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Abstract 

Lipid rafts, which are complexes that form on cholesterol-rich areas of cell membranes, play key 

roles as gates for the distribution of information between the inner and outer spaces of living cells. 

The physical and biological properties of lipid rafts have been investigated, but the engineering 

of lipid rafts remains a difficult subject. We developed a lipoprotein–gold nanorod nanodevice to 

control the formation/deformation of model lipid rafts. The nanodevice attached to the liquid 

order (Lo) phase region, selectively removed cholesterol from the Lo domain, and induced the 

Lo-to-solid order (So) phase transition. In this study, we analyzed the phase transition induced by 

the nanodevice. We found that the domain boundary gradually collapsed and that a local two-

phase mixture was induced. Local instability resulted in domain incursion into other domains, and 

protrusions were torn to form small domains with the characteristics of two phases. The two 

different domains grouped together to form a non-circular So domain on giant unilamellar vesicles. 

Close observation of the non-equilibrium process of phase transition may lead to the design of 

strategies for external lipid raft manipulation methodology using biological macromolecules 

and/or nanoparticles. 

 

Introduction 

All cells are surrounded by a lipid bilayer membrane that serves as an interface between the inner 

and outer cellular spaces.1,2 The physical properties of the lipid bilayer membrane play key roles 

in the function of the interface. Since the 1980s, the compartments of the cell membrane and 

model membranes have been studied.3–6 In 1997, a cholesterol- and sphingolipid-rich area called 



lipid raft was reported, and there has been a lot of evidence to show that the lipid raft is a small 

domain-like structure that forms as a result of phase separation in the lipid bilayer membrane.7 

 The lipid bilayer membrane has three typical phases, namely the fluidic area that contains 

unsaturated lipid molecules and is known as the Liquid order (Ld) phase region, the non-fluidic 

area that contains saturated lipid molecules and is known as the Solid order (So) phase region, 

and the cholesterol-rich liquid area known as the Liquid order (Lo) phase region. The Lo phase 

region has been used as a model of lipid rafts. Further, giant unilamellar vesicles (GUVs), which 

contain domains of the Lo and Ld phase regions, are often used as models for the analysis of 

characteristics of lipid rafts.8 

 There is a lot of evidence regarding the significance and universality of lipid rafts. For example, 

it was reported that lipid rafts are related to immune signaling and immune cell activation,9–11 

secretion of proteins such as insulin,12 brain aging,13 cancer cell adhesion,14 and regulation of 

some transient receptor potential channels related to heat, cooling, and pain.15,16 Model membrane 

experiments revealed that some viruses, such as human immunodeficiency virus and severe acute 

respiratory syndrome coronavirus 2, may infect human cells by adhering to the boundary of lipid 

rafts.17,18 Lipid rafts exist on plasma membranes of mammalian cells as well as on plant cell 

membranes.19 Recent studies reported that lipid rafts also exist on cell organelles such as 

mitochondria, Golgi apparatus, and chloroplasts.20–22 

Manipulation of the formation/deformation of model lipid rafts may be an important 

methodology in cell engineering; however, most previous studies focused on the equilibrium state 

of lipid rafts. Thus, it is difficult to design control methods. The dynamic process associated with 

lipid rafts in vivo probably occurs in a non-equilibrium state; therefore, it is necessary to study 

the non-equilibrium process.23–25 

There are only a few studies on non-equilibrium processes of domain formation/deformation 

such as membrane fusion and lipid diffusion.26–29 Furthermore, not many studies have investigated 

the interaction between the interface and GUVs for domain formation/deformation.30–32 

 

 Recently, we developed the first biocompatible nanodevice to regulate the formation/deformation 

of model lipid rafts.30 The nanodevice is composed of a gold nanorod (AuNR) and a cationic high-

density lipoprotein (HDL) (Figure 1A).33,34 The surface of the AuNR was coated with an HDL-

originated lipid–protein complex layer. HDLs serve as carriers of cholesterol in the human body 



and as modulators of lipid rafts, and cholesterol affinity reduces inflammation by cholesterol 

efflux from B cells.35 AuNR has high stability, low toxicity, good size-modification capability, 

and a photothermal effect for local heating.36 The nanodevice we developed was a plasma 

membrane-targeted AuNR (pm-AuNR). We showed that the nanodevice can control Lo-to-So 

phase transition by cholesterol absorption and material adhesion and that it photo-regulates So-

to-Lo phase transition induced by cholesterol supplements from previously prepared cholesterol-

saturated pm-AuNRs.30 

In this study, we evaluated the phase transition process triggered by pm-AuNRs and analyzed 

the morphological changes of Lo domains through phase transition. We monitored the phase 

separation process and found that the domain boundary was unsettled and mixed in some local 

areas. Thereafter, the Lo and Ld domains mixed with each other near the unstable areas, and 

microdomains formed in the Lo or So phase region. The domains gradually joined together and 

formed uncirculated So domains on the GUVs. 

