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ABSTRACT Cytoplasmic lipid droplets form from the endoplasmic reticulum. Because the 

endoplasmic reticulum membrane can undergo phase separation, the interaction of lipid droplets 

with phase-separated bilayers is of significant interest. In this study, we used fluorescence 

microscopy to investigate the incorporation of droplets composed of triolein, trilinolein, 

trimyristolein, trieicosenoin, and cholesteryl arachidonate in the bilayers of giant unilamellar 

vesicles (GUVs) consisting of a mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and cholesterol. After incorporating the 

triacylglycerol droplets, the DOPC/DPPC/cholesterol (3:3:2) GUVs, which exhibited liquid-

disordered (Ld) and liquid-ordered (Lo) phase separation, retained their phase-separated state. The 

triacylglycerol droplets predominantly partitioned in the Ld domains. To elucidate the basis of this 

preferential partitioning, we investigated the surface pressures of DOPC, DPPC, and cholesterol 

monolayers containing triolein at the air–water interface using a Langmuir trough. From these 

measurements, we determined the interfacial tension at the monolayer-covered triolein–water 

interface. The results showed that DOPC most effectively reduced the interfacial tension. Thus, 

the droplet sorting into the DOPC-enriched Ld domains likely arose from the difference in the 

abilities of the two phases to stabilize the droplet interface. In contrast, cholesteryl arachidonate 

had a profound effect on the bilayer phase behavior. Fluorescence images of the 

DOPC/DPPC/cholesterol (3:3:2) GUVs showed that the domain structures disappeared after 

droplet incorporation. Additionally, surface pressure measurements of DOPC/DPPC/cholesterol 

(3:3:2) monolayers containing cholesteryl arachidonate at the air–water interface suggested that 

cholesteryl arachidonate weakened the lipid–lipid interaction. The results indicate that the 

cholesteryl arachidonate molecules diffused across the bilayer to hinder bilayer phase separation. 
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INTRODUCTION 

Neutral lipids are stored in cytoplasmic lipid droplets. In eukaryotes, the lipid droplets consist 

of a neutral lipid core surrounded by a phospholipid monolayer decorated with proteins.1, 2 The 

main components of the hydrophobic core are triacylglycerols (TAGs) and sterol esters (SEs). 

Lipid droplets emerge from the endoplasmic reticulum (ER).1-3 Neutral lipids are first synthesized 

and dispersed within the ER membrane. As their concentration increases, the neutral lipids 

aggregate to form a lens-like structure between the monolayer leaflets. This lens-like structure 

subsequently grows into a droplet, which eventually buds off from the ER membrane. These 

processes are regulated by various proteins.4, 5 

To better understand lipid droplet biogenesis, it is first necessary to understand the 

characteristics of droplet-incorporating bilayers in the absence of proteins. Model membrane 

systems are useful for such investigations. Previous studies have used model systems such as giant 

unilamellar vesicles (GUV),6-8 supported lipid bilayers,9, 10 multilamellar lipid films,11 free-

standing bilayers,12 and droplet interface bilayers.13 These studies have provided several important 

insights. First, the TAG droplets in a bilayer grow or shrink via Ostwald ripening, where TAG 

molecules diffuse from small to large droplets through the bilayer.9, 10 Second, the budding 

direction of the droplets is determined by the membrane tension of the monolayer leaflets, and a 

droplet buds toward the leaflet with lower monolayer tension.6 Third, incorporating free TAG 

molecules in curved bilayers is energetically disfavored compared with incorporation in flat 

bilayers, whereas free SE molecules readily incorporate in curved bilayers.8 Moreover, TAG 

droplets induce bilayer spontaneous curvature, which can influence the overall vesicle structure.7 

These previous studies used one- or two-component bilayers in a single fluid phase, labeled with 

a low concentration of a fluorescent probe lipid. The ER membrane was once thought to form a 
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uniform, fluid bilayer because of its low cholesterol content.14, 15 However, recent studies have 

shown that the ER membrane can phase-separate into fluid and gel-like phases,16-18 and the gel-

like domains localize at the ER–lipid droplet contact sites.16 Thus, it is interesting to investigate 

the interactions between lipid droplets and phase-separated bilayers. 

In this study, we investigated the incorporation of isotropic liquid droplets of TAGs and SE in 

bilayers consisting of liquid-disordered (Ld) and liquid-ordered (Lo) phases. To mimic the phase 

separation in the ER, it is desirable to use a bilayer consisting of Ld and gel (solid-ordered (So)) 

phases. However, it is not easy to obtain such bilayer systems. Although binary mixtures of 

saturated and unsaturated phospholipids are known to exhibit the Ld–So phase transition, their 

phase behavior is complex, involving the formation of Ld, So, sub-gel, and ripple phases.19-23 Thus, 

to simplify the experimental system, we used a bilayer composed of Ld and Lo phases instead of 

Ld and So phases. The Ld, Lo, and So phases differ in their fluidity. The lipid diffusion coefficients 

in Lo and So phases are typically 102 and 105 times smaller than those in Ld phases, respectively.24 

The cholesterol concentrations in the Lo and So phases are also different, although they are similar 

with a high content of saturated phospholipids.23, 25 Thus, the membrane systems investigated in 

this study are not relevant to the biological system. However, it is still interesting to understand 

the interaction of a droplet with the two domains with different fluidities. 

