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Alzheimer’s disease (AD) is a major cause of dementia characterized by the overexpression of 

transmembrane amyloid precursor protein and its neurotoxic byproduct amyloid beta (Aβ). A 

small peptide of considerable hydrophobicity, Aβ is aggregation prone catalyzed by the presence 

of cell membrane, among other environmental factors. Accordingly, current AD mitigation 

strategies often take aim at breaking down the Aβ-membrane communication, yet no data is 

available concerning the cohesive interplay of the three key entities of cell membrane, Aβ, and its 

inhibitor. Using a lipophilic Laurdan dye and confocal fluorescence microscopy, we observed cell 

membrane perturbation and actin reorganization induced by Aβ oligomers, but not by Aβ 
monomers or amyloid fibrils. We further revealed recovery of membrane fluidity by ultrasmall 

MoS2 quantum dots, also shown in this study as a potent inhibitor of Aβ amyloid aggregation. 

Using discrete molecular dynamics simulations, we uncovered the binding of MoS2 and Aβ 
monomers as mediated by hydrophilic interactions between the quantum dots and the peptide N-

terminus. In contrast, Aβ oligomers and fibrils were surface-coated by the ultrasmall quantum dots 

in distinct testudo-like, reverse protein-corona formations to prevent their further association with 

cell membrane and adverse effects downstream. This study offered a crucial new insight and a 

viable strategy for regulating the amyloid aggregation and membrane-axis of AD pathology with 

multifunctional nanomedicine.

Graphical Abstract

This study demonstrates an effective strategy of breaking down the membrane-axis of Alzheimer’s 

Aβ with ultrasmall MoS2 quantum dots. A unique “peptide core-nanoparticle corona” formation is 

rendered to mitigate Aβ amyloid aggregation and recover membrane fluidity.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and a primary cause 

of dementia, characterized histologically by the deposition of extracellular amyloid beta 

(Aβ) senile plaques and intracellular hyperphosphorylated tau tangles.1 Research over the 

past decades has revealed the complexity of the AD pathobiology and established the 
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amyloid cascade hypothesis2 as an influential paradigm in the field implicating amyloid 

fibrils and, more recently, oligomers, as the most neurotoxic species of Aβ.3, 4 Mounting 

laboratory and clinical evidence also supports neuroinflammation, tau accumulation and 

apolipoprotein E as crucial multifactorial contributors to neurodegeneration and AD 

pathology.1, 5, 6

Structurally, Aβ is synthesized from amyloid precursor protein (APP), a type-I 

transmembrane protein cleaved off by β and γ secretases sequentially to render the peptide 

isoforms. Post synthesis, Aβ is released to the extracellular space via indeterminate 

pathways and is present in trace amounts in central nervous system and cerebrospinal fluid.1 

This specific origin of Aβ entails its high affinity for cell membrane, and hence AD is often 

considered a membrane disorder.7–10 Neurotoxicity, accordingly, is thought to be initiated by 

the membrane association of Aβ11 which triggers conformational changes of the peptide and 

increases membrane permeability,12, 13 coupled with interactions of the peptide with 

nicotinic acetylcholine receptors and cholesterol-dense lipid rafts,14 among others. 

Theoretically, Aβ-membrane interaction has been described by the carpet model, the pore 

formation model, the membrane receptor model, as well as the detergent model.12, 15–17 

These models are derived from extensive biophysical and biochemical studies of Aβ in lipid 

environments, involving electrochemistry, confocal fluorescence microscopy, atomic force 

microscopy, nuclear magnetic resonance spectroscopy, size exclusion chromatography, 

immunohistochemistry, as well as molecular dynamics simulations.17–20

Along with the improved understanding of AD physiopathology, growing efforts over the 

past three decades have been devoted to the development of AD therapeutics involving the 

antagonists of peptidomimetics, small molecules, monoclonal antibodies and, more recently, 

nanomaterials.21–35 The use of nanomaterials is especially promising, given their rich 

physicochemical properties for binding with Aβ aggregates of changing hydrophobicity, as 

well as their robust capacity for translocation across the blood-brain barrier (BBB).36 

However, it should be noted that the effect of nanoparticle inhibitors on membrane integrity, 

an essential parameter for assessing their potential as future AD nanomedicines, has not 

been examined so far in connection with Aβ.