Figure 1. (A) Schematic image of pm-AuNR preparation: biologically prepared reconstituted Apo-AI protein 

and a lipid micelle are co-incubated to form a lipoprotein. The reconstituted Apo-AI protein has a TAT 

peptide sequence at its C-terminal that increases membrane affinity. The high-density lipoprotein is used to 

cover the AuNR surface to form a pm-AuNR. The surface has high affinity with a lipid bilayer surface and 

causes Lo/Ld phase transition on lipid bilayers. (B) Schematic image of the microscopic system for detailed 

observation of phase transition: dropped GUVs and pm-AuNR dispersants on a thin silicon chamber were 

squashed lightly with a cover glass to make a boundary of the two solutions. The delayed phase transition on 

the boundary was observed using a fluorescent microscope. 

 



 

Experimental 

General Information  

General reagents were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Gold (III) chloride 

and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich Inc. (Saint Louis, MO, 

USA). Silver nitrate, L-(+)-ascorbic acid, and sodium oleate were purchased from Wako Pure 

Chemicals Inc. (Osaka, Japan). We obtained 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) from NOF Co. Ltd. (Tokyo, Japan). Further, we purchased 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-

nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE), and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine-PE) from Avanti Polar 

Lipids Inc. (Alabaster, AL, USA). Cholesterol and indium tin oxide (ITO) glasses were purchased 

from Sigma-Aldrich Inc. (Saint Louis, MO, USA). Visible/near-infrared spectra were measured 

using the V-630 spectrometer (JASCO Corporation, Tokyo, Japan). AuNRs were synthesized or 

obtained from Dai Nippon Toryo Co. Ltd. (Osaka, Japan). Images of GUVs were obtained using 

a Zeiss LSM 800 confocal fluorescent microscope. The concentration of the cationic HDL mutant 

(catHDL) on protein basis was measured using a DC Protein Assay kit (Bio-Rad Laboratories, 

CA, USA). The hydrodynamic diameter of catHDL was measured using a Nanotrack UPA-

UT151 apparatus (Microtrack Bell Co. Ltd., Osaka, Japan). 

 

catHDL preparation 

The preparation of catHDL was described in a previous report30,33. In brief, POPC and DOTAP 

solutions in ethanol were mixed in a round-bottom flask in a molar ratio of 7:3. A 6 mol% solution 

of NBD-PE in ethanol was added if necessary. The reaction mixture was concentrated and dried 

under reduced pressure for at least two hours to remove all solvents. The lipid film was dispersed 

in a 3-mg/mL sodium cholate solution in phosphate-buffered saline (PBS, pH 7.4). Following 

incubation at 37℃ for at least two hours, the recombinant apolipoprotein AI (Apo-AI) mutant 

with a deleted N-terminal 43-amino acid fragment and a cell-penetrating TAT peptide fused at 

the C-terminal were mixed at a protein-to-lipid molar ratio of 100 in PBS containing 4 M urea. 

The reaction mixture was incubated at room temperature overnight. The mixture containing 

catHDL was dialyzed against 3 L of PBS for at least four hours, changing the dialysate three times 



to remove urea, sodium cholate, and unreacted proteins. The sample was then centrifuged to 

remove debris. 

 

Synthesis of AuNRs coated with hexadecyltrimethylammonium bromide (CTAB) 

AuNRs were synthesized by the seedless method.30,53 In this method, 1200 µL of a 4-mM aqueous 

solution of AgNO3, 400 µL of a 50-mM aqueous solution of HAuCl4, and 258 µL of a 100-mM 

solution of aqueous L-ascorbic acid are added to 40 mL of a 0.1-M aqueous solution of CTAB. 

