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Article 

Inhibition of Aβ Aggregation by Cholesterol-End-
Modified PEGs Vesicle and Micelle 
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* Correspondence: asayama-shoichiro@tmu.ac.jp; Tel.: +81-42-677-1111 (ext. 4976) 

Abstract: We evaluated the inhibitory effects of our developed Chol-PEG2000 micelles and Chol-PEG500 vesicles 
on amyloid-β (Aβ) aggregation, a key factor in Alzheimer's disease. ThT assay proved that Chol-PEG2000 
delayed Aβ fibril elongation by 17 hours and Chol-PEG500 by 40 hours at 10-times molar ratio against Aβ40 
peptide. At 50-times molar ratio, both Chol-PEG2000 and Chol-PEG500 significantly inhibited Aβ aggregation, as 
shown by minimal fluorescence intensity increase over 48 hours. 
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1. Introduction 

In the brains of Alzheimer’s disease (AD) patients, amy-loid-beta (Aβ) peptides are produced 
by sequential proteo-lytic cleavages of a membrane-bound protein called amyloid-beta precursor 
protein (APP) by proteases known as β-secretase and γ-secretase [1,2]. These Aβ peptides, consisting 
of around 40 amino acid residues, are known for their high propensity to form β-sheets and 
aggregate. Aggregated Aβ peptides have been reported in numerous studies to form amyloid 
plaques, which induce neuronal cell death [3,4]. The neuronal cell death leads to brain atrophy and 
cognitive impairment, ultimately resulting in the onset of AD [5,6] Such diseases triggered by 
conformational changes in peptides or proteins are collectively referred to as "conforma-tional 
dieases" [7]. Therefore, controlling peptide conformation is crucial for the treatment of AD and other 
conformational diseases. Consequently, significant efforts have been made to develop AD 
therapeutics targeting Aβ. Various agents, such as secretase inhibitors, anti-Aβ peptides, and anti-Aβ 
antibodies, have been developed [8,9]. Recently, antibody drugs named aducanumab, lecanemab and 
donanemab have been approved by regulatory authorities [10]; however, issues such as adverse 
effects, including ARIA (amyloid-related imaging abnormalities), remain un-resolved, and the 
therapeutic effects are limited [11]. Additionally, the high cost of antibody drugs makes widespread 
application among the large population of AD patients impractical. The alteration in cholesterol 
levels in the brains of AD patients has been reported [12–15], suggesting a potential link between 
cholesterol metabolism disorders and AD. Although the brain constitutes only 2% of body weight, it 
contains approximately one-quarter of the body's total cholesterol [16]. Furthermore, numerous 
studies have demonstrated that Aβ interacts with lipid membranes, with a particular preference for 
binding to cholesterol containing lipid membranes [16,17]. C. Duyckaerts research group observed 
the binding of cholesterol and Aβ in the AD senile plaques [18], J. Fantini and co-workers have 
reported that cholesterol in a lipid membrane strongly bound to Aβ peptide [19], and J. R. Harris has 
confirmed that micelle of Chol-PEG ----- also interact to Aβ peptide and fibril by TEM ob-servation 
[20]. However, whether such an interaction between Aβ and cholesterol inserting to lipid membranes 
inhibits or promotes the aggregation of Aβ is still under discussion due to the effect by several factors, 
including cholesterol content, surface charge, and membrane fluidit [21,22].  So far, our laboratory 
has developed a cholesterol-end-modified PEG, as a drug delivery carrier and bioinert surface 
coating, which was found to spontaneously form micelles and vesicles (assemblies) in water [23,24]. 
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We successfully obtained not only micelle but also vesicle from cholesterol-end-modified PEG with 
molecular weights of 2000 and 500, respectively. In this study, we investigated an inhibitory effect of 
cholesterol-end-modified PEG assemblies on Aβ aggregation.  

