Therefore, it
is important to study the interactions between plastic particles
or oligomers and phospholipid bilayers. Previous studies have
used molecular dynamics simulations to investigate the
interactions between bilayers and NPs formed of oligo-
(styrene),12−15 oligo(ethylene),12,16,17 oligo(propylene),12,18

or oligo(ethylene terephthalate),19 comprising a few to ∼100
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repeat units. These simulation studies suggested spontaneous
oligomer incorporation in the hydrophobic regions of the lipid
bilayer. In addition, several experimental studies were
performed. A study using free-standing bilayers showed that
bilayer tension increased after adsorption of poly(ethylene),
poly(styrene) (PS), or poly(methyl methacrylate) (PMMA)
microparticles with diameters of ∼1−10 μm.20 A recent study
on the interaction between PS NPs and giant unilamellar
vesicles (GUVs) reported that NPs induced membrane
permeabilization depending on the shape of the NPs.21

Another experimental study investigated the effect of oligo-
(styrene) on the phase behavior of pure 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) and binary mixtures of
DPPC and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC).22 This previous study indicated that the melting
temperature of the DPPC bilayer and the miscibility transition
temperature of the DOPC/DPPC bilayers decreased after
oligomer incorporation. Despite the increasing interest in the
influence of plastics on bilayers, further experimental studies
are required to elucidate plastic−bilayer interactions.

In the present study, the interactions of GUVs with
oligo(styrene), oligo(butadiene), oligo(methyl methacrylate),
and oligo(tert-butyl acrylate) were investigated (Figure 1).

Oligo(styrene) (Figure 1A) comprises four styrene units. PS is
used for diverse applications such as packaging, and is a major
contributor to global plastic waste.1,23 PS MPs have been
detected in human blood and tissues.24,25 In addition,
oligo(styrene) has been detected in seawater and sand
samples.26 A recent study predicted that oligo(styrene) is
more toxic than styrene monomer to aquatic and terrestrial
organisms, even though the monomer is classified as a Group
2A agent (probably carcinogenic to humans) by the Interna-
tional Agency for Research on Cancer.27 Oligo(butadiene)
(Figure 1B) is a low-molecular-weight poly(butadiene)
comprising ∼90 butadiene units on average. High-molecular-
weight poly(butadiene) is a synthetic rubber widely used in
automobile tires and is a major constituent of the MPs
generated by terrestrial vehicles, denoted as tire wear
particles.5,28 Oligo(methyl methacrylate) (Figure 1C) is a
trimer. PMMA is generally used as an alternative to inorganic

glass. Despite its low fraction of total global plastic
production,23 PMMA is a major component of the MPs
collected from seawater samples, potentially because it is
widely used for ship coatings.29 In addition, PMMA MPs have
been found in human blood and tissues, presumably because
this polymer is widely used for daily products and medical
devices, such as cosmetics and dental materials.24,25 Finally,
oligo(tert-butyl acrylate) (Figure 1D) comprises three
monomeric units. Poly(tert-butyl acrylate) (PtBA) is not
commonly used as a plastic material; thus, this oligomer was
investigated to allow for comparison with oligo(methyl
methacrylate).

It is generally challenging to incorporate oil molecules in
bilayers.14 However, a previous study on intracellular lipid
droplets reported a simple method for incorporating droplets
of biological liquid oils, including triacylglycerols and
cholesteryl esters, into GUVs.30−32 In this method, vesicles
are incubated with an oil-in-water emulsion to spontaneously
incorporate oil droplets between the monolayer leaflets of
bilayers.30−32 This method was used to study the behavior of
plastic oligomer droplets and molecules in model bilayer
membranes.

In this study, the interactions of oligo(styrene), oligo-
(butadiene), oligo(methyl methacrylate), and oligo(tert-butyl
acrylate) with GUVs in a homogeneous fluid state or a phase-
separated state were investigated using fluorescence micros-
copy. Two phase-separated bilayers consisting of either a
liquid-disordered (Ld) phase and a solid-ordered (So) phase, or
a Ld phase and a liquid-ordered (Lo) phase were studied.
Herein, various behaviors of plastic oligomers and their
droplets, which depend on oligomer type, are demonstrated.
Those behaviors comprise homogeneous or inhomogeneous
droplet incorporation into bilayers, preferential partitioning of
droplets and oligomer molecules into the more fluid phase of
phase-separated systems, droplet pinning to domain bounda-
ries, the disappearance of domain structures, and oligomer
partitioning into bilayers from aqueous solution.