After the reaction mixture turns from yellow to colorless, 48 µL of 35% HCl and 30 µL of a 

freshly prepared ice-cold aqueous solution of NaBH4 are added while stirring. AuNRs formed in 

the mixture are pelleted by centrifuging at 20,000 × g for 40 minutes at 25℃, followed by 

incubation at 30℃ overnight. Finally, the AuNRs are re-dispersed in about 1 mg/mL of 0.1 M 

CTAB. 

 

Preparation of pm-AuNRs 

pm-AuNRs were synthesized as described in our previous studies.30,33 In brief, 1 mL of CTAB-

coated AuNR (about 1 mg/mL) was centrifuged at 20,000 × g for 20 minutes at 25℃, and 900 

µL of supernatants were then removed. The sample was re-dispersed with the remaining 100 µL 

of supernatants, diluted with 900 µL of deionized water, and then centrifuged at 20,000 × g for 

20 minutes at 25℃. Subsequently, 750 µL of the supernatant was removed, and 250 µL of a 16-

mg/mL sodium oleate solution was added to the samples. The mixture was heated for one hour at 

50℃, and the products (oleate-coated AuNRs) were purified using a Nap5 gel column (GE 

Healthcare, IL, USA). Oleate-coated AuNRs were mixed with catHDL in a 1:0.4 molar ratio and 

heated for one hour at 50℃ in a 1.5-mL microtube. The products (pm-AuNRs) were centrifuged 

at 20,000 × g for 20 minutes at 25℃, and all the supernatants were carefully removed. pm-AuNRs 

were suspended in about I mg/mL of a 200-mM sucrose solution. 

 

Preparation of GUVs 

GUVs were prepared using the electro-formation method.54 In a Durham tube, 40 mM of 

dipalmitoyl phosphatidylcholine (DPPC), DOPC, and cholesterol in chloroform were mixed with 

a 1-mg/mL solution of Rhodamine-PE in ethanol. A portion of the mixture (5.7 mmol of lipids) 



was dropped and spread on an ITO glass (8–12 Ω/sq; Sigma-Aldrich Inc., Saint Louis, MO, USA). 

The ratio of DPPC to DOPC to cholesterol was 2:2:1. After heating for five minutes at 50℃, the 

lipid film was further spread by adding a single drop of hot chloroform, then drying in vacuo for 

at least two hours. The sample glass was covered with another ITO glass using a silicon sheet 

(about 1 mm in thickness) with a 1.5-cm square-shaped hole to create a small chamber on the 

lipid film. Further, 0.3 × 102 µL of a 200-mM sucrose solution was added into the chamber, and 

a home-made electric circuit consisting of a thin foil, the chamber, and an arbitrary function 

generator AFG-2005 (GW Instek, Taiwan) was made. Electric power (10 Hz, 1.4 vpp, 0.35 mV) 

was applied to the chamber with the arbitrary function generator at 50℃ in an ICI-1 incubator 

overnight. After cooling the chamber to room temperature, the dispersion of GUVs was 

recollected from the chamber with a disposable syringe and stored in 1.5-mL tubes at room 

temperature. 

 

Observation of the phase transition process 

The time-lapse observation methodology was proposed in our previous study.30 A chamber for 

GUV observation was prepared by sandwiching a single silicon sheet 0.1 mm in thickness with a 

hole of about 6 mm between two cover glasses 0.13–0.17 mm in thickness (24 mm × 50 mm and 

18 mm × 18 mm). Thereafter, 2 µL of pm-AuNRs and 2 µL of Lo/Ld GUVs were dropped in the 

hole, and another cover glass was gently placed on top to form a boundary between the two 

solutions. The area near the boundary was then observed using an LSM 800 microscope. Time-

lapse imaging was performed manually to minimize photo-bleaching caused by continuous 

automatic imaging and to focus on the surface of floating GUVs in each image capture. 