2. Materials and Methods 

2.1. Materials 

mPEG-NH2 (molecular weight of 2000, SUNBRIGHT® ME-020EA) was purchased from NOF 
Corporation (Tokyo, Japan). mPEG-NH2 (molecular weight of 500, 767565) and Thioflavin T (ThT) 
was purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, US). Cholesterol chloroformate ()was 
purchased from TCI Co., Ltd. (Tokyo, Japan). Amyloid β-Protein (Human, 1-40) [HCl Form] (Aβ40) 
was purchased from PEPTIDE INSTITUTE, INC. (Osaka, Japan). All other chemicals of a special 
grade were used without further purification. 

2.2. Particle Size and Zeta Potential Measurement 

A dynamic light scattering (DLS) method by an electrophoresis light scattering 
spectrophotometer (ELS-Z2, Otsuka Electronics Co., Ltd., Tokyo, Japan) determined the size of the 
Chol-PEG assembles with each concentration in potassium phosphate buffer at room temperature. 
The zeta potential of the resulting sample was measured at room temperature by ELS with electrodes. 

2.3. Transmission Electron Microscopy (TEM) Observations 

Chol-PEG2000 and Chol-PEG500 assemblies were prepared in potassium phosphate buffer to 9.4 
μmol and used as sample solutions for TEM observation. A TEM grid (Nisshin EM Co., Tokyo, Japan) 
was dipped into the sample solution for a few seconds. The excess solution was blotted away by filter 
paper. The sample was stained by 2% phosphotungstic acid solution. The samples on grids were 
observed by a JEM-1400 (JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 120 kV. 

2.4. ThT Assay 

Aβ40 was dissolved in a 0.1% aqueous ammonia solution to a concentration of 4.7×102 μM. For 
each well of a 96-well black PP plate (Greiner Bio-One, Co. Ltd., BW, Germany), 2 μL of this solution 
was used. ThT was mixed to a final concentration of 9.4×10⁻3 μM, and Chol-PEGs were added at 
molar ratios of 10 and 50 relative to Aβ40. The total volume was adjusted to 100 μL per well. Each 
sample was prepared in triplicate (n=3). As controls, NH2-mPEGs with the same molar concentrations 
as Chol-PEGs were prepared for each PEG molecular weight. Fluorescence intensities were measured 
every 15 minutes while incubating the prepared samples at 37°C using a SpectraMaxTM mini 
(Molecular Devices LLC., US). A pre-shake was set for 60 seconds before each measurement. The 
excitation wavelength was 485 nm, and the emission wavelength was 535 nm. 

2.5. Naive Polyacrylamide Gel Electrophoresis (Native-PAGE) 

The preparation of Aβ40 and Chol-PEGs was adjusted so that the final concentration and total 
amount matched those used in the ThT assay. The prepared samples were incubated at 37°C, and gel 
electrophoresis was performed at 0 and 72 hours. A 7.2 μL aliquot from each sample was taken and 
mixed with 0.8 μL of 10× loading buffer, then loaded onto an 8% polyacrylamide gel. The prepared 
gel was run using a buffer (pH 8.3) comprising 50 mM tris(hydroxymethyl)aminomethane (Tris) and 
38 mM glycine. Electrophoresis was performed at room temperature for 10 minutes, and the electric 
current was maintained at 24 W using a WSE-1010 Compact PAGE Ace (ATTO Co., Tokyo, Japan). 
After electrophoresis, the gel was shaken in a fixing solution (methanol: water: acetic acid = 4: 5: 1) 
for 30 minutes, followed by staining with coomassie brilliant blue (CBB) for 30 minutes. The gel was 
then imaged using a GelDoc Go Imaging System (Bio-Rad Laboratories Inc., California, US). 