TAGs generally form crystals at low temperatures and transition to isotropic liquids at higher 

temperatures. In this study, we investigated four TAGs—triolein, trilinolein, trimyristolein, and 

trieicosenoin (Figure 1)—all of which are isotropic liquids at room temperature. Triolein and 

trilinolein are present in lipid droplets in plant and mammalian cells.26-28 For the SE, we 

investigated cholesteryl arachidonate (Figure 1). Most SEs are crystals at room temperature and 

form various types of liquid crystals after heating.29 However, unlike typical SEs, cholesteryl 
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arachidonate does not form any mesophases and is an isotropic liquid at room temperature.29 Thus, 

we chose cholesteryl arachidonate to focus on the behavior of the liquid droplets. Cholesteryl 

arachidonate is present in lipid droplets in mammalian cells.30-32 

Here, we investigated the incorporation of droplets consisting of triolein, trilinolein, 

trimyristolein, trieicosenoin, and cholesteryl arachidonate in DOPC/DPPC/cholesterol (3:3:2) 

GUVs. We show that TAG droplets preferentially partition in Ld phase domains, whereas 

cholesteryl arachidonate droplets disrupt bilayer phase separation. 

 

 

FIGURE 1. Chemical structures of the (A) triacylglycerols (TGAs) and (B) sterol ester (SE) 

used in this study.  
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Experimental Section 

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) 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 and cholesteryl arachidonate were purchased from Nu-Check Prep (Elysian, 

MN, USA). The concentrations of the cholesterol and cholesteryl arachidonate stock solutions in 

chloroform were determined by a colorimetric assay kit (FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan). Triolein, trilinolein, trimyristolein, and trieicosenoin were purchased 

from Nu-Check Prep. The fluorescent probes 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-DPPE) and 

1,2-dioleoyl-3-[11-(dipyrrometheneboron difluoride)undecanoyl]-sn-glycerol (TopFluor-TG) 

were purchased from Avanti Polar Lipids. Texas Red 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt (TR-DHPE) and 4,4-difluoro-1,3,5,7,8-

pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503) were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). The glass coverslips (25 mm diameter, no.1) were 

purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan). 

GUV Preparation. The GUVs were prepared by electroformation as follows.34-36 The lipids 

were mixed with a desired lipid composition in chloroform to yield a concentration of 3.5 mM. 

The lipid solution (4 µL) was spread onto two platinum electrodes (0.5 mm diameter) separated 

by ~1 mm. After the evaporation of chloroform under a nitrogen stream, the electrodes were 

immersed in 300 mM sucrose (200 µL) incubated at 55 °C, followed by the application of 

alternating sign-wave signals with a peak-to-peak amplitude of 2.2 V for 35 min. The 

frequencies for the first 30 min and final 5 min were 10 and 2 Hz, respectively. For the 



 7 

investigation of the bilayer phases in the GUVs before droplet incorporation, the GUV 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). For the investigation of the GUVs with oil droplets, the temperature of the 

GUV samples was maintained at 55 °C for the subsequent droplet incorporation process. The 

lipid compositions of the GUVs are expressed as molar ratios. 

Droplet Incorporation in the GUVs. The TAGs and cholesteryl arachidonate were mixed with 

TopFluor-TG (0.005 mol %) and BODIPY 493/503 (0.005 mol %), respectively. The dye-

labeled oil sample (0.3 µL) was suspended in an aqueous solution (30 µL) containing 40 mM 

NaCl, 191 mM sucrose, and 10 mM NaH2PO4–Na2HPO4 (pH 7.4). The addition of sodium 

chloride is necessary to promote droplet incorporation.7 The sucrose concentration was adjusted 

so that the osmotic pressure across the bilayers did not significantly change during the following 

droplet incorporation process. The oil suspension was subsequently sonicated for 10 min in an 

ultrasonic bath, vortexed, and further sonicated for 10 min. The temperature of the sonication 

bath water was in the range 20–31 °C. Immediately after sonication, the emulsion sample (7.5 

µL) was added to a GUV sample (0.07 mM lipid, 7.5 µL) pre-incubated at 55 °C. To enhance the 

droplet incorporation efficiency, the samples were heated above the phase transition temperature 

of DPPC (41 °C).37 The sample was slowly mixed by pipetting four times, followed by 

incubation at 55 °C for 30 min in the dark. The sample was mixed by tapping every 5 min during 

incubation. The sample was finally cooled from 55 to 25 °C at a rate of 0.1 °C/s using the 

thermal cycler (MyCycler, Bio-Rad). 