In consideration of the central role of cell membrane in Aβ amyloid aggregation and the 

crucial need for developing AD nanomedicine, here we examined the membrane fluidity of 

neuroblastoma SH-SY5Y cells perturbed by Aβ in the three major forms of monomers (Aβ-

m), oligomers (Aβ-o) and amyloid fibrils (Aβ-f) as well as their mitigation by ultrasmall 

molybdenum disulfide (MoS2) quantum dots (QDs). The ultrasmall MoS2 QDs were 

synthesized by bottom-up disordering engineering, a new technique recently developed for 

obtaining uniform-sized transition metal dichalcogenide QDs.37 Known for their 

applications in lubrication, catalysis and bacterial capture,38 MoS2 are non-toxic39 and have 

been shown as a potent free radical scavenger and a cytokine suppressor.40–42 Within the 

field of amyloid mitigation, MoS2 nanosheets and nanoparticles (100 nm in size) have 

recently been shown as a multifunctional inhibitor against the aggregation of Aβ and human 

islet amyloid polypeptide 20–29 (IAPP20–29).43, 44 TPP-MoS2 nanocomposites (50 nm in 

size) crossed the BBB and provided efficient neuroprotection through M1/M2 microglial 

polarization in an Alzheimer’s disease model.45 MoS2 nanosheets-gold nanorod composites 

Li et al. Page 3

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



modulated the aggregation of Aβ, remodeled mature Aβ fibrils under near infrared 

irradiation, and suppressed Aβ-induced neurotoxicity.46 Computer simulations, furthermore, 

revealed that MoS2 could remodel Aβ fibrils by reducing the hydrogen bonds, hydrophilic 

and hydrophobic contacts within the fibrils.47 Compared to other nanomaterials such as 

graphene sheets and graphene QDs,31, 48 however, the anti-amyloidogenesis applications of 

ultrasmall MoS2 QDs remain unavailable in literature.

In the current study, the membrane fluidity of SH-SY5Y cells exposed to Aβ and ultrasmall 

MoS2 QDs was characterized by confocal fluorescence microscopy employing a lipophilic 

Laurdan dye as an in situ molecular reporter. The molecular mechanism of ultrasmall MoS2 

QDs binding with Aβ-o, the Aβ species found to alter membrane fluidity most significantly, 

was examined in detail using discrete molecular dynamics (DMD) simulations. This study 

has offered the first evidence of membrane fluidity recovery by an amyloid inhibitor, where 

ultrasmall MoS2 QDs exploited their near zero-dimension and surface properties to cage 

around Aβ into structural formations non-confirmative to the “nanoparticle core/protein 

corona” convention.49–51 Taken together, this study provided a crucial basis for arresting the 

amyloid aggregation and membrane-axis of AD pathology with multifunctional 

nanomedicine.

MATERIALS AND METHODS

Synthesis of ultrasmall MoS2 quantum dots.

MoCl5 was dissolved into deionized water by adjusting the pH value to 11 to obtain a Mo-

precursor solution. The solution was rendered colorless upon sonication. Then the Mo-

precursor solution containing 0.5 mmol Mo was mixed with 40 mL of bovine serum albumin 

(BSA) solution (1 mg/mL), followed by the addition of 0.2 mL of Na2S solution (0.5 M) 

under vigorous stirring at room temperature. The pH of the solution was then adjusted to 

6~7 with 1 M HCl. Then, a clear yellow suspension of MoS2 QDs was formed quickly by 

pH neutralization. Subsequently, centrifuge filtration tubes with a molecular cut-off of 5,000 

Da were utilized to purify the above QDs several times at 4 °C. Lastly, homogeneous 

ultrasmall MoS2 QDs with good stability under physiological relevant conditions were 

obtained.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

Powder XRD measurements of ultrasmall MoS2 QDs were performed using a Bruker D8 

advanced diffractometer with a Cu Ka irradiation in the 2θ range of 200–600°. The 

elemental composition and binding energy of the sample were characterized by XPS (AXIS 

HIS, Kratos Analytical).

Atomic force microscopy (AFM).

A droplet of 20 μL of ultrasmall MoS2 QDs was deposited on freshly cleaved mica and 

incubated for 2 min, rinsed with Milli-Q water, and then dried with air. An atomic force 

microscope (Bruker, Germany) was operated in air at a scan rate of 1 Hz. AFM cantilevers 

were calibrated on the calibration samples prior to measurements. Selected areas were 

analyzed for the thickness measurement of the ultrasmall MoS2 QDs.
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ThT fluorescence kinetic assay.

Lyophilized human amyloid-beta (Aβ42) monomers (42 residues, 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA, MW=4,514 Da; purity: 

95% by HPLC) was purchased from AnaSpec. Fluorescent thioflavin T (ThT) dye was 

utilized as a probe to monitor Aβ42 (50 μM) amyloid fibril formation. Upon binding to the 

surface grooves of amyloid fibrils, ThT emitted strong fluorescence at 482 nm. The kinetic 

fluorescence intensity was recorded by a fluorescence microplate reader for 18 h.

Transmission electron microscopy (TEM).

Ultrasmall MoS2 QDs and the amyloid fibril formation of Aβ42 were imaged with TEM. 