■ EXPERIMENTAL SECTION

Materials
DOPC, DPPC, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). The concentrations of the phospholipid stock solutions in
chloroform were determined by phosphorus assay.33 Cholesterol was
purchased from Nu-Check Prep (Elysian, MN, USA). The
concentration of the cholesterol stock solution in chloroform was
determined using a colorimetric assay kit (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Texas Red (TR) 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammo-
nium salt (TR-DHPE) was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Fluorescent probe 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2−1,3-benzoxadiazol-4-yl) (am-
monium salt) (NBD-DPPE) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Lipi-Blue was purchased from Dojindo
Laboratories (Kumamoto, Japan).34

All plastic oligomers used in this study are liquid at room
temperature. Sec-butyl-terminated oligo(styrene) (Figure 1A) was
purchased from Tosoh Corporation (Tokyo, Japan; catalog no.
TSKgel standard PS A-300). This oligomer has a mass-average molar
mass (Mw)/number-average molar mass (Mn) ratio of 1.17 and an Mn
value of 387 g/mol. Oligo(butadiene) (Figure 1B) with an Mn value
of ∼5000 g/mol was purchased from Sigma-Aldrich (St. Louis, MO,
USA). It consisted of the cis and trans isomers (80%) and the vinyl
isomer (20%). Oligo(methyl methacrylate) with an Mw/Mn value of
1.00 and an Mn value of 302 g/mol (Figure 1C) was purchased from

Figure 1. Chemical structures of the plastic oligomers used in the
present study. (A) Sec-butyl-terminated oligo(styrene) (n = 4). (B)
Oligo(butadiene) (a mixture of 1,4-cis (i), 1,4-trans (ii), and vinyl (iii)
isomers, with a number-average molar mass of ∼5000 g/mol). (C)
Oligo(methyl methacrylate) (n = 3). (D) Sec-butyl-terminated
oligo(tert-butyl acrylate) (n = 3).
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Agilent Technologies (Santa Clara, CA, USA; catalog no. PSS-
MM302). The chemical structure of the monomeric unit of this
oligomer was disclosed. However, the overall chemical structure is
unknown. Therefore, the molecular structure was characterized using
proton nuclear magnetic resonance (1H NMR) spectroscopy. The
NMR spectrum of a sample in deuterated chloroform (CDCl3) was
recorded on a JNM-ECZL600R spectrometer operated at 600 MHz
(JEOL, Tokyo, Japan). The NMR data (Figures S1−S4) confirmed
that the reagent comprised a diastereomeric mixture of the PMMA
oligomers in which three repeat units were linked in the regular head-
to-tail orientation. Sec-butyl-terminated oligo(tert-butyl acrylate)
(Figure 1D) with an Mw/Mn value of 1.04 and an Mn value of 430
g/mol was purchased from Polymer Source (Quebec, Canada; catalog
no. P9348C-tBuA).
Surface Pressure Measurements at the Air/Water Interface
Surface pressure measurements at the air/water interface were
performed for oligo(methyl methacrylate) and oligo(tert-butyl
acrylate) using a Langmuir trough (35 cm × 7.5 cm) equipped
with two barriers (KSV NIMA, Biolin Scientific, Gothenburg,
Sweden). Each oligomer in chloroform (0.5 or 1 mM) was spread
on pure water (23 °C). The subphase temperature was controlled
using a water circulator. The solvent was allowed to evaporate for 10
min before compression. The surface pressure was recorded with a
platinum Wilhelmy plate (perimeter, 20 mm) at a compression rate of
15 mm/min.
Preparation of GUVs
The GUVs were prepared by electroformation using the following
procedure.35,36 The lipids were mixed with the desired composition in
chloroform to yield a total lipid concentration of 3.5 mM. The lipid
compositions are expressed as molar ratios within the nonfluorescent
lipids. TR-DHPE (0.2 mol %) was added to DOPC, DOPC/DOPE
(9:1), and DOPC/DPPC (1:1), whereas TR-DHPE (0.1 mol %) and
NBD-DPPE (0.2 mol %) were added to DOPC/DPPC/cholesterol
(3:3:2). The lipid solutions in chloroform were spread onto two
platinum electrodes (0.5 mm diameter) separated by ∼1 mm. After
solvent evaporation under a nitrogen gas stream, the electrodes were
immersed in 300 mM sucrose to yield a lipid concentration of 0.22
mM. Subsequently, a sinusoidal alternating voltage with a peak-to-
peak amplitude of 2.2 V was applied for 35 min using a function
generator (PCGU-1000, Velleman, Gavere, Belgium). The frequen-
cies during the first 30 min and the final 5 min were 10 and 2 Hz,
respectively. During the voltage application, the DOPC and DOPC/
DOPE (9:1) samples were held at room temperature. However, the
voltage was applied to the DOPC/DPPC (1:1) and DOPC/DPPC/
cholesterol (3:3:2) samples at 55 °C, exceeding the melting
temperature of DPPC (41.4 °C) and the miscibility transition
temperature of DOPC/DPPC/cholesterol (3:3:2) (∼33 °C).37,38