Sample Preparation for Fluorescence Imaging. The glass coverslips were cleaned with 

ethanol and dried in a nitrogen stream before use. For fluorescence imaging of the oil-free 

GUVs, the GUV samples (50 µL) were diluted with 300 mM glucose (450 µL), followed by 
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deposition onto a glass coverslip in an Attofluor cell chamber (Thermo Fisher Scientific). For 

fluorescence imaging of the GUVs with oil droplets, the samples (15 µL) were diluted in 300 

mM glucose (60 µL) and deposited onto a glass coverslip in a poly(dimethylsiloxane) chamber. 

The coverslip was fixed in an Attofluor cell chamber. The glucose solution was used to sediment 

GUVs near the glass surface. For fluorescence imaging of the planar bilayer patches, the glass 

coverslips pre-cleaned in ethanol were exposed to air plasma generated with a PDC-32G plasma 

cleaner (Harrick Plasma, Ithaca, NY, USA) for 2 min immediately before use. The GUV samples 

(40 µL) were diluted with an aqueous solution containing 44 mM sodium chloride and 287 mM 

glucose (360 µL), followed by adsorption on the plasma-cleaned glass coverslips for 15 min in 

Attofluor cell chambers. The glass surfaces were subsequently washed with 40 mM NaCl to 

remove unbound vesicles. 

Confocal Laser Scanning Microscopy. The confocal fluorescence imaging was performed with 

a Zeiss LSM 900 microscope (Carl Zeiss, Oberkochen, Germany) at a magnification of 63. TR-

DHPE was excited with a 561-nm laser. NBD-DPPE, TopFluor-TG, and BPDIPY 493/503 were 

excited with a 488-nm laser. Two GaAsP detectors were used in confocal imaging mode. An 

Airyscan 2 imaging device was used in super-resolution imaging mode. The data acquisition and 

deconvolution were performed with ZEN (blue edition) software (version 3.4.91.00000, Carl 

Zeiss). 

Epifluorescence Microscopy. The epifluorescence imaging was performed 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 at 

magnifications of 40 and 100 under light-emitting-diode (LED) illumination (X-Cite Xylis 
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XT720L, Excelitas Technologies Corp., Pittsburgh, PA, USA). The filter sets used for TR-DHPE 

and NBD-DPPE were FF01-561/12:Di01-R561:FF01 609/54 and FF01-482/18:Di01-

R488:FF01-525/45, respectively (Semrock, IDEX Health & Science, Oak Harbor, WA, USA). 

Surface Pressure Measurements at the Air–Water Interface and Langmuir–Blodgett 

Monolayer Transfer. The surface pressure measurements and monolayer transfer were 

performed using a Langmuir trough with a size of 35 cm × 7.5 cm (KSV NIMA, Biolin 

Scientific, Gothenburg, Sweden). A lipid mixture in chloroform (~1 mM) was spread onto a pure 

water surface in the trough. The compositions of the lipid mixtures are expressed as molar ratios. 

The subphase water temperature was kept constant at 23 °C using a water circulator. After 

allowing the solvent to evaporate for 2 min, the monolayer was compressed at a rate of 15 

mm/min by two barriers. The surface pressure was recorded using a platinum Wilhelmy plate 

with a perimeter of 20 mm. For monolayer transfer onto the surface of muscovite mica (grade v-

4, Structure Probe, Inc., West Chester, PA, USA), a DPPC/triolein (4:1) film was compressed 

until the surface pressure reached 35 mN/m. After equilibration for 4 min, the monolayer was 

transferred onto a freshly cleaved mica surface by withdrawing the substrate (8.5 mm  25 mm) 

from the subphase water at a rate of 5 mm/min. 

Pendant Drop Tensiometry. The interfacial tension at the pure triolein–water interface was 

measured at room temperature (23 °C) using a DSA drop shape analyzer (Krüss GmbH, 

Hamburg, Germany). A j-shaped needle attached to a glass syringe was first immersed in water. 

A triolein drop (density 0.91 g/mL)38, 39 was then formed at the needle end by dispensing triolein 

from the syringe. The drop shape was recorded under LED illumination, and it was fitted to the 

Young–Laplace equation using ADVANCE software (Krüss GmbH). The interfacial tension of 
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the triolein–water interface was determined to be 30.9 (0.1) mN/m (N = 3), which is consistent 

with previously reported values.40, 41  

Atomic Force Microscopy. The atomic force microscopy (AFM) imaging was performed in 

dynamic mode with an SPI4000/SPA400 system (SII NanoTechnology, Tokyo, Japan). A 

cantilever with a force constant of ~42 N/m and a resonance frequency of ~300 kHz (OMCL-

AC-160TS, Olympus, Tokyo, Japan) was used. 

Experimental Values. The reported values are the mean values (±standard error) of N 

determinations. 