3. Results 
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3.1. Physical Properties of Chol-PEG Assemblies 

Cholesterol-end-modified PEGs were synthesized as reported previously [24]. Briefly, the 
synthesis was carried out by a SN2 reaction between cholesteryl chloroformate and methoxy 
poly(ethylene glycol) amine (mPEG-NH2). Hereafter, cholesterol-end-modified PEGs using PEGs 
with molecular weights of 2000 and 500 are referred to as Chol-PEG2000 and Chol-PEG500, respectively. 
Figure. 1 shows the particle size and zeta potential of the Chol-PEG assemblies in potassium 
phosphate buffer (All solvents using in this study were potassium phosphate buffer of 50 mM, pH 
7.4) using dynamic light scattering (DLS) and electrophoretic light scattering (ELS). Measurements 
were taken for the two concentrations used in the Aβ inhibition experiments that follow. As 
previously reported, Chol-PEG2000 exhibited a size of approximately 20–30 nm in diameter, while 
Chol-PEG500 showed a size of approximately 70–80 nm in a diameter at each concentrations. The zeta 
potential was nearly neutral in both cases (Figure 1). Figures. 2A-D presented the TEM images of the 
Chol-PEG assemblies s in potassium phosphate buffer. TEM images showed that Chol-PEG2000 
formed a uniform micelle and its particle diameter consistent with the DLS results (Figure 2A). On 
the other hand, Chol-PEG500 self-assembled into a uniform hollow vesicle with the uniform size of 
around 70–80 nm, which corresponds to DLS results (Figure 1B). As a result, the micelles and vesicles 
with neutral surface charges, which have been reported to interact with Aβ [16,17], were successfully 
obtained. 

 
Figure 1. Particle sizes and zeta potentials of Chol-PEGs assemblies at each concentration. All Chol-
PEGs assemblies above the critical aggregation concentration (CAC). 
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Figure 2. TEM images of assembly of (A) Chol-PEG2000 and (B) Chol-PEG500 at the concentration of 
4.7×102 μM (above CAC), (C) Chol-PEG2000 and (D) Chol-PEG500 at the concentration of 4.7×10-5 μM 
(below CAC). 

3.2. ThT Assay of Aβ40/Chol-PEG Assemblies 

To investigate the aggregation inhibitory effect of Chol-PEGs on Aβ, “ThT assay” [25,26] was 
performed. Thioflavin T (ThT) is a fluorescent reagent known to specifically bind to β-sheets, 
resulting in increased fluorescence intensity. Since Aβ forms a β-sheet structure upon aggregation, 
the fluorescence intensity derived from ThT increases with the aggregation of Aβ. Consequently, the 
ThT assay is widely used to observe Aβ aggregation. Here, we performed experiments using Aβ40, 
the most abundant Aβ in the brain. The graph showing the fluorescence intensity of each sample over 
time is presented in Figure 3. When incubated with Aβ40 alone, the fluorescence intensity began to 
increase around 3 hours and stabilized at around 6–7 hours, confirming that aggregation was 
progressing. This is a typical result of ThT assay to show Aβ aggregation [27]. When Aβ40 was 
incubated with Chol-PEG assemblies at high concentrations (50 times the molar ratio relative to Aβ40), 
neither Chol-PEG2000 micelle nor Chol-PEG500 vesicle showed a significant increase in fluorescence 
intensity throughout the measurement period. At low concentrations (10 times the molar ratio 
relative to Aβ40), the mixture of Aβ40 and Chol-PEG2000 and Chol-PEG500 delayed the onset time of 
increase in fluorescence intensity and delayed nucleation. In the mixture of Aβ40 and Chol-PEG2000, 
the fluorescence intensity began to increase at about 20 hours, while that of the mixture with Chol-
PEG500 began to increase at about 40 hours, indicating that Chol-PEG500 delayed nucleation longer. 
Furthermore, when low concentrations of Chol-PEG2000 were added, the value at which the 
fluorescence intensity plateaued was approximately half that of Aβ40 alone. This suggests that fibril 
elongation is stopped midway. Further incubation for up to 72 hours showed that when 10 
equivalents of Chol-PEG500 were added to Aβ40, the fluorescence intensity at the plateau was 30-40% 
lower than that of Aβ40 alone and lower than that of the mixture with Chol-PEG2000. (Figure S1). These 
results indicate that Chol-PEG500 and Chol-PEG2000 suppressed the Aβ40 aggregation at the higher 
molar ratio than 50 and 10 against Aβ40, respectively. So far, many reports have showed that 
cholesterol promoted Aβ aggregation, but our results were an opposite result inhibiting Aβ 
aggregation. In the ThT assay, it is known that the period from when the fluorescence intensity begins 
to increase until it plateaus reflects the elongation of amyloid fibrils [28]. In this study, no significant 
changes in elongation rate were observed at high concentrations of Chol-PEG2000 and at all 
concentrations of Chol-PEG500, suggesting that Chol-PEGs might suppress nucleation before Aβ 
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monomers form oligomers. Next, ThT assays were performed by adding mPEG-NH2 of two 
molecular weights to Aβ40 as controls. The fluorescence intensity with mPEG-NH2 was reduced by 
approximately –30% for PEG2000 compared to Aβ40 alone (Figure S2). It has been reported that the 
presence of polymers such as PEG can inhibit the binding of Aβ to ThT [29,30]. However, such an 
inhibitory effect of PEG on the binding of Aβ40 to ThT had minimal impact on the results in our case. 
This means that both of cholesterol moiety and PEG chain has an important role to inhibit Aβ40 fibril 
formation, supporting our hypothesized mechanism shown above. The mixture of Chol-PEG and 
ThT (without Aβ40) showed no increase in fluorescence intensity (Figure S2).  