Incorporation of Plastic Oligomer Droplets in GUVs
Oil droplets were incorporated into GUVs similarly to a previously
reported method for triacylglycerol and cholesteryl ester drop-
lets.30−32 Lipi-Blue was added to the oligomers at a concentration
of 0.003 mol % relative to the monomer residue. Lipi-Blue was
previously developed to stain intracellular lipid droplets.34 The dye
does not stain lipid bilayers, but has a strong affinity for hydrophobic
molecules. Its fluorescence is greatly enhanced in hydrophobic
environments.34 The Lipi-Blue-labeled oil samples (0.5 μL) were
mixed with an aqueous solution (4.5 μL) containing 40 mM NaCl,
191 mM sucrose, and 10 mM sodium phosphate (pH 7.4). NaCl was
added to enhance droplet incorporation efficiency.31 Sucrose was
added to avoid significantly changing the osmotic pressure across the
bilayers after the subsequent mixing of this oil/water mixture with a
GUV solution. The oil/water mixture was sonicated for 30 min in an
ultrasonic bath, vortexed, and further sonicated for an additional 30
min. Immediately after the second sonication, the oil suspension (5
μL) was mixed with a GUV sample (0.22 mM lipid, 5 μL) by
pipetting slowly four times, followed by incubation for 30 min.
Incubation with the DOPC and DOPC/DOPE (9:1) samples was
performed on a rotating mixer at room temperature. In contrast,

incubation with the DOPC/DPPC (1:1) and DOPC/DPPC/
cholesterol (3:3:2) samples was performed in a block heater held at
55 °C, while tapping every 5 min. After incubation of the DOPC/
DPPC/cholesterol (3:3:2) mixtures with the oil suspensions, the
samples were cooled from 55 to 25 °C at a rate of 0.1 °C/s using a
thermal cycler (MyCycler, Bio-Rad, Hercules, CA, USA). After
incubation of all the other vesicle samples with the oil suspensions,
the samples were transferred to a bench at ambient temperature.

Confocal Laser Scanning Microscopy

Round glass coverslips (25 mm diameter, no.1, Matsunami Glass Ind.,
Ltd., Osaka, Japan) were rinsed with ethanol and dried in a nitrogen
stream. The cleaned coverslips were stored in air until use. The oil/
vesicle mixtures (10 μL) were diluted in 300 mM glucose (146 μL),
then deposited onto a glass coverslip in a poly(dimethylsiloxane)
chamber attached to the coverslip surface under light pressure. The
glucose solution was used to sediment vesicles near the glass surface.
The coverslips were fixed in Attofluor cell chambers (Thermo Fisher
Scientific, Waltham, MA, USA).

Confocal imaging was performed with a Zeiss LSM 900 microscope
(Carl Zeiss, Oberkochen, Germany) at 63× magnification using a
1.40-numerical aperture (NA) oil-immersion objective. TR-DHPE,
NBD-DPPE, and Lipi-Blue were excited at 561, 488, and 405 nm,
respectively. For samples dual-labeled with TR-DHPE and Lipi-Blue,
excitation and detection were performed simultaneously. In contrast,
sequential excitation and detection were used for samples labeled with
TR-DHPE/NBD-DPPE and TR-DHPE/NBD-DPPE/Lipi-Blue to
minimize bleed-through. Two GaAsP detectors were used to detect
the two fluorophores, whereas the GaAsP detectors and an Airyscan 2
imaging device were used to detect the three fluorophores. The
bilayer structures before plastic oligomer incorporation were
confirmed by confocal fluorescence imaging (Figure S5).

Epi-Fluorescence Microscopy for Supported Lipid Bilayer
(SLB) Patches

SLB patches were formed on glass as follows. Square glass coverslips
(22 × 22 mm, no. 1, Matsunami Glass Ind., Ltd., Osaka, Japan) were
sonicated in acetone for 3 min three times and then in ethanol for 3
min three times in an ultrasonic bath. The cleaned coverslips were
stored in ethanol. Immediately before use, the coverslips were dried
under a nitrogen gas stream, followed by a 2 min exposure to air
plasma generated with a PDC-32G plasma cleaner (Harrick Plasma,
Ithaca, NY, USA). The oil/vesicle mixtures (10 μL) were diluted in a
solution containing NaCl and glucose to yield 0.0067 mM lipid, 42
mM NaCl, and 270 mM glucose. They were subsequently deposited
onto the cleaned coverslip surface in a poly(dimethylsiloxane)
chamber. After adsorption for 15 min, the glass surface was rinsed
with a solution containing 40 mM NaCl and 10 mM sodium
phosphate (pH 7.4) to remove unbound vesicles and oil droplets.

The SLB patches were examined with an Eclipse Ti-E microscope
(Nikon, Tokyo, Japan) equipped with an electron-multiplying charge-
coupled device camera (iXon EM + 897E, Andor Technology, Belfast,
UK). The samples were imaged using 10× (NA 0.45) and 40× (NA
0.95) objectives under light-emitting diode illumination (X-Cite Xylis
XT720L, Excelitas Technologies Corp., Pittsburgh, PA, USA). The
filter sets used for TR-DHPE and Lipi-Blue were FF01-561/12:Di01-
R561:FF01 609/54 and FF01-378/52-25: FF409-Di03-25 × 36:
FF02-447/60-25, respectively (Semrock, IDEX Health & Science,
Oak Harbor, WA, USA). The net Lipi-Blue fluorescence intensities
from SLB patches were determined by subtracting the fluorescence
signals from the glass surface using ImageJ.39