Hexafluoro-2-propanol treated Aβ42 (AnaSpec) was dissolved in 10 μL of 0.1% NH4OH and 

then Milli-Q water was added to obtain a stock of 100 μM Aβ42. TEM images were acquired 

with a scanning transmission electron microscope (FEI Tecnai F20 operated at 200 kV) 

equipped with energy dispersive spectroscopy detectors. 10 μL of samples were placed onto 

glow-discharged, formvar/carbon-coated copper grids (400 mesh, ProSciTech). After 1 min 

incubation, the grids were dried on Whatman filter paper followed by a single wash with 

MilliQ H2O (5 μL), then negatively stained with 5 μL of uranyl acetate (UA, 1%). The grids 

were further dried on Whatman filter paper prior to insertion into specimen holders.

Dynamic light scattering.

Hydrodynamic size and zeta potential measurements were performed (Zetasizer Nano-ZS, 

Malvern). Ultrasmall MoS2 QDs were suspended in MilliQ H2O and their hydrodynamic 

size and zeta potential were measured at room temperature with a He-Ne laser (λ= 632.8 

nm).

Fourier-transform infrared (FTIR) spectroscopy.

The secondary structure of Aβ42 with or without ultrasmall MoS2 QDs was determined by 

FTIR spectroscopy. The peptide samples were incubated in incubator at 37 °C. According to 

the ThT kinetic assay, Aβ42 samples were collected at different time points to cover the three 

phases of amyloid aggregation: nucleation, elongation, and saturation. The samples (5 μL) 

were placed onto sample holders and further air-dried. Then the measurements were taken at 

20 °C in the wavenumber range of 1570~1730 cm−1 through an IRTracer-100 (Shimadzu) 

equipped with a He-Ne laser and an MCT detector (Hg-Cd-Te) under liquid nitrogen 

cooling. Peak fitting and data analysis (deconvolution) were performed with Origin Software 

(Origin Lab) using the built-in PeakDeconvolution application.

Reactive oxygen species (ROS) and cellular viability.

Human neuroblastoma cells (SH-SY5Y) were cultured in Dulbecco’s modified Eagle’s 

medium: Nutrient Mixture F-12 (DMEM/F12, ATCC) with the supplement of 10% fetal 

bovine serum (FBS) at 37 °C and in a 5% CO2 environment. ~40,000 cells/well were seeded 

into a 96-well black plate and cultured overnight to reach 80% confluency. ROS detection 

was performed using an OxiSelect™ intracellular ROS detection kit. SH-SY5Y cells were 

stained with H2DCFDA (20 μg/mL) for 30 min and subsequently treated with fresh Aβ42 

samples in the presence and absence of ultrasmall MoS2 QDs for 3 h. ROS levels were then 
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measured indirectly by the oxidation of nonfluorescent DCFDA to fluorescent DCF on a 

fluorescence microplate reader ClarioStar, excited at 488 nm and detected at 535 nm. All 

samples were measured in triplicate. Untreated cells were used as negative control and H2O2 

(200 μM) as positive control.

Cell viability was determined by labelling the SH-SY5Y cells with propidium iodide (1 μM) 

in DMEM for 30 min before treatment. Cells were treated with different concentrations of 

ultrasmall MoS2 QDs and 20 μM of preformed Aβ-o. The percentage of cell death (PI-

positive cells) was quantified by an Operetta CLS High-Content Analyzer (PerkinElmer) at 

37 °C and 5% CO2. Nine areas per well were acquired every hour for 24 h. All samples were 

assayed in triplicate, and untreated cells were used as control. After 48 h treatment, cells 

were stained by trypan blue at room temperature for 10 min and imaged by an optical 

microscope.

Quantitative imaging of membrane lipid order.

1.4×105 SH-SY5Y cells/well were seeded onto an 8-well chamber slide (μ-Slide, Ibidi) and 

cultured overnight in a humidified, 37 °C, 5% CO2 incubator. Lipophilic Laurdan dye (6-

Dodecanoyl-2-dimethylaminonaphthalene; MW: 354) with a final concentration of 50 μM 

was added to each well and allowed to equilibrate with the cell membranes for 1 h. The 

chamber slide was observed under a Leica SP8 inverted confocal microscope for live 

fluorescence imaging. The Laurdan dye was excited with laser at 405 nm and its emission 

read at 430~470 nm (representing gel/liquid ordered phase) or 480~550 nm (representing 

liquid disordered phase). Cell imaging was performed with a 63×/1.40 numerical aperture 

oil immersion objective before and after a 3 h-treatment of Aβ species or ultrasmall MoS2 

QDs. Calibration images were acquired through the dye solution without cells, which were 

recorded with three different laser powers (the same power as used for imaging the sample, 

as well as a 50% higher power and a 50% lower power).