Figure 3. ThT assay results of Aβ40 aggregation in the presence of each concentration of Chol-PEGs. 
(A) Aβ40 incubated with Chol-PEG2000, Chol-PEG/Aβ40 (B) Aβ40 incubated with Chol-PEG500. The final 
concentration of Chol-PEGs at Chol-PEG/Aβ=10 and Chol-PEG/Aβ=50 is 94 μM and 470 μM 
respectively. 

3.3. Aggregation Evaluation Using Polyacrylamide Gel Electrophoresis (Native-PAGE) 

Next, we also evaluated the aggregation inhibitory effect of Chol-PEG assemblies using 
polyacrylamide gel electrophoresis (Native-PAGE). As shown in Figure 4A, immediately after 
mixing Aβ40 with Chol-PEG assemblies, the bands were the same. After 48 hours of incubation, The 
results of a same experiment conducted after 48 hours of aggregation operations are shown in 
Figure.4B. The sample subjected to aggregation operations with Aβ40 alone became insoluble, so no 
bands were observed (lane ⅱ). Notably, the bands of the mixture of Aβ40 with Chol-PEG assembly 
seemed to be retarded very slightly as compared to Aβ40 alone (lanes ⅲand ⅳ). The resulting very 
slight retardation suggest the binding of Aβ40 to individual Chol-PEG molecules, because more 
significant retardation would occur in case of the complex formation with large-sized Chol-PEG 
assemblies. The retardation of this band is minimal, and if Aβ40 were forming a complex with Chol-
PEG assemblies, a more significant retardation would be expected. Therefore, it is considered that 
Aβ40 is interacting with Chol-PEG molecules rather than with micellar or vesicular particles in this 
case. This indicates that Chol-PEG molecules inhibited an insolubilization of Aβ40 due to aggregation. 
Additionally, the mixture of mPEG-NH2 and Aβ40 exhibited the same band as naked Aβ40 and the 
band disappeared after incubation. Furthermore, no changes in the bands were observed before and 
after incubation for each polymer alone (Figure S3).  
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Figure 4. Polyacrylamide gel electrophoresis of Aβ40 incubate with Chol-PEGs. (A) Immediately after 
sample preparation, (B) After incubate 48 hour. 