Experimental Values

The reported values are the mean (±standard error) of N
determinations.
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■ RESULTS AND DISCUSSION

Surface Pressure Measurements of Oligo(methyl
Methacrylate) and Oligo(tert-butyl Acrylate) at the
Air/Water Interface
Oligo(styrene) and oligo(butadiene) (Figure 1A,B) are
hydrocarbons and therefore have no amphiphilic properties.
However, oligo(methyl methacrylate) and oligo(tert-butyl
acrylate) (Figure 1C,D) may be amphiphilic as a result of
the ester bonds in the structures. Notably, previous studies
have reported that PMMA and PtBA form monolayers at the
air/water interface.40−42 Therefore, to understand their surface
activities, surface pressure measurements were performed at
the air/water interface. The data for oligo(tert-butyl acrylate)
(Figure 2, red) showed that the surface pressure increased as

the interfacial area decreased and eventually reached a plateau
at 22.1 (±0.03) mN/m (N = 3). This result is consistent with
that previously reported for PtBA monolayers.42 Thus,
oligo(tert-butyl acrylate) appears to form the interfacial
monolayer. In contrast, the compression of oligo(methyl
methacrylate) (Figure 2, black) resulted in no significant
surface pressure even when a large amount of the oligomer was
spread on the interface. These data indicate that oligo(methyl
methacrylate) was slightly soluble in water, dissolving in
subphase water upon spreading at the interface and during the
subsequent compression. The high aqueous solubility of
oligo(methyl methacrylate) compared with that of oligo(tert-
butyl acrylate) is reasonable. There are two reasons for this:
first, the methyl methacrylate monomer is ∼10 times more
soluble in water (solubility, ∼0.15 mol/L) than the tert-butyl
acrylate monomer (∼0.016 mol/L); second, the oligo(tert-
butyl acrylate) is sec-butyl-terminated, whereas oligo(methyl
methacrylate) is not (Figure 1).
Incorporation of Oligo(styrene), Oligo(butadiene), and
Oligo(tert-butyl Acrylate) Droplets in DOPC and
DOPC/DOPE (9:1) GUVs
Oligo(styrene), oligo(butadiene), and oligo(tert-butyl acrylate)
droplets were incorporated in homogeneous fluid bilayers,
DOPC (Figure 3), and DOPC/DOPE (9:1) (Figure S6). For
each oligomer−lipid composition pair, 5−13 vesicles (diam-
eter: ∼3−24 μm) were observed. The vesicles and oligomers
were labeled with TR-DHPE and Lipi-Blue, respectively.34 The
confocal fluorescence data of these vesicles revealed the
following features. First, the TR fluorescence signals on or near
the droplet surfaces were homogeneous (Figures 3A−C and
S6, panel ii). This result indicates that the oligomer droplets

were incorporated between the monolayer leaflets. Second, the
droplets diffused laterally within the bilayer over time (Figure
3D). Finally, the Lipi-Blue fluorescence intensities in the
bilayers were quite low (Figure 3A−C and S6, panel iii).
Because Lipi-Blue does not stain pure lipid bilayers,34 the low
Lipi-Blue fluorescence emission indicates no significant change
in bilayer composition.
Incorporation of Oligo(styrene), Oligo(butadiene), and
Oligo(tert-butyl Acrylate) Droplets in DOPC/DPPC (1:1)
GUVs

A DOPC/DPPC (1:1) mixture containing TR-DHPE was
used as a model bilayer with Ld/So phase separation.43 In this
bilayer system, TR-DHPE is partitioned into the Ld phase. A
total of 12 vesicles (diameter: ∼7−15 μm) containing 1−3
oligo(styrene) droplets each (the total number of the analyzed
droplets: 17), 11 vesicles (diameter: ∼5−11 μm) containing
one or two oligo(butadiene) droplets each (the total number
of the droplets: 15), and 18 vesicles (diameter: ∼5−13 μm)
containing 1−3 oligo(tert-butyl acrylate) droplets each (the
total number of the droplets: 17) were analyzed. TR
fluorescence intensities on or near the droplet surfaces were
homogeneous after incorporating oligo(styrene) (Figure 4A),
oligo(butadiene) (Figure 4B), and oligo(tert-butyl acrylate)
droplets (Figure 4C). Therefore, the droplets were likely
surrounded homogeneously by the monolayer leaflets.

Ld/So phase separation was maintained in the presence of
oligo(styrene) (Figure 4A) and oligo(butadiene) droplets
(Figure 4B). These oligomer droplets were exclusively
incorporated into the Ld phase. Additionally, the droplets
were always anchored to the domain boundaries, as shown in
Figure 4A panels ii (arrows), iv, and v and Figure 4B. Both the
Ld and So phases exhibited negligible Lipi-Blue fluorescence.