The acquired images were analyzed by ImageJ software.52 Generalized polarization (GP) 

values of cell membranes, expressed analytically as GP =
I400 − 460 − I470 − 530
I400 − 460 + I470 − 530

, were then 

calculated for each pixel of a cell membrane according to our previous protocol.53 Here 

I400–460 represents the blue light intensity of pixels in the areas of interest from ordered 

channel images and I470–530 represents the green light intensity of pixels from disordered 

channel images, accordingly. GP shifts were derived by subtraction of the GP distribution 

peak maximum of each sample with 3 h of incubation from the GP values derived from 

images taken at the beginning of the experiment (0 h).

Detection of actin filament organization and Aβ-o distribution.

1.4×105 SH-SY5Y cells/well were seeded onto 8-well chamber slide (μ-Slide, Ibidi) and 

cultured overnight in a humidified, 37 °C, 5% CO2 incubator. Aβ oligomers (20 μM) or 

ultrasmall MoS2 QDs (10 and 100 μM) were incubated with cells for 3 h. Cell culture media 

were used as negative control. Cells were gently washed twice with phosphate-buffered 

saline (PBS), and 4% of paraformaldehyde was added to fix the cells at room temperature 

for 15 min. After that, immunofluorescent staining was performed to reveal the distribution 
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and organization of Aβ-o and actin filaments. Primary rabbit anti-oligomer polyclonal 

antibody (Invitrogen, 1:400) was incubated with the cells at 4 °C overnight, then donkey 

anti-rabbit Alex 594 secondary antibody (Abcam, 1:500) was used to conjugate with the 

primary antibody at room temperature for 2 h. Actin filaments were labelled with phalloidin-

iFluor 488 (Abcam, 1:1000) at the same time. Then the cells were washed with PBS and 

further stained by Hoechst 33342 (Sigma, 2 μg/mL) for 5 min. After washing twice with 

PBS, the cells were observed with a Leica SP8 inverted confocal fluorescence microscope.

Statistical analysis.

Data are represented as means (n=3) ± standard errors of the mean (SEM). Statistical 

analysis was performed through unpaired t-test determining two tailed P-values. A P value < 

0.05 was considered statistically significant.

Molecular dynamics simulations.

Computer simulations were performed with the all-atom discrete molecular dynamics 

(DMD). The continuous interaction potentials in classic molecular dynamics were replaced 

by discrete stepwise functions in DMD.54 Collisions occurred when two atoms met at an 

energy step and their velocities were updated according to conservation laws. Thus, the 

system’s dynamics in DMD was dictated by iteratively updating only the two colliding 

atoms, predicting their new collisions with corresponding neighbors, and finding the next 

collision via quick sort algorithms. Compared with classic molecular dynamics, the 

sampling efficiency of DMD is significantly enhanced and has been used by us and others to 

study protein folding, amyloid aggregation, and interactions with nanoparticles.30, 55, 56 

Interatomic interactions including bonded interactions (i.e., covalent bonds, bond angles, 

and dihedrals) and non-bonded interactions (i.e., van der Waals, solvation, hydrogen bond, 

and electrostatic terms) in our all-atom DMD simulations were adapted from the Medusa 

force field, which was benchmarked for accurate prediction of protein stability change upon 

mutation and protein–ligand binding affinity.57, 58 The force field parameters for van der 

Waals, covalent bonds, bond angles, and dihedrals were taken from CHARMM force field.59 

Solvation was implicitly modelled by the effective energy function proposed by Lazaridis 

and Karplus.60 The distance- and angle-dependent hydrogen bond interactions were 

modelled by a reaction-like algorithm.61 The screened electrostatic interactions were 

computed using the Debye–Huckel approximation with the Debye length set to 10 Å, 

corresponding to a monovalent salt concentration of 100 mM.

The initial structures of Aβ-m and Aβ-f were taken from protein databank (PDB ID: 1Z0Q 

and 5OQV, respectively). A square ultrasmall MoS2 QD with an edge length of 2.6 nm (cf. 
Figure 5A), consisting of 255 atoms, was constructed. The recently developed force field of 

MoS2 based on the experimental monolayered water contact angle was incorporated in 

Medusa.62, 63 The initial structure of the ultrasmall MoS2 QD was relaxed with a 100 ns 

simulation. For each system, 30 independent simulations with different initial configurations 

and velocities were performed, each of which lasted 400 ns at 300 K. A cubic box with 

periodic boundary condition was used and the dimension of the box was set to maintain the 

concentration of Aβ peptides the same as that of a single peptide in a cubic box with the 

dimension of 7.5 nm.
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Computational analysis.

The peptide secondary structure was calculated using the dictionary secondary structure of 

protein (DSSP) program.64 A hydrogen bond was considered to be formed if the distance 

between the backbone N and O atoms within 3.5 Å and the angle of NH···O was larger than 

120°. Residue-residue and residue-MoS2 contact were defined if they had at least one heavy 

atom contact within the cutoff distance of 0.55 nm. The two-dimensional potential of mean 

force (PMF) was computed as −kBT ln P(Rg, NHbond), where P(Rg, NHbond) denoted the 

probability of a conformation having a given value of radius of gyration, Rg, and the total 

number of inter-peptide hydrogen bonds (NHbond).