 

Results and Discussion 

Phase Separation in Droplet-Free Bilayers. We used DOPC/DPPC/cholesterol (3:3:2) GUVs 

labeled with 0.1% TR-DHPE and 0.2% NBD-DPPE and DOPC/DPPC/cholesterol (1:12:7) GUVs 

labeled with 0.3% NBD-DPPE for droplet incorporation. A previous study reported that the 

DOPC/DPPC/cholesterol (3:3:2) mixture consists of Ld and Lo phases, while the 

DOPC/DPPC/cholesterol (1:12:7) mixture forms a single Lo phase.42 However, trace amounts of 

fluorescent probes can alter the bilayer phase diagrams.43 Therefore, we first confirmed the phase 

states of the GUVs by epifluorescence microscopy (Figure 2). The DOPC/DPPC/cholesterol 

(3:3:2) GUVs exhibited fluorescence patterns characteristic of phase separation. In the TR 

fluorescence images (Figure 2A), the bright and dark domains were assigned to the Ld and Lo 

phases, respectively, because TR-DHPE predominantly partitions in Ld domains.44 We also 

observed planar bilayer patches on the glass surface formed by GUV rupture (Figure 2B and C).35 
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The TR and NBD fluorescence images had opposite contrasts, which is consistent with previous 

observations that NBD-DPPE favors Lo domains.45 The fluorescence images of the planar bilayer 

patches sometimes exhibited a circular pattern characterized by TR and NBD fluorescence signals 

with opposite contrasts (Figure 2B and C). These patterns are expected to arise from the domain 

redistribution occurring in the deformed vesicles before rupture, as previously reported.35 Using 

the fluorescence images of the planar bilayer patches, we determined the surface area ratio of the 

Ld phase to be 61.7% (1.1%, N = 60). 

The DOPC/DPPC/cholesterol (1:12:7) GUVs showed homogeneous NBD fluorescence signals 

for both vesicles (Figure 2D) and planar bilayer patches (Figure 2E). Thus, the single Lo phase 

formed.  

For droplet incorporation, we used DOPC/DPPC/cholesterol (3:3:2) GUVs labeled with TR-

DHPE and NBD-DPPE as the phase-separated bilayer and DOPC/DPPC/cholesterol (1:12:7) 

GUVs labeled with NBD-DPPE as the Lo-phase bilayer. TR-DHPE and NBD-DPPE were used to 

visualize the Ld and Lo phases, respectively. 

 

 

FIGURE 2. Epi-fluorescence images of the (A)–(C) DOPC/DPPC/cholesterol (3:3:2) bilayers 

and (D) and (E) DOPC/DPPC/cholesterol (1:12:7) bilayers. (A) TR fluorescence image of a 
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GUV near the glass surface. (B) TR and (C) NBD fluorescence images of a planar bilayer patch 

on glass. NBD fluorescence images of (D) free vesicles and (E) a planar bilayer patch on glass. 

The scale bar in (A) is 10 m. All of the images are on the same scale. The magnification was 

40 for (A) and 100 for (B)–(E). 

 

Incorporation of TAG Droplets in the GUVs. We investigated the incorporation of TAG 

droplets in the DOPC/DPPC/cholesterol (3:3:2) GUVs by confocal microscopy. The droplets were 

labeled with TopFluor-TG. The fluorescence signals from NBD-DPPE and TopFluor-TG were 

recorded through the same acquisition channel (Figure 3A–C, panels i (green) and iii), whereas 

those from TR-DHPE were collected through another channel (panels i (magenta) and ii). The 

images showed that most of the droplets existed in Ld domains. Among these droplets, some were 

incorporated in the inter-leaflet space in the bilayers (Figure 3A), while others were bound to the 

outer vesicle surface exposed to the external solution (Figure 3B). Additionally, a few droplets 

were attached to the outer vesicle surface in the Lo phase (Figure 3C). However, the monolayers 

of these droplets showed higher TR fluorescence intensities than the Lo-phase bilayers (Figure 3C, 

panel ii). Because TR-DHPE partitions in loosely packed membranes, the droplets on the Lo phase 

were likely covered with a more loosely packed monolayer than the Lo phase. The statistics (Figure 

3D) showed that all of the triolein and trilinolein droplets were in the Ld phase: ~80% were 

incorporated near the bilayer center (Figure 3D, gray bar), as in Figure 3A, while the remaining 

~20% of the droplets were bound to the outer vesicle surface (Figure 3D, black bar), as in Figure 

3B. For trimyristolein and trieicosenoin, ~20%–30% of the droplets were bound to the outer vesicle 

surface in the Lo phase (Figure 3D, white bar), as in Figure 3C. The reason why this binding only 

occurred for trimyristolein and trieicosenoin is unclear. However, similar to the results for triolein 
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and trilinolein, all of the other droplets were embedded in the inter-leaflet space in the Ld phase 

(Figure 3D, gray bar), as in Figure 3A. 

In a previous study, we found that TAG droplets were easily incorporated in DOPC GUVs.7 In 

the present study, the Ld phase had a high DOPC ratio, whereas the Lo phase had high DPPC and 

cholesterol ratios.42 Thus, the present results may indicate that the TAG droplets were unable to 

penetrate the DPPC- and cholesterol-rich bilayers. To investigate this possibility, we incorporated 

triolein droplets in the DOPC/DPPC/cholesterol (1:12:7) GUVs in a uniform Lo phase. According 

to a tie line in a reported phase diagram,42 the Lo phase in DOPC/DPPC/cholesterol (3:3:2) has a 

lipid ratio of 5:12:8. Thus, the DOPC/DPPC/cholesterol (1:12:7) mixture contained higher DPPC 

and cholesterol concentrations than the Lo phase in the DOPC/DPPC/cholesterol (3:3:2) mixture. 