In contrast to oligo(styrene) and oligo(butadiene), which
had no significant effect on the domain structures, oligo(tert-
butyl acrylate) had a strong influence (Figure 4C and S7). No
domain structures were visible in any of the DOPC/DPPC
(1:1) vesicles incorporating oligo(tert-butyl acrylate) droplets.
Incorporation of Oligo(styrene), Oligo(butadiene), and
Oligo(tert-butyl Acrylate) Droplets in
DOPC/DPPC/Cholesterol (3:3:2) GUVs

A DOPC/DPPC/cholesterol (3:3:2) mixture containing TR-
DHPE and NBD-DPPE was used as a model bilayer with Ld/
Lo phase separation.32,35 TR-DHPE and NBD-DPPE are
predominantly partitioned into the Ld and Lo phases,
respectively.32 In vesicles with this lipid composition, oligo-
(styrene), oligo(butadiene) and oligo(tert-butyl acrylate)
droplets were incorporated. A total of 29 vesicles (diameter:
∼8−21 μm) containing 1−8 oligo(styrene) droplets each (the
total number of the analyzed droplets: 57), 24 vesicles
(diameter: ∼7−19 μm) containing 1−4 oligo(butadiene)
droplets each (the total number of the droplets: 52), and 22
vesicles (diameter: ∼4−10 μm) containing one oligo(tert-butyl
acrylate) droplet each (the total number of the droplets: 22)
were analyzed. The incorporation of these oligomers did not
affect the fluorescence patterns of the domain structures
(Figure 5). These droplets were exclusively partitioned in the
Ld phase. Among these, 46% of the oligo(styrene) droplets,
44% of the oligo(butadiene) droplets, and 50% of the
oligo(tert-butyl acrylate) droplets were anchored to the
domain boundaries (Figure 5A). The remaining droplets did
not contact any visible domain boundaries in the fluorescence
images (Figure 5B).

Figure 2. Surface pressure data for oligo(methyl methacrylate)
(black) and oligo(tert-butyl acrylate) (red) at the air/water interface.
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Incorporation of Oligo(methyl Methacrylate) Droplets in
GUVs

For all studied lipid compositions, i.e., DOPC (10 vesicles with
diameters of ∼5−13 μm), DOPC/DOPE (9:1) (11 vesicles
with diameters of ∼5−17 μm), DOPC/DPPC (1:1) (9
vesicles with diameters of ∼4−10 μm), and DOPC/DPPC/
cholesterol (3:3:2) (9 vesicles with diameters of ∼4−13 μm),
oligo(methyl methacrylate) droplets were bound to the
bilayers via complex membrane structures (Figure 6). It was
therefore unlikely that the droplets were surrounded
homogeneously by the monolayer leaflets. The surface pressure
data (Figure 2) suggested that oligo(methyl methacrylate) had
higher water solubility (i.e., greater hydrophilicity) than the
other oligomers. Therefore, it was expected that the oligomer
interacted with both hydrophobic tails and hydrophilic
headgroups in the phospholipids. These interactions likely
led to inhomogeneous droplet incorporation.

The DOPC and DOPC/DOPE (9:1) bilayers associated
with oligo(methyl methacrylate) droplets produced consid-
erable Lipi-Blue fluorescence signals (Figure 6A). This result

indicates that the bilayer composition changed significantly
after droplet incorporation, suggesting that oligomers likely
diffused into the bilayer. In addition, the droplet-free bilayers
produced non-negligible Lipi-Blue fluorescence emission
(Figure 6B), suggesting that the bilayers adsorbed oligomer
molecules dissolved in the aqueous phase. Nevertheless, the
droplet-incorporating bilayers tended to generate higher Lipi-
Blue fluorescence intensities than those with no droplets
(Figure 6B). However, the fluorescence intensities in the
confocal images were not analyzed because of photobleaching.
Instead, as described in the next section, the Lipi-Blue
fluorescence intensities from SLB patches were examined
using epi-fluorescence microscopy.

When oligo(methyl methacrylate) droplets were incorpo-
rated into the DOPC/DPPC (1:1) vesicles (Figure 6C), the Ld
domains showed Lipi-Blue fluorescence signals, but the So
domains did not (panels iii and vi). Therefore, the oligomer
likely penetrated the Ld phase, but not the So phase.

In the DOPC/DPPC/cholesterol (3:3:2) vesicles with
oligo(methyl methacrylate) droplets, both Ld and Lo phases

Figure 3. Confocal fluorescence images obtained for DOPC GUVs incorporating (A,D) oligo(styrene), (B) oligo(butadiene), and (C) oligo(tert-
butyl acrylate) droplets. The color data present the overlay images of TR (magenta) and Lipi-Blue (light blue) fluorescence signals. (A−C) The
grayscale images are the TR (panel ii) and Lipi-Blue (panel iii) channel images. (D) Images of the droplet migration recorded at 0 s (left), 6 s
(middle), and 16 s (right). The scale bars are 2 μm.
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showed non-negligible Lipi-Blue fluorescence signals (Figure
6D, panel iii). However, photobleaching was not negligible in
confocal imaging. Therefore, the Lipi-Blue fluorescence
intensities from SLB patches were investigated using epi-
fluorescence microscopy, as described in the following section.
Notably, in those experiments, photobleaching was negligible.
Epi-Fluorescence Imaging of DOPC and
DOPC/DPPC/Cholesterol (3:3:2) SLB Patches Incorporating
Oligo(methyl Methacrylate)