2. RESULTS AND DISCUSSION

Characterizations of ultrasmall MoS2 quantum dots

Ultrasmall MoS2 QDs were prepared by a modified Ding-Leong method37 in aqueous 

condition at room temperature though a simple chemical reaction, as illustrated in Figure 1. 

Transmission electron microscopy (TEM) and atomic force microscopy (AFM) were used to 

characterize the structure and morphology of the ultrasmall MoS2 QDs. As presented in 

Figure 1A, typical TEM image of ultrasmall MoS2 QDs exhibited good dispersibility and a 

uniform size distribution with an average size of 2.2 ± 0.7 nm. The thickness of the 

ultrasmall MoS2 QDs was measured by AFM to be 0.5~3.5 nm, with majority below 2 nm 

(Figure S1). Dynamic light scattering (DLS) indicated the hydrodynamic diameter of the 

ultrasmall MoS2 QDs at ~4 nm, with a polydispersity of 0.21 and a zeta potential value of 

−7.0±2.8 mV (Figure 1B&C). The crystal structure of as-synthesized ultrasmall MoS2 QDs 

was further characterized by powder X-ray diffraction (XRD) spectroscopy. As shown in 

Figure 1D, the corresponding XRD pattern exhibited broad diffraction peaks, similar to the 

XRD character of the low-dimensional MoS2 indicating the small size of the QDs. The two 

weak peaks at 2θ≈30.3° and 40.2° were assigned to the featured (100) and (103) faces of 

hexagonal MoS2 (JCPDS NO. 24–0513), respectively. The chemical states of ultrasmall 

MoS2 QDs were explored by X-ray photoelectron spectroscopy (XPS) measurements. The 

Mo 3d, S 2s, and S 2p regions of the XPS spectrum for samples are shown in Figure 1E&F. 

In the Mo 3d spectrum, the two peaks at 230.9 eV and 233.9 eV corresponded to the Mo 

3d5/2 and 3d3/2 respectively, and the peak at 227.9 eV was assigned to S 2s, suggesting that 

the dominance of Mo4+ oxidation state. Correspondingly, sulfur displayed two different 

chemical states as shown in Figure 1F. The two peaks at 161.7 and 164.7 eV were allocated 

to the S 2p3/2 and S 2p1/2 orbitals of divalent sulfide ions. Furthermore, an additional peak 

at a higher binding energy of 167.4 eV was assigned to the sulfate composite, in which S-O 

bond existed, indicating partial oxidation of the S edges generated in the experiment process. 

The toxicity of ultrasmall MoS2 QDs was further validated in vitro by ROS detection and 

cellular viability assay, where SH-SY5Y cells were exposed to different concentrations of 

MoS2 QDs (Figure 1G&H). The ROS production induced by ultrasmall MoS2 QDs was 

comparable to non-treated cells in 3 h-exposure, and almost no cell death after 24 h and 48 h 

exposure (Figure S2).
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Inhibition of Aβ fibrillization by ultrasmall MoS2 quantum dots

The structural and composition characteristics of Aβ-o as heterogeneous α-helical to β-sheet 

transitional aggregates have been examined extensively in the literature.65–77 Here, the self-

assembly of Aβ featured a sigmoidal curve to evolve from monomeric (Aβ-m) to oligomeric 

(Aβ-o) and fibrillar species (Aβ-f). ThT fluorescence kinetic assay and TEM imaging were 

used to monitor the aggregation process and the morphology of Aβ species in the presence 

and absence of ultrasmall MoS2 QDs. As shown in Figure 2A, freshly dissolved monomeric 

Aβ could assemble into oligomers at ~12 h (Figure S3) and further developed into fibrils 

within 15 h. When Aβ was incubated with ultrasmall MoS2 QDs at 1:0.5 and 1:5 molar 

ratios, this well-characterized aggregation process of Aβ became significantly inhibited 

(Figures 2A&S4). This inhibiting capacity of ultrasmall MoS2 QDs is essential for their 

further development into an AD nanomedicine.