4. Discussion 

Thinking with ThT assay and native-PAGE together, it clearly demonstrated the inhibitory effect 
of Chol-PEGs on Aβ40 aggregation. ` Several studies have reported that Aβ40 binds to micelles or 
vesicles containing negatively charged cholesterol, promoting aggregation. This is because the 
hydrophobic and electrostatic interactions of cholesterol cause Aβ40 to bind to the membrane, 
adopting a stable helical structure that facilitates oligomer formation [31–35]. The Chol-PEGs used in 
this study contain a high amount of cholesterol, but their surface charge is nearly neutral, suggesting 
that their binding affinity to Aβ40 is lower compared to the negatively charged micelles or vesicles 
reported in previous studies. Therefore, it is likely that the binding strength was not sufficient to 
promote Aβ40 aggregation on the membrane. It is known that during the aggregation process, 
hydrophobic regions of Aβ40 are exposed on the surface [36]. Aβ40 bound to the cholesterol moiety of 
Chol-PEGs becomes surrounded by the highly hydrophilic PEG chains, which interact with water via 
non-covalent bonding. This makes it less likely for the hydrophobic regions of Aβ40 to be exposed, 
thereby inhibiting aggregation. Additionally, in this study, Chol-PEG500 exhibited a higher 
aggregation inhibitory effect at lower concentrations compared to Chol-PEG2000. PEG can remove 
hydration water from biopharmaceuticals and is used as a precipitant. Therefore, as the molecular 
weight of PEG increases, the dehydration of peptides intensifies, potentially triggering aggregation 
[37]. Moreover, it has been reported that a higher PEG molecular weight leads to increased steric 
hindrance, reducing interactions between the hydrophobic group and the peptide [38]. The surface 
of Chol-PEG assemblies are covered by hydrophilic PEG chains, and it is considered that Aβ40 was 
more likely to interact with cholesterol in Chol-PEG500, which has shorter PEG chains. Therefore, in 
this study, it is considered that Chol-PEG500, with its shorter PEG chains, inhibited aggregation more 
effectively compared to Chol-PEG2000. The results of this study suggest that several interactions 
reported in the literature [31–39] contribute to these binding and aggregation inhibitory effects. 
However, the results of native-PAGE suggest that Aβ40 is binding to Chol-PEG molecules rather than 
Chol-PEG assemblies, which implies that Aβ40 bound to Chol-PEG assemblies may be pulling out 
Chol-PEG molecules, resulting in the complex formation of Aβ40 with Chol-PEG molecules. 

5. Conclusion 

In this study, we found that the vesicle and micelle composed of Chol-PEG had aggregation-
inhibiting effects on Aβ40, the causative agent of AD. These Chol-PEG assemblies with a high affinity 
for Aβ40 resulting to induce the absorption of Aβ40 into the Chol-PEG assemblies and suppress the 
aggregation of Aβ40. The reasons for this were expected to be that the surface PEG layer of Chol-
PEG500 vesicle was thinner than that of Chol-PEG2000 micelles, making Aβ40 more likely to interact with 
cholesterol. And too long PEG chain length of Chol-PEG2000 cause dehydration [37] from Aβ40, 
inducing Aβ40 aggregation. Furthermore, the suppression of aggregation was considered to be due to 
hydrogen bonding with the urethane group of Chol-PEGs, the exclusion volume effect of PEG, and 
its high hydrophilicity The resulting suppression effect of Chol-PEG assemblies on Aβ40 aggregation 
is promoted at higher concentration of the dispersion of the Chol-PEG assemblies. Moreover, Chol-
PEG500 vesicles, as well as Chol-PEG2000 micelles, can encapsulate hydrophilic and hydrophobic drugs 
due to its hollow shape with inside water phase and hydrophobic membrane. These Chol-PEG 
assemblies by encapsulating drugs for other AD-related factors are expected to enable a higher 
therapeutic efficacy and a multimodal AD therapy. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: ThT assay results of Aβ40 aggregation in the presence of each 
concentration of Chol-PEGs; Figure S2: ThT assay results of Aβ40 aggregation in the presence PEGs and Chol-
PEGs alone (without Aβ40) as controls; Figure S3: Polyacrylamide gel electrophoresis of each polymer incubate 
with or without Aβ40. 
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