 

Results & Discussion 

We prepared HDLs, which are composed of reconstituted Apo-AI protein and lipids, and covered 

the surface of the AuNR with the HDLs to form pm-AuNR as shown in Figure 1A.34 The HDL 

contained POPC and DOTAP in a 7:3 molar ratio. This material shows the spontaneous Lo phase 

domain selective accumulation and causes Lo-to-So phase separation, as previously reported.30 

To validate the process of phase transition, we built a small chamber with two cover glasses and 

a perforated silicon sheet.30 Two dispersants of Lo/Ld GUVs and pm-AuNRs were dropped on 

the bottom cover glass in the perforation of the silicon sheet and were flattened with the top cover 



glass to create a boundary of the two dispersants (Figure 1B). On the boundary, the pm-AuNRs 

were gradually dispersed into the Lo/Ld GUVs and accumulated on the Lo phase. To determine 

the boundary area, we searched the good GUVs to monitor the domain dynamics in high 

resolution. For the fluorescent observation, the Ld phase of GUVs was labeled with 1% 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-PE), and 

pm-AuNRs were labeled with 6% NBD-PE. As pm-AuNRs cause cholesterol depletion, phase 

transition occurred on the membranes of the GUVs. Domain shape changed from circular to non-

circular, which is characteristic of So/Ld GUVs (Figure 2A). 

 We measured the change in the domain morphology of Lo/Ld GUVs. Without pm-AuNRs, Lo/Ld 

GUVs had a circular domain (Figure 2B). We identified GUVs on the boundary of the two 

dispersants and monitored GUV domains with well-absorbed pm-AuNRs on the Lo domain. 

Further, we performed time-lapse imaging to minimize photo-bleaching.  

At the beginning of the observation, the Lo domain had a circular phase boundary due to the 

line tension of the domain (Figure 2C, 0 minute). The pm-AuNRs are attached to the Lo phase 

region (shown in green). Some mixing of the Ld phase region labeled with Rho-DPPE (shown in 

brown) occurred over time as the domain boundary was destabilized. There were local ruptures 

on the boundary (shown in yellow), and the localized mixtures were a starting point of the mutual 

incursion of domains. The mixed region was torn and diffused as microdomains into the Lo phase 

region (Figure 2C, 2 minutes 22 seconds). 

Larger morphological changes occurred in the next process. High-resolution imaging revealed 

the process on the boundary. After continuous penetration, the penetrated domain structure 

became a string and fragmented into smaller domains in the post-Lo domain region (Figure 2C). 

Microdomains in the late stage were larger than microdomains in the first stage. The 

microdomains joined and formed a new Ld phase region. The newly formed domains were not 

circular. Lo-to-So phase transitions were completed in this process. After nine minutes, the 



circular boundary collapsed, and the non-circular domain became stable. At nine minutes and nine 

seconds, some parts of the domain boundary showed signs of domain incursion, and a small part 

Figure 2. Analysis of Lo-to-So phase separation dynamics on GUVs caused by pm-AuNRs 

(A) Schematic image of Lo/So phase transition caused by pm-AuNRs 

Lo domain selective addition of pm-AuNRs induces cholesterol depletion from GUVs, resulting in So/Ld 

GUVs. 

(B) Typical image of Lo/Ld GUVs without pm-AuNRs 

Ld phase regions are stained with 0.1% Rhodamine-PE (brown). The black circle-like domains are Lo 

domains. 

Scale bar = 5 μm 

(C) Time-lapse imaging of Lo/Ld phase transition 

pm-AuNRs are stained with 6% NBD-PE (green). The measurement times are shown on the upper left 

portion of each panel. 

Scale bar = 5 μm 



of the boundaries was still ruptured. After 18 minutes, phase transition was completed, and GUVs 

were attached to the bottom of the cover glass, which is not an ideal condition for observation. 

 

High-resolution time-lapse analysis was performed during dispersion of intruded domains 

(Figure 3). At 5 minutes and 18 seconds, the Lo and Ld domains intruded on each other from the 

region of domain rupture (shown in yellow). Regarding the Ld domain, at 5 minutes and 53 

seconds, the Ld domain intruded more deeply in a stripe shape, with some parts separated from 

the domain. At six minutes and seven seconds, the large protruding stripe domain was completely 

split into small microdomains. Probably due to decrease in the line tension of the Lo/Ld domain 

boundary, the domains could not maintain a circular shape; but they were relatively circular due 

to the line tension. After two minutes, the microdomains gathered and started to form non-circular 

domains again. The driving force of domain re-formation was probably the decreased mobility of 

the green regions of GUVs caused by cholesterol depletion. The formation and deformation of 

domains on GUVs occurred occasionally during Lo-to-So phase transition. 

To better understand the phase transition process, we tried to observe two characteristics of the 

process, namely domain rupture and domain incursion (Figure 4). Further, we measured the 

profile of fluorescent intensity. Before the start of the phase transition process, the Lo and Ld 

domains were separated (Figure 4A). The two domains were not mixed, even near the boundary. 