FTIR spectroscopy further demonstrated the inhibition capacity of ultrasmall MoS2 QDs 

based on the secondary structure of Aβ in aggregation (Figures 2B, S5&S6, Table S1). The 

contents of α-helix/disordered, β-sheet and β-turn of the Aβ species were derived through 

the amide-bond deconvolution of their FTIR peaks.78 Specifically, Aβ exhibited a 

conversion of α-helical structures (39.6 %) at 1 h to β-sheets (61.6%) after 30 h incubation 

in H2O and at 37 °C due to fibrillization. The inhibition of β-sheet formation was found with 

the presence of ultrasmall MoS2 QDs at the 1:5 molar ratio after 30 h, yielding secondary 

structures of β-sheets (43.6%), α-helices/disordered (42.6%) and β-turns (13.8%). In 

addition, the secondary structure contents were comparable to that of monomeric Aβ (1 h), 

including β-sheets (47.1%), α-helix/disordered (39.6%) and β-turns (13.3%). Therefore, 

ultrasmall MoS2 QDs could sustain Aβ in its monomeric state. TEM imaging further 

validated the results of the Aβ samples with MoS2, which was recorded at 12, 30 h 

incubation (Figure 2C–G). In comparison to Aβ itself, the Aβ samples with ultrasmall MoS2 

QDs rendered small numbers of shorter and softer fibrils, mostly devoid of rigid mature 

fibrils. As shown in Figure 2F&G, the most abundant Aβ species were monomeric-like at 

the molar ratio of 1:5.

Disruption of membrane fluidity by Aβ and its rescue by ultrasmall MoS2 quantum dots

Among all the Aβ species, Aβ-o was found to be the most toxic and displayed a greater 

membrane affinity than the monomers or fibrils,79 which could induce membrane 

reorganization, deformation, pore formation via increased permeabilization and lipid 

extraction.10 Generalized polarization (GP) values were adopted in this study to evaluate 

changes to membrane fluidity between the membrane ordered and disordered phases in vitro 
(Figure 3A).52, 53

When the SH-SY5Y cells were exposed to Aβ species around 3 h, a large positive GP shift 

was observed with Aβ-o (+0.1526), demonstrating an increased membrane lipid order and 

disruption of membrane fluidity (Figure 3B&C). Aβ-o could partition into the membranes 

after their association with the cells, which was accompanied by a general increase of lateral 

spreading of lipid headgroups and more ordered membrane performance.15, 80, 81 

Alternatively, Aβ could be a perforating agent and further induce channel-like perforation in 

neuronal cell membranes, causing an increase of the membrane order.13, 82 These accounted 
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for the largest positive GP shift mediated by Aβ-o.10 Interestingly, the cell membrane order 

(+0.0283) revealed a significant decrease by the combination of Aβ-o and ultrasmall MoS2 

QDs at the molar ratio of 1:0.5 (Figure 3D). Then the membrane order (−0.0032) was further 

restored to the control cell level with the increasing amount of MoS2 QDs at the molar ratio 

of 1:5 (Figure 3E). Furthermore, MoS2 QDs were added to cells pre-incubated for 1 h with 

Aβ-o, and the nanostructures were still able to recover the perturbed membrane fluidity after 

3 h of incubation (Figures S7). The cell membrane fluidity did not change by the treatment 

of Aβ-m (+0.0344), Aβ-f (+0.0091), or for cells incubated with ultrasmall MoS2 QDs only 

(10 μM, +0.0070; 100 μM, −0.0143) (Figures 3B&S8). Therefore, ultrasmall MoS2 QDs 

could obviously rescue membrane disruption induced by Aβ-o. One reason for such 

phenomenon was that ultrasmall MoS2 QDs possessed a high affinity for Aβ-o via 

hydrophilic interactions and a high surface area, which hindered further Aβ-o-membrane 

interaction or Aβ-Aβ aggregation. To investigate the association of Aβ-o and ultrasmall 

MoS2 QDs under the circumstance with cells, Aβ-o distribution was observed after 3 h 

exposure to SH-SY5Y cells in the presence and absence of ultrasmall MoS2 QDs (Figures 

S9&S10). Aβ-o were mainly located around the cell membranes and cytoplasm after 3 h. 

With increased presence of ultrasmall MoS2 QDs, less Aβ-o were then spotted around cell 

membranes (Figure S9A). At the ratio of 1:5, the intensity of Aβ-o recorded a notable 

decrease compared to the group without ultrasmall MoS2 QDs (Figure S9B). This verified 

that additional ultrasmall MoS2 QDs could prevent the association of Aβ with cell 

membrane and further rescue Aβ disruption to the latter.

In addition, cell exposure to Aβ-o also led to the increased intensity of actin filaments at 1 

and 3 h incubation, while the addition of ultrasmall MoS2 QDs mitigated elevation of actin 

expression at 3 h (Figures 4A, B&S11). Although 20 μM of Aβ-o did not generate a 

considerable amount of ROS at 3 h, they still caused 20% cell death after 20 h treatment 

(Figure 4C&D). With the combination of Aβ-o and ultrasmall MoS2 QDs, cell toxicity was 

significantly alleviated after 20 h with both ratios of 1:0.5 and 1:5 compared to Aβ-o 

(P<0.001). The Aβ sequestration by ultrasmall MoS2 QDs could be the main reason for the 

alleviated actin reorganization and cell death. The interaction mechanism of Aβ and 

ultrasmall MoS2 QDs was further investigated by DMD simulations.