The fluorescence images of the DOPC/DPPC/cholesterol (1:12:7) GUVs showed successful 

incorporation of triolein droplets (Figure 3E). Therefore, DPPC and cholesterol were unlikely to 

preclude the inclusion of droplets. Thus, we expected that the droplets were sorted into the Ld 

domains owing to the energetic balance between the incorporation in the Ld phase and that in the 

Lo phase. 

In a previous study using phosphatidylcholine (PC) GUVs in uniform fluid phases, we found 

that the exposure to TAG droplets results in two main membrane structures: a unilamellar vesicle 

with droplets and a vesicle with droplets consisting of a single-bilayer spherical segment and a 

double-bilayer spherical segment.7 Consistent with this previous study, we observed vesicles 

composed of single- and double-bilayer regions (Figure S1). However, we did not analyze these 

two-region vesicles. 
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FIGURE 3. Confocal microscopy data of the GUVs after incubation with TAG droplets labeled 

with TopFluor-TG. Fluorescence images of the DOPC/DPPC/cholesterol (3:3:2) GUVs labeled 

with TR-DHPE and NBD-DPPE incorporating (A) and (B) triolein droplets and (C) trimyristolein 

droplets. (i) Dual-color images of the TR (magenta) and NBD/TopFluor fluorescence signals 

(green) and the component images of the (ii) TR and (iii) NBD/TopFluor dyes. (D) Ratios of the 

number of droplets incorporated in the inter-leaflet space in the Ld-phase bilayer (Ld,em, gray bar), 

as in (A), number of droplets bound to the outer vesicle surface in the Ld phase (Ld,b, black bar), 

as in (B), and number of droplets bound to the outer vesicle surface in the Lo phase (Lo,b, white 

bar), as in (C). The total number of the droplets analyzed for each TAG species was 11–42. (E) 

NBD and TopFluor fluorescence image of a DOPC/DPPC/cholesterol (1:12:7) GUV labeled with 

NBD-DPPE obtained after incubation with triolein droplets. The scale bars are 2 m. 
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Surface Pressure Measurements of the Triolein-Containing Monolayers at the Air–Water 

Interface. To identify the factors that determine the distribution of TAG droplets, we now consider 

a droplet in the Ld-phase bilayer (Figure 4A) and a droplet in the Lo-phase bilayer with the same 

drop shape (Figure 4B). Each droplet is enclosed by monolayers 1 and 2, which merge into a 

bilayer around the droplet. The free energy difference (G) between the two droplets is given by46, 

47 

∆𝐺 = (𝛾1,𝑑 − 𝛾1,𝑜)𝐴1 + (𝛾2,𝑑 − 𝛾2,𝑜)𝐴2 + (𝜏𝑑 − 𝜏𝑜)𝐿, (1) 

where i,j (i = 1, 2; j = d, o) is the interfacial tension at the TAG–water interface with monolayer i 

linked to the Lj-phase bilayer, Ai is the droplet surface area covered with monolayer i, j is the 

line tension along the boundary where monolayer 1, monolayer 2, and the Lj-phase bilayer join, 

and L is the length of the monolayer–bilayer junction. Equation 1 shows that the droplet 

distribution in the two phases is determined by the first two interfacial-tension terms and the last 

line-tension term. However, for micrometer-sized droplets, the line-tension term is probably 

insignificant because of the relatively large contribution from the interfacial tension. Previous 

studies have shown that in comparison with j, which is on the order of 1–10 pN,6, 46, 47 the 

contributions from i,j are relatively large (~1 mN/m).6, 46 Thus, the droplet sorting in the Ld 

phase appears to result from the interfacial-tension contribution. To verify this interpretation, we 

investigated the interfacial tension. 

We previously found that the interfacial tension of monolayer-covered TAG–water interfaces 

can be determined from the surface pressure of the TAG-containing monolayers at the air–water 

interface.48 Therefore, we first investigated the surface pressure of the triolein-containing 

monolayers at the air–water interface using a Langmuir trough (Figure 5). The surface pressure–
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area isotherms of the DPPC/triolein monolayers showed inflection points (Figure 5A, arrows). As 

the area per DPPC molecule decreased below the values at these points, the surface pressure curves 

with different triolein concentrations overlapped. Based on previous studies of egg 

phosphatidylcholine (PC)/triolein40 and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine/tricaprylin monolayers,48 we attributed the inflection points to the transition points 

at which triolein molecules began to be expelled from the DPPC monolayers to create a new bulk 

phase on the monolayers. The data at 20% triolein (Figure 5A, blue) exhibited another inflection 

point (the blue asterisk in the insert) before triolein removal from the monolayer occurred. When 

the triolein concentration was decreased to 10% (Figure 5A, red), this inflection point (the red 

asterisk in the insert) was closer to the phase transition point of a pure DPPC monolayer from a 

liquid-expanded state to a condensed state (the black asterisk).49 Therefore, we assumed that a 

condensed phase consisting of DPPC began to form at the additional inflection points. 