The Ld phase was almost only Rho-PE florescent, and the Lo phase had parts derived from pm-

AuNRs that were NBD-PE fluorescent. We observed slightly high Rho-PE fluorescent intensity 

that was a leak of NBD-PE fluorescence in that wavelength (Figures 4B and 4C). These data were 

a reference for the change of domain characteristics in the steps described below. 

After the start of the Lo-to-So phase transition, domain rupture and domain incursion occurred 

as shown in Figures 1 and 2. We evaluated the line profile of the two regions (Figure 4D). For the 

incursion domain, the florescent pattern was completely different in and out of the area. The 

intruded Ld domain showed only the Rho-PE-fluorescent region and did not show the NBD-PE-

Figure 3. Analysis of Lo-to-So phase separation dynamics 

The Ld domain is stained with 1% Rho-PE (brown), and pm-AuNRs are stained with 6% NBD-PE (green). 

Scale bar = 2 µm 



fluorescent region (Figure 4E). This finding indicates that domain mixture did not occur on the 

metamorphosed domain. In contrast, the ruptured area showed an increase in the fluorescent 

intensities of NBD-PE and Rho-PE. The fluorescent intensities possibly affected the rupture, 

resulting in phenomena such as diffraction. However, compared to other profiles, the order of 

intensity values was sufficient to conclude that both domains were co-localized in the ruptured 

area. These findings indicate that the phase transition was initiated by a mixture of the two 

domains in a small area and that the mixture triggered a larger domain metamorphosis via phase 

transition. 

 

Figure 4. Typical local fluorescent intensity analysis of the boundaries of the two domains 

(A) to (C): Analysis without reciprocal incursion of domains 

(A) The location of florescent profiles in the Ld domain (1) and the Lo domain (2) 

(B) The fluorescent profile of the Ld domain 

(C) The fluorescent profile of the Lo domain 

(D) to (E): Analysis with reciprocal incursion of domains 

(D) The location of fluorescent proteins at incursion in the Ld domain (3) and the ruptured domains (4) 

(E) The fluorescent profile of the Ld domain at the incursion region 

(F) The fluorescent profile of the ruptured domains 

The region of Ld incursion domain is highlighted in red. 

(F) The fluorescent profile of the ruptured region 

The ruptured region is highlighted in light yellow. 

Scale bar = 2 µm 



Finally, we observed another characteristic of phase transition, namely emitted microdomains 

(Figure 5A). We analyzed three other microdomains as shown in Figures 5A and 5B, and the 

diameter of these microdomains was around 500 nm. The size of the lipid domains was considered 

reasonably small, given that larger lipid rafts induced by antibody addition are of the same size. 

 

The fluorescent line profile indicated that the small microdomains have liquid order but include 

a small amount of pm-AuNRs. The main fluorescent intensities were those of Rho-PE, and the 

peak width of the Rho-PE profiles was reasonable judging from the domain size, but the domain 

NBD-PE fluorescent decrease was not strong compared to the profiles of the Ld phase before 

phase transition shown in Figure 4B.  

We measured the ratio of fluorescent intensity of all the microdomains each time (Figure 6). 

There was variation in the ratio, but in general, the variation was between 0.5 and 1.5. This finding 

corresponds with the line profile shown in Figure 5 and suggests the co-existence of a part of the 

pm-AuNRs. The incursion domains show over 1000 values for relative ratio. The microdomain 

boundary may not be solid as the microdomains include some parts of Lo/So domains. 

Figure 5. Fluorescent profile analysis of small microdomains from an Ld domain 

(A) The location of florescent profiles at three different microdomains on a GUV (1, 2, 3) 

Scale bar = 2 μm 

(B) Magnified images of the microdomains 

The location of each microdomain (brown) is encircled. The numbers correspond to those in (A). 

Scale bar = 500 nm 

(C) Fluorescent profiles of microdomains 1, 2, and 3 

The microdomain regions are highlighted in light orange. 



 

 

We investigated the phase transition process of a model lipid raft caused by pm-AuNRs, which 

are model lipid raft manipulators. We performed time-lapse measurement and analysis of the Lo-

to-So phase transition process. 