Dynamics of Aβ-MoS2 interaction by discrete molecular dynamics simulations

All-atom simulations were performed to investigate the inhibition mechanism of ultrasmall 

MoS2 QDs on Aβ aggregation. In accordance with the in vitro experiments, the interactions 

of ultrasmall MoS2 QDs with Aβ-m, preformed Aβ-o and Aβ-f were systematically 

simulated. The concentration ratios between Aβ and MoS2 QDs were set to be 4:4 and 4:8 to 

reduce the computational cost associated with modeling a large quantity of MoS2 QDs. For 

the self-assembly of four Aβ-m in the absence of ultrasmall MoS2 QDs, stable tetramers 

were formed in most of the independent simulations (Figure 5B). When incubated with 

equimolar ultrasmall MoS2 QDs, Aβ peptides remained in the monomeric state, or 

aggregated into dimers, trimers and tetramers with similar propensities. In contrast, Aβ 
tetramers could no longer be formed when co-aggregated with eight ultrasmall MoS2 QDs. 

In addition, the overall β-sheet content was reduced while the coil and bend structure 

contents increased in the presence of ultrasmall MoS2 QDs (Figure 5C). Taken together, our 
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simulations indicated that ultrasmall MoS2 QDs can effectively reduce the Aβ-o size and 

inhibit the Aβ aggregation process, consistent with the experimental observations (Figure 2).

To elucidate the underlying mechanism of the inhibition effects of ultrasmall MoS2 QDs on 

Aβ aggregation, the binding frequency of ultrasmall MoS2 QDs with each Aβ residue and 

the contact frequency maps between Aβ peptides were calculated. Driven by hydrophilic 

interactions, ultrasmall MoS2 QDs displayed a strong binding affinity with the hydrophilic 

N-terminus of Aβ, whereas the binding affinity with the hydrophobic C-terminus was 

relatively weak (Figure 5D). This is consistent with the experimental observation that 

affinity between ultrasmall MoS2 QDs and hydrophilic IAPP20–29 was stronger than that 

with hydrophobic Aβ33–42.43 Upon binding with ultrasmall MoS2 QDs, the inter-peptide 

contact frequency was significantly reduced compared with control (Figure 5E&F). Thus, 

ultrasmall MoS2 QDs inhibited the aggregation of Aβ peptides by binding with the N-

terminus of Aβ peptide, sequestering the small-size oligomers and effectively reducing the 

inter-peptide contact.

To further probe the conformational properties of Aβ peptides in the presence of ultrasmall 

MoS2 QDs, the two-dimensional potential of mean force (PMF) with respect to the number 

of inter-peptide hydrogen bonds (H-bond) and averaged radius of gyration (Rg) of Aβ 
peptides were calculated (Figure 5G&H). In the absence of the ultrasmall MoS2 QDs, the 

PMF featured a great number of inter-peptide hydrogen bonds. In the presence of ultrasmall 

MoS2 QDs, however, the free energy basins became narrower and the number of inter-

peptide hydrogen bonds decreased to 0, 11 and 13 respectively for the three basins. 

Meanwhile, Aβ peptides were more compact in the presence of ultrasmall MoS2 QDs as 

indicated by the smaller value of Rg. This was confirmed by the typical conformations near 

the free energy surface basins that the Aβ peptides were confined by the cells formed by 

ultrasmall MoS2 QDs.

To further investigate the effects of the nanostructure on Aβ-o, ultrasmall MoS2 QDs were 

added to preformed Aβ tetramers with molar ratios of peptide/MoS2 set at 4:4 and 4:8. 

Interestingly, the β-sheet content, Aβ oligomer size and inter-peptide hydrogen bonds kept 

almost unchanged in the presence of ultrasmall MoS2 QDs compared with the control, 

suggesting that ultrasmall MoS2 QDs could not dissociate the preformed Aβ-o. Instead, the 

ultrasmall MoS2 QDs bound on the surfaces of Aβ tetramers, as indicated by the radial 

distribution function of atoms of Aβ peptides and ultrasmall MoS2 QDs (Figure 6A&B). For 

the systems with four ultrasmall MoS2 QDs, all four QDs bound on the surfaces of Aβ 
tetramers in most of the independent simulations (Figure 6C). When eight ultrasmall MoS2 

QDs were added to the Aβ tetramers, the number of QDs bound on the tetramers ranged 

from four to eight (Figure 6D), which suggested that the surfaces of Aβ tetramers were 

sufficiently large to bind at least four ultrasmall MoS2 QDs. The slightly negative zeta 

potential of the MoS2 QDs observed in the experiments resulted from the partial charges of 

un-saturated sulphur atoms at the edges of the nanosheets. The weak electrostatic 

interactions between the ultrasmall MoS2 QDs and Aβ-m and Aβ-o could re-orientate the 

Aβ peptides on the nanostructure surfaces but without affecting their binding,47 and thus, the 

formation of testudo-like, reverse protein-corona structures as predicted by the simulations. 