To verify this assumption, we conducted AFM imaging of a DPPC/triolein (4:1) monolayer 

which was transferred onto a mica surface with a surface pressure of 35 mN/m. The AFM data 

(Figure 6A and B) showed the presence of two types of domains with different heights (~0.6 nm 

difference). Considering the thickness of the DPPC headgroup (~0.8 nm),50 the thick and thin 

domains were assigned to a condensed phase consisting of DPPC and a fluid phase mainly 

consisting of triolein, respectively (Figure 6C). 

The condensation of the monolayers occurred because of the high chain-melting temperature of 

DPPC (41 °C).37 In contrast, DOPC, which has a low melting temperature (−18 °C),51 will create 

a homogeneous monolayer with triolein, as shown in Figure 6D. Consistent with this notion, the 

surface pressure–area isotherms of the DOPC/triolein monolayers only showed a single inflection 
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point (Figure 5B, arrows). These points are likely to be the points at which triolein removal from 

the monolayers occurred. 

The DPPC/triolein and DOPC/triolein monolayers were stable during lateral compression. 

However, the cholesterol/triolein films were unstable (Figure 5C). The surface pressure curves had 

an inflection point, which was apparently generated owing to triolein removal from the monolayer. 

However, after these points, the data at different triolein concentrations did not overlap. 

Additionally, in the area per lipid region of <40Å2, the triolein-containing monolayers had smaller 

surface pressures than that of the pure cholesterol monolayer. These results suggest that the number 

of interfacial cholesterol molecules decreased owing to cholesterol solubilization in the triolein 

bulk phase. Cholesterol is more soluble in triolein than PCs. The solubilities of cholesterol and egg 

PC in triolein have been previously determined to be ~3 and <1 wt. %, respectively.52, 53 Because 

of the monolayer instability, we were unable to determine the surface pressure for the 

cholesterol/triolein monolayers. 

We also measured the surface pressure of the triolein monolayers (Figure 5D). The surface 

pressure increased to 13.7 (0.1) mN/m (N = 4) by compression, and it did not significantly change 

by further compression. Similar behavior has been observed for triolein and tricaprylin.40, 48, 54 

According to the assignments for these monolayers, we attributed the inflection point to the point 

of monolayer collapse. 
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FIGURE 4. Droplets incorporated in the Ld (A) and Lo (B) phases, which are characterized by 

the monolayer surface area Ai, interfacial tension i,j, length L of the boundary between the 

bilayer and the monolayers, and line tensionj along the boundary (i = 1, 2; j = d, o). 

 

 

FIGURE 5. Surface pressure–area isotherms of the (A) DPPC/triolein, (B) DOPC/triolein, (C) 

cholesterol/triolein, and (D) triolein monolayers at the air–water interface. The arrows in (A) and 

(B) indicate the starting points of triolein exclusion from the monolayers. The asterisks in the insert 

in (A) indicate additional inflection points. The triolein ratios in the chloroform solutions spread 

on the subphase water are given in (A)–(C). 
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FIGURE 6. (A) AFM image of a DPPC/triolein (4:1) monolayer on a mica surface and (B) the 

profile along the red line in (A). The scale bar in (A) is 200 nm. Illustrations of the (C) 

DPPC/triolein and (D) DOPC/triolein monolayers. 

 

 

Interfacial Tension at the Triolein–Water Interface. We previously found that the interfacial 

tension () of a lipid monolayer at the TAG–water interface can be determined from surface 

pressure measurements using the following equation:48 

 𝛾 = 𝛾0 +0 −,  (2) 
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where 0 is the interfacial tension at the pure TAG–water interface, 0 is the collapse pressure of 

the pure TAG monolayer at the air–water interface, and  is the surface pressure of the TAG-

containing monolayer at the air–water interface above the transition point from the monolayer 

phase to the bulk phase. Thus, we determined the interfacial tension (Figure 7) by converting the 

surface pressure (Figure 5), instead of directly measuring the interfacial tension. Pendant drop 

tensiometry is a powerful technique for determining the interfacial tension.55 However, its 

drawback is that the area per lipid at the interface cannot be determined. Hence, the conversion of 

the surface pressure is a useful approach. The data conversion is possible because the bulk TAG 

molecules near the TAG–water interface have a negligible effect on the interfacial monolayer 

tension.48 Using Equation 2 with the values  0 = 30.9 mN/m (Materials and Methods) and 0 = 

13.7 mN/m (Figure 5D), we obtained the interfacial tension values of the DPPC and DOPC 

monolayers at the triolein–water interface (Figure 7A). The results revealed that at a given 

phospholipid surface density (Figure 7B), DOPC produced a smaller interfacial tension than DPPC. 