The SLB patches were formed on glass by adsorption of
vesicles incubated with oligo(methyl methacrylate) drop-
lets.35,44 Because not all vesicles incorporated the oligomer
droplets, droplet-containing and droplet-free bilayer patches
were present on the glass surface after vesicle adsorption.
These droplet-containing and droplet-free SLB patches were
investigated using epi-fluorescence microscopy. In the DOPC

sample (Figure 7A), the droplet-containing bilayer patches
exhibited high Lipi-Blue fluorescence emission. In contrast,
droplet-free bilayer patches located apart from the droplet-
containing patches had no significant Lipi-Blue fluorescence
emission. However, the droplet-free bilayer patches located
near droplet-containing bilayer patches showed relatively large
Lipi-Blue fluorescence signals. Therefore, the oligomer
molecules appeared to migrate from the bilayer-bound droplets
into the aqueous solution and eventually dissolved into nearby
bilayer patches. Thus, to reduce the effect of this oligomer
incorporation pathway on the statistical data, the Lipi-Blue
fluorescence intensities of bilayer patches located >50 μm away
from droplets bound to bilayers or on the glass surface were
examined. The statistics (Figure 7B) showed that droplet-
containing bilayers (red) tended to exhibit larger Lipi-Blue
fluorescence signals than the droplet-free bilayers (gray).

Figure 4. Confocal fluorescence images of DOPC/DPPC (1:1) GUVs with (A) an oligo(styrene) droplet, (B) an oligo(butadiene) droplet, and
(C) an oligo(tert-butyl acrylate) droplet. The color images show fluorescence signals from TR-DHPE (magenta) and Lipi-Blue (light blue). (A)
Fluorescence images of a GUV (diameter: 13.7 μm). (i) The three-dimensional image viewed from the coverslip surface (x−y plane) was
constructed from 38 slices. (ii, iii) The fifth-slice images of TR (panel ii) and both dyes (panel iii). (ii) The arrows indicate the positions at which
the droplet rim was anchored to the domain boundaries. (iv) The cross-sectional TR fluorescence image obtained along the green line in panel ii.
(v) The cross-sectional TR fluorescence image obtained along the red line in panel ii. (B, C) Two-dimensional fluorescence images of both dyes
(panel i), TR (panel ii), and Lipi-Blue (panel iii). (C) The 24th section data from 54 slices obtained by scanning normal to the glass surface. All TR
slice images are available in the Supporting Information (Figure S7). The scale bars represent 2 μm.
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These data demonstrate that oligomer migration from the in-
bilayer droplets to the matrix bilayer was predominant
compared with oligomer absorption from the aqueous solution.
The result is consistent with the confocal data (Figure 6B) in
which droplet-containing bilayers apparently had higher Lipi-
Blue fluorescence intensities than droplet-free bilayers.

In addition, DOPC/DPPC/cholesterol (3:3:2) bilayer
patches were investigated (Figure 8). For this lipid
composition, droplets bound to the SLB patches did not
affect the Lipi-Blue fluorescence intensities of neighboring
bilayer patches. SLB patches formed from GUVs before plastic
oligomer incorporation showed no significant signals in the
Lipi-Blue fluorescence detection channel (Figure S8). In the
droplet-containing bilayer patches (Figure 8A), the Ld and Lo
phases had considerable Lipi-Blue fluorescence intensities.
Therefore, the Lipi-Blue fluorescence intensities of droplet-
containing bilayer patches (Figure 8B, red and blue) were
compared with those of droplet-free bilayer patches (Figure
8B, gray and black). These data revealed that the droplet-
containing bilayers exhibited intense Lipi-Blue fluorescence,
whereas the droplet-free bilayers did not. Therefore, the
majority of oligomer molecules in the bilayers were likely
supplied from the bilayer-binding droplets, rather than from
the aqueous solution. Additionally, in the droplet-containing
bilayer patches (Figure 8C), the Lipi-Blue fluorescence
intensity from the Ld phase (Id) generally exceeded that from
the Lo phase (Io) (Id/Io = 1.23 (±0.04), N = 30). This finding
suggests that the Ld phase contained more oligomers than the
Lo phase.