 Our results suggest that membrane rupture was the first process to occur following decrease of 

line tension due to cholesterol depletion. Destabilization of domain boundary due to lack of line 

tension strength was observed in giant plasma membrane vesicles.37 In previous studies, 

fluctuations were monitored using increase in temperature. Our experiment was performed at 

room temperature, and the reason for phase transition was different, but the domain 

metamorphoses had common characteristics. 

 Cholesterol depletion also occurred by small host molecules such as methyl-beta-cyclodextrin 

(mBCD).38 Previous studies have reported phase transition of mBCD and human HDL.39,40 

However, phase transition in previous studies varied in a few ways from that observed in our 

study. First, in our previous study, we reported that phase transition of mBCD and HDL occurred 

at a speed lower than that of phase transition driven by pm-AuNRs. The pm-AuNRs attached 

immediately to the Lo domain, and it was difficult to detect phase transition without careful 

observation of the boundaries of the two dispersants, but with mBCD and HDL, several minutes 

or hours are required before phase transition is observed. Second, in this study, domain incursion 

Figure 6. The florescent intensity ratio of Rho-PE to NBD-PE on microdomains in  the time-course. Error bar is 

mean S.D.  



and microdomain emission were not observed (Figure 2). In our previous study, we found that 

mBCD and HDL did not show domain incursion for the same GUVs as pm-AuNRs. This disparity 

may be explained by material adhesion. Further, it was reported that charged nanomaterials 

caused re-orientation of the lipid head group.41 The above findings have not been observed in 

large lipid membranes, but they are plausible hypotheses. 

 The protruded Ld phase domain has only Ld phase characteristics (Figure 4), but the emitted 

microdomain appears to have a mixture of Ld and Lo phase characteristics even though the Rho-

PE fluorescence was stronger than the NBD-PE fluorescence of pm-AuNRs (Figures 5 and 6). 

We could not determine whether phospholipids or cholesterols were mixed well or separated in 

smaller clusters, but we observed that they were not isolated completely as in larger domains on 

GUVs. This non-solidified characteristic may be important for phase transition. 

Generally, on the domain boundary, line tension was maintained due to the difference in the 

thickness of the lipid bilayers.42 The reduced energy caused by line tension tends to increase the 

domain size and reduce total boundary length and electrostatic repulsion, which tends to decrease 

the domain size.43 The collapse of the domain boundary indicates that a reverse phenomenon 

occurred. Thus, cholesterol depletion from the Lo domain caused by pm-AuNRs reduced the line 

tension, and due to lack of cholesterol, the small microdomains did not maintain sufficient line 

tension, so they fused with each other, causing the domain to metamorphosize. 

 Previous studies investigated the interference of lipid rafts by adhesive polymers or bio-

macromolecules, including synthesized macromolecules,44 lactoferrin,45 and amyloid 

proteins.46,47 Our findings regarding the non-equilibrium process can inform a more suitable 

strategy for the use of lipid raft manipulators in cell engineering. 

The non-equilibrium process described in this study can occur on the lipid bilayer membranes 

of living cells. The regulation of lipid rafts on living cells remains a controversial topic,48 but 

cholesterol depletion or supplementation constantly occurs as HDL is essential for the functions 

of T cells, B cells, and macrophages.35,49 Recent studies have reported that the formation of 

cholesterol-rich areas may lead to protein and ganglioside clustering to form real lipid rafts in 

cells;50,51 thus, the formation/deformation of cholesterol-rich areas on plasma membranes is an 

important process. Membrane–material interfaces have been reported to play a significant role in 

lipid raft formation. Some previous studies focused on actin filaments as lipid raft regulators to 

analyze raft–material interaction.52 The results of our study provide deeper insight into the process 

of lipid raft formation/deformation through interaction with external materials. 



 

Conclusions 

In summary, we observed and analyzed Lo-to-So phase transition in the model lipid raft domain 

of GUVs induced by pm-AuNRs. The domain boundary was fragile, and domains were mixed at 

some points on the boundary. Domain protrusion and tearing resulted in some microdomains that 

grouped together. The microdomains tended to be mixtures of Lo phase and Ld phase lipids. Our 

study findings indicate that cholesterol depletion resulted in decrease of the line tension of the Lo 

domain, which maintained the Lo domain shape. These findings can be useful for the design of a 

new model lipid raft manipulator. They can also provide a clearer understanding of the regulation 

of lipid rafts in living cells, which may include cholesterol depletion and interaction with external 

materials. 
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