Interfacial tension data were not obtained for the cholesterol monolayer because the 

cholesterol/triolein monolayers at the air–water interface were unstable (Figure 5C). Nevertheless, 

cholesterol has a smaller polar group than PCs, and it is therefore less capable of stabilizing the 

TAG–water interface than PCs. Thus, at the same lipid surface density, cholesterol yields the 

largest interfacial tension, whereas DOPC yields the smallest interfacial tension. Therefore, the 

TAG–water interface is more effectively stabilized in the order of cholesterol < DPPC < DOPC. 

This order explains the predominant droplet partitioning in the DOPC-enriched Ld phase (Figure 

3). 
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FIGURE 7. Interfacial tension data of the DPPC and DOPC monolayers at the triolein–water 

interface with respect to the (A) area per phospholipid molecule and (B) phospholipid surface 

density. The curves were drawn using one to four data obtained at each triolein percentage (10%–

77% for DPPC and 10%–60% for DOPC). 

 

 

Incorporation of Cholesteryl Arachidonate Droplets in GUVs. To explore the interaction 

between SE droplets and phase-separated bilayers, we investigated the incorporation of cholesterol 

arachidonate droplets labeled with BODIPY 493/503 in the DOPC/DPPC/cholesterol (3:3:2) 

GUVs. Fluorescence images of the GUVs in confocal imaging mode showed that the domain 
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structures disappeared (Figure 8A). When the GUV lumen contained a droplet-free vesicle (Figure 

8B), the outermost, droplet-incorporating bilayer exhibited no domain structures, whereas the 

bilayer of the internal vesicle was phase-separated. We also observed adsorbed vesicles in super-

resolution mode with high special resolution (maximum x/y resolution 120 nm). This mode 

required a long imaging time (>2 s), but it was applicable to the vesicles immobilized on the glass 

surface. An adsorbed vesicle consisting of an outermost bilayer with droplets and an inner vesicle 

with no droplets (Figure 8C) showed uniform fluorescence intensity on the outer bilayer and 

inhomogeneous fluorescence intensity on the inner bilayer. These results indicated that phase 

separation at the sub-micrometer scale was precluded by cholesteryl arachidonate. 

 

 

FIGURE 8. Fluorescence images obtained after the incorporation of cholesteryl arachidonate 

droplets labeled with BODIPY 493/503 (green) in DOPC/DPPC/cholesterol (3:3:2) GUVs with 

TR-DHPE (magenta) and NBD-DPPE (green). The fluorescence signals from BODIPY 493/503 

and NBD-DPPE were recorded through the same acquisition channel. (A) and (B) Free vesicles 

visualized in confocal imaging mode. (C) Vesicle adsorbed on glass visualized in super-resolution 
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mode. (i) Three-dimensional image and (ii) and (iii) x-y image slices on the glass surface (ii) and 

2.25 m above the glass surface (iii). The images in (ii) and (iii) are at the same scale. The scale 

bars are 2 m. 

 

 

Surface Pressure Measurements of Cholesteryl-Arachidonate-Containing Monolayers at 

the Air–Water Interface. To further investigate the phase behavior, we measured the surface 

pressures of DOPC/DPPC/cholesterol (3:3:2) monolayers containing different concentrations of 

cholesteryl arachidonate at the air–water interface (Figure 9A). The surface pressure was plotted 

against the area per molecule calculated by dividing the monolayer surface area by the sum of the 

numbers of DOPC, DPPC, and cholesterol molecules. As monolayer compression proceeded, 

inflection points appeared in the curves (arrows in Figure 9A). After these points, the data 

overlapped. Similar behavior has been reported for PC/cholesteryl-ester monolayer systems.56-59 

These previous studies concluded that the inflection points are the transition points at which 

cholesteryl ester starts to move out of the monolayers. Other studies using PC monolayers and 

bilayers have reported that cholesteryl ester adopts a hairpin-like conformation, in which the 

carbonyl group in the cholesteryl ester molecule orients toward the aqueous phase and the 

cholesteryl residue and acyl chain extend into the hydrophobic region of the PC membrane.58, 60 

We therefore expect that the cholesteryl arachidonate molecules had hairpin-like conformations, 

and at the inflection points, they began to be displaced from the monolayer into the air. 