■ DISCUSSION
The oligo(styrene), oligo(butadiene), and oligo(tert-butyl
acrylate) droplets were likely surrounded homogeneously by
the monolayer leaflets (Figure 9A,B). However, the oligo-
(methyl methacrylate) droplets were not homogeneously
embedded between the monolayer leaflets. This difference
might have arisen because oligo(methyl methacrylate) is the
most hydrophilic of all investigated oligomers. Notably, triolein

and cholesteryl arachidonate droplets were previously shown
to be homogeneously embedded within bilayers.32 These
neutral lipids are immiscible with water, but are amphiphilic
and form monolayers with phospholipids.32 The authors’
previous and current results therefore show that the nonpolar,
hydrophobic molecules (oligo(styrene) and oligo(butadiene))
and the amphiphilic molecules with very low aqueous solubility
(oligo(tert-butyl acrylate), triolein, and cholesteryl arachido-
nate) are incorporated in bilayers as droplets surrounded
uniformly by monolayer leaflets. In contrast, the non-
amphiphilic molecule with relatively high aqueous solubility
(oligo(methyl methacrylate)) forms complex aggregates with
lipids in bilayers. Therefore, in the present study, the
membrane structures obtained after droplet incorporation
were likely determined by the hydrophobic/hydrophilic
balance of the oil molecule. At low concentrations, highly
hydrophobic molecules, such as oligo(styrene) and oligo-
(butadiene), partition within the hydrophobic region of the
bilayer. Above their critical concentration, they aggregate to
form a droplet, which is surrounded by the monolayer leaflets.
Similarly, amphiphilic molecules (oligo(tert-butyl acrylate),
triolein, and cholesteryl arachidonate) form droplets homoge-
neously enclosed by the monolayer leaflets above their critical
concentration. At lower concentrations, however, these
amphiphilic molecules can align within the bilayer such that
their hydrophilic regions orient toward the aqueous phase,
whereas their hydrophobic regions are located in the lipid acyl-
chain region. In contrast, less hydrophobic molecules, such as
oligo(methyl methacrylate), can interact strongly with lipid
headgroups, generating complex membrane structures.

The oligo(styrene) and oligo(butadiene) droplets in the
DOPC/DPPC (1:1) bilayers were always pinned to domain
boundaries (Figure 9A). This pinning is considered to occur in
order to decrease the line tension generated along domain
boundaries.45 The thickness of the DPPC bilayer in the So
phase is larger by ∼1.2 nm than that of the DOPC bilayer in
the Ld phase.46 This thickness mismatch results in line tension
along the So/Ld domain boundaries in the DOPC/DPPC

Figure 5. Confocal fluorescence images of DOPC/DPPC/cholesterol (3:3:2) vesicles incorporating an oligo(styrene) droplet. The color images
(panel i) are the overlay data for TR-DHPE (magenta), Lipi-Blue (light blue), and NBD-DPPE (green) fluorescence emissions. (A) Fluorescence
images of a GUV (diameter: 15.8 μm). (i) The three-dimensional image constructed from 38 slices. (ii, iii) The 13th-slice TR (panel ii) and Lipi-
Blue (panel iii) fluorescence images. (B) Fluorescence images of a GUV (diameter: 10.7 μm). (i) The three-dimensional image constructed from
38 slices. (ii, iii) The 17th-slice TR (panel ii) and Lipi-Blue (panel iii) fluorescence images. The scale bars are 2 μm.
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mixture.45 When an oligomer droplet in an Ld-phase bilayer
region comes into contact with the boundary against an So
domain, oligomer molecules penetrate the Ld-phase hydro-
phobic region near the boundary, increasing the thickness of
the Ld-phase bilayer. Consequently, the bilayer thickness
mismatch decreases, thereby reducing line tension.

The DOPC/DPPC (1:1) bilayers retained phase separation
after incorporating oligo(styrene), oligo(butadiene), and
oligo(methyl methacrylate) (Figure 9A,C). However, incorpo-
rating oligo(tert-butyl acrylate) into the DOPC/DPPC bilayers

led to the loss of domain structures (Figure 9B). The results
indicate that the DPPC bilayer interacted most strongly with
oligo(tert-butyl acrylate) among all investigated oligomers. It
was expected that oligo(tert-butyl acrylate) would be able to
disrupt the tightly packed DPPC bilayer structures as a result
of its amphiphilic character.

None of the oligomers affected the domain structure in the
DOPC/DPPC/cholesterol (3:3:2) bilayer. The oligo(styrene),
oligo(butadiene), and oligo(tert-butyl acrylate) droplets
(Figure 9A,B) were always incorporated into the Ld phase,

Figure 6. Confocal fluorescence images of (A,B) DOPC/DOPE (9:1), (C) DOPC/DPPC (1:1), and (D) DOPC/DPPC/cholesterol (3:3:2)
vesicles exposed to oligo(methyl methacrylate) droplets. The color data (panels i and iv) are the merged images of TR-DHPE (magenta), Lipi-Blue
(light blue), and NBD-DPPE (green) fluorescence intensities. The grayscale images are the TR (panels ii and v) and Lipi-Blue (panels iii and vi)
channel images. (C) The image slices of the same vesicle obtained near the glass surface (panels i, ii, and iii) and 3.6 μm away from this optical
section (panels iv, v, and vi).
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with approximately half anchored to domain boundaries. The
remaining droplets were located apart from any domain
boundaries observed in the fluorescence images. This
separation probably occurred because the line tension along
the Ld/Lo domain boundary in the DOPC/DPPC/cholesterol
(3:3:2) bilayer was smaller than that along the Ld/So domain
boundary in the DOPC/DPPC (1:1) bilayer. This explanation
is supported by a previous study using X-ray diffraction,47

which showed that the difference in the phosphate-to-
phosphate distance across the bilayer between the Ld and Lo
domains in DOPC/DPPC/cholesterol (3:3:2) was smaller
than that between the Ld and So domains in DOPC/DPPC
(1:1).