The droplet-incorporating bilayers are thought to be saturated with free cholesterol arachidonate 

molecules, which are supplied by the droplets. Thus, the surface pressure data obtained after 

further compression following the inflection points are deemed to represent the state of the 
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monolayer leaflets in the droplet-containing bilayers. Thus, we analyzed the surface pressure data 

to obtain information about the droplet-containing bilayers. Now consider a mixed monolayer at 

the air–water interface. If the component lipids are ideally mixed to form a homogeneous 

monolayer structure, the average area per lipid (Aid) at an arbitrary surface pressure is described 

by 

𝐴𝑖𝑑 = ∑ 𝑥𝑖𝐴𝑖𝑖 ,  (3) 

where xi is the mole fraction of component lipid i, and Ai is the area per lipid in a pure monolayer 

of component lipid i at the same surface pressure value as that of the mixed monolayer with Aid.61, 

62 We determined the Ai values for DOPC, DPPC, and cholesterol from the surface pressure data 

(Figure 5). However, the direct determination of Ai for cholesteryl arachidonate (ACA) was not 

possible because cholesteryl arachidonate did not form monolayers at the air–water interface.58 

Therefore, assuming ideal mixing (Equation 3) and using the Ai values determined for DOPC, 

DPPC, and cholesterol, we calculated the ACA values at the inflection points in the isotherms of 

the DOPC/DPPC/cholesterol (3:3:2) monolayers containing cholesteryl arachidonate (Figure 9B).  

The cholesteryl arachidonate molecule (Figure 1B) consists of cholesterol linked via an ester bond 

to arachidonic acid, which has an all-cis (20:4) acyl chain. The values of the area per lipid in the 

pure cholesterol monolayer at surface pressures of 15, 20, and 25 mN/m (23 °C) were determined 

to be 40.8 (0.1), 40.6 (0.1), and 40.5 (0.1) Å2, respectively (N = 4) (Figure 5C, black). 

Additionally, a previous study using stearidonic acid consisting of an all-cis (18:4) acyl chain 

found that the area per stearidonic acid molecule values (10 °C) at surface pressures of 15, 20, and 

25 mN/m were ~51, ~46, and ~42 Å2, respectively. Therefore, in the region of 15–25 mN/m, the 

sums of the area-per-molecule values for cholesterol and stearidonic acid are ~83–92 Å2, which 

are similar to the calculated ACA values (Figure 9B). Thus, it seems reasonable to expect that the 
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DOPC/DPPC/cholesterol (3:3:2) monolayers with cholesteryl arachidonate formed a nearly 

homogeneous structure owing to almost ideal mixing. 

We also plotted the mean area per lipid at the inflection point (Figure 9A, arrows) against the 

cholesteryl arachidonate ratio (Figure 9C). The mean area per lipid was calculated by dividing the 

monolayer surface area by the number of all lipids including cholesteryl arachidonate. The data 

showed a linear relationship (dashed line), which was extrapolated to a mean area per lipid of 48.0 

Å2 at zero cholesteryl arachidonate content. This area value represents the imaginary monolayer 

with no cholesteryl arachidonate but the same interactions between DOPC, DPPC, and cholesterol 

molecules as in the presence of cholesteryl arachidonate. Because the inflection point at 5% 

cholesteryl arachidonate occurred at a surface pressure of ~25 mN/m (Figure 9B), this imaginary 

condition had to occur above ~25 mN/m. Compared with the value of 25 mN/m, the real monolayer 

system at 0% cholesteryl arachidonate, with a mean area per lipid of 48.0 Å2 had a lower surface 

pressure (23.5 (0.9) mN/m (N = 3), Figure 9A, black). When monolayer condensation occurs, the 

surface pressure–area isotherm obtained for the ideally mixed monolayer shifts toward smaller 

mean area per lipid. Therefore, the results suggested that cholesteryl arachidonate weakened the 

lipid–lipid interaction and expanded the monolayer. Thus, the surface pressure data suggested that 

cholesteryl arachidonate interrupted bilayer phase separation. 
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FIGURE 9. Surface pressure data of DOPC/DPPC/cholesterol (3:3:2) monolayers containing 

different cholesteryl arachidonate (CA) concentrations at the air–water interface. (A) Dependence 

of the surface pressure on the average area per lipid calculated by dividing the total monolayer 

surface area by the sum of the numbers of DOPC, DPPC, and cholesterol molecules. The arrows 

indicate the inflection points at which CA exclusion from the monolayers likely occurred. (B) 

Dependence of ACA calculated at the inflection points (arrows in A) on the surface pressure. See 
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the text for the definition of ACA. (C) Dependence of the mean area per lipid at the inflection point 

in (A) on the CA ratio. The mean area per lipid was calculated by dividing the monolayer surface 

area by the total number of lipid molecules. The CA ratios in the chloroform solutions spread on 

the subphase water are given in (A) and (B). For (B) and (C), we obtained three data at 10%, 15%, 

20%, and 25% CA, four data at 30% CA, and two data at 5% CA. 

 

Conclusions 

We investigated the incorporation of TAG and SE droplets in GUVs. We found that after 

incorporating TAG droplets, DOPC/DPPC/cholesterol (3:3:2) GUVs retained the phase-

separated state. The TAG droplets preferentially partitioned in the Ld domains. We concluded 

that the droplet sorting occurred because of the interfacial tension difference between the 

droplets incorporated in the Ld-phase bilayer and those incorporated in the Lo-phase bilayer. We 

also found that the bilayers incorporating cholesteryl arachidonate droplets showed no evidence 

for membrane phase separation in their fluorescence images and surface pressure data. The 

results suggested that cholesteryl arachidonate expanded the membranes and disrupted the phase 

separation. 
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