Based on the Lipi-Blue fluorescence intensities from the
bilayers, oligo(methyl methacrylate) appeared to have high
solubility in the fluid bilayer phases. The significant Lipi-Blue
fluorescence emission from the bilayers allowed for identi-
fication of the preferred bilayer phase for oligo(methyl
methacrylate) penetration. The data suggest that in the
DOPC/DPPC (1:1) bilayer (Figure 9C, left), oligo(methyl
methacrylate) molecules were predominantly soluble in the Ld
phase. However, they were slightly more soluble in the Ld
phase than in the Lo phase in the DOPC/DPPC/cholesterol
(3:3:2) bilayer (Figure 9C, right). Collectively, in the phase-
separated bilayers, oligo(methyl methacrylate) molecules
diffused more readily into the loosely packed and more-fluid
phase than the tightly packed and less-fluid phase. These
oligomers may aggregate to form nanometer-sized particles
within the bilayers. However, whether such aggregation
occurred remains unclear.

Finally, two pathways allowing the incorporation of
oligo(methyl methacrylate) in the DOPC and DOPC/DOPE
(9:1) bilayers were observed (Figures 6B and 7). In one
pathway, the transfer of oligomer molecules from a bilayer-
bound droplet to the matrix bilayer occurred via diffusion
across the membrane structures. In the other pathway, the free
oligomer molecules were absorbed from the aqueous solution.
The former mechanism appears to be predominant compared
with the latter.

■ CONCLUSIONS
Oligo(styrene), oligo(butadiene), and oligo(tert-butyl acrylate)
droplets were homogeneously incorporated within the bilayers.
However, the oligo(methyl methacrylate) droplets were
associated with the bilayers through complex membrane
structures. In addition, the domain structures in the DOPC/
DPPC (1:1) and DOPC/DPPC/cholesterol (3:3:2) bilayers
were unchanged after incorporating each oligomer, except in
the case of DOPC/DPPC (1:1) vesicles with oligo(tert-butyl

Figure 7. Epi-fluorescence imaging data for SLB patches formed by
adsorption of DOPC vesicles incubated with oligo(methyl meth-
acrylate) droplets. (A) TR (left) and Lipi-Blue (right) fluorescence
images at 10× magnification. (B) Distributions of the Lipi-Blue
fluorescence intensities from SLB patches with (red) or without
(gray) droplets measured at 40× magnification. The analyzed droplet-
free bilayer patches were located >50 μm away from any bilayer-
bound or glass-bound droplets.

Figure 8. Epi-fluorescence imaging data of SLB patches formed after
adsorption of DOPC/DPPC/cholesterol (3:3:2) vesicles exposed to
oligo(methyl methacrylate) droplets. (A) TR (left) and Lipi-Blue
(right) fluorescence images at 40× magnification. (B) Distributions of
the Lipi-Blue fluorescence intensities for the droplet-free (gray, black)
and droplet-containing (red, blue) SLB patches obtained at 40×
magnification. Data for the Ld-phase domains are represented in gray
and red. Data for the Lo-phase domains are represented in black and
blue. (C) The ratios between the Lipi-Blue fluorescence intensity of
the Ld-phase domain (Id) and that of the Lo-phase domain (Io) were
determined for the droplet-containing SLB patches in B (red and
blue).
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acrylate) droplets. In the latter case, the fluorescence images
showed no domain structures. In the Ld/So phase-separated
bilayer, the oligo(styrene) and oligo(butadiene) droplets were
always partitioned in the Ld phase and also pinned at the
domain boundaries. In contrast, oligo(styrene), oligo-
(butadiene), and oligo(tert-butyl acrylate) droplets in the Ld/
Lo phase-separated bilayer were located exclusively in the Ld
phase, with approximately half anchored to domain bounda-
ries. Droplet pinning at Ld/So and Ld/Lo domain boundaries
likely occurred to decrease line tension along domain
boundaries. In addition, in the phase-separated bilayers, the
oligo(methyl methacrylate) molecules were more soluble in
the loosely packed Ld phase than in the tightly packed So or Lo
phase. Finally, there were two pathways for incorporating
oligo(methyl methacrylate) molecules into the DOPC and
DOPC/DOPE (9:1) bilayers. One pathway was oligomer
diffusion from a bilayer-bound droplet to the same bilayer. The
other pathway was oligomer uptake from the aqueous solution.
The second pathway was possible because the oligo(methyl
methacrylate) was slightly soluble in water. These various
oligomer behaviors are expected to result from differences in
the degree of hydrophobicity, amphiphilicity, and aqueous
solubility.
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