Therefore, the ultrasmall MoS2 QDs inhibited the aggregation process of Aβ-o by forming a 
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protective testudo-like shell outside the oligomers to hinder the further aggregation process 

(Figure 6E&F), which was distinct from the inhibition mechanism on Aβ-m. Such unusual 

mechanism with the “protein core-nanoparticle corona” formed with ultrasmall MoS2 QDs 

was also quite different from the sequestration/adsorption effects of large-size MoS2 

nanosheets.43–47, 83, 84 Hence, it may be inferred from the simulations that the disruption of 

cell membranes could be ameliorated by the association of Aβ-o with ultrasmall MoS2 QDs.
85

To understand the conformation of Aβ-f interacting with ultrasmall MoS2 QDs, the binding 

between a 20-peptide Aβ-f with equimolar ultrasmall MoS2 QDs was simulated. To reduce 

the computational cost for such a large molecular system, we constrained the movement of 

Aβ-f and allowed the ultrasmall MoS2 QDs to move freely. The conformations of the Aβ-f-

MoS2 showed that the QDs could bind both the ends and side-walls of the fibrils (Figure 

S12), indicating that elongation and secondary nucleation processes would be hindered by 

the ultrasmall MoS2 QDs. Therefore, similarly to the case with Aβ-o, the direct interaction 

between Aβ-f and cell membranes could also be attenuated by the fibrillar coating of 

ultrasmall MoS2 QDs.

Conclusion

Understanding the interaction between amyloid peptide and cell membrane plays a central 

role in delineating the pathogenesis of AD as well as a range of amyloid diseases. As 

increasing efforts have been dedicated to the development of AD nanomedicine, it has 

become crucial to examine the membrane-axis of AD taking into consideration of the 

additional roles exerted by the nanoparticle inhibitors.4, 10, 48 In this study, we set to study 

for the mitigation potential of a newly developed nanomaterial, namely ultrasmall MoS2 

QDs, against Aβ amyloid aggregation. We further studied the membrane fluidity of neuronal 

cells perturbed by Aβ in its monomeric, oligomeric and fibrillar forms. We found the 

oligomeric peptide Aβ-o at 20 μM and after 3 h of cell incubation exerted the most 

significant shift of GP = 0.1526 with an in situ Laurdan dye reporter, while the aberrant 

change in membrane fluidity was completely recovered to GP = −0.0032 with the 

introduction of ultrasmall MoS2 QDs at a molar ratio of Aβ-o/MoS2 of 1:5. With confocal 

fluorescence imaging we observed a reduction in cell association of Aβ-o in conjunction 

with the increased presence of ultrasmall MoS2 QDs, suggesting Aβ-o bound with the 

nanostructure of comparable size to halt their perturbation to cell membrane (Figure 7). This 

phenomenon was coupled with a reduction in actin expression that was elevated by cell 

exposure to the toxic oligomeric peptide, indicating an intracellular consequence of peptide 

exposure and their effective recovery with the nanomaterial (Figure 7). Our DMD 

simulations further revealed the differential binding mechanisms of the three major Aβ 
species with ultrasmall MoS2 QDs. Specifically, hydrophilic interactions occurred between 

the MoS2 QDs and the N-terminus of Aβ-m. In contrast, surface adsorption of Aβ-o and Aβ-

f onto MoS2 QDs rendered testudo-like, reverse protein-corona formations to discourage the 

peptide-cell membrane association. Such unusual “protein core-nanoparticle corona” 

formations have not been reported before for amyloid inhibition with nanomaterials and 

were rendered feasible in this study by the comparable size of Aβ-o and the ultrasmall MoS2 

QDs, as well as by the specific physicochemical properties of the peptide species and the 

Li et al. Page 12

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nanostructure. This interfacial study offered a crucial new insight and a facile strategy for 

manipulating the membrane-axis of AD pathology with tailor-designed AD nanomedicines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterizations of ultrasmall MoS2 QDs.
(A) TEM imaging of ultrasmall MoS2 QDs and their corresponding diameter distribution 

(inset). (B, C) Hydrodynamic diameter and ζ-potential measurement of the ultrasmall MoS2 

QDs. (D) XRD detection of the ultrasmall MoS2 QDs. (E, F) The Mo 3d, S 2s, and S 2p 

regions of the XPS spectrum for the ultrasmall MoS2 QDs. (G) ROS measurements over a 

time course of 0 h to 3 h and (H) 24 h cell viability for different concentrations of the 

ultrasmall MoS2 QDs at SH-SY5Y cells. Data are shown as the mean (n=3) ± SEM and 

statistical analysis was performed through two-tailed Student’s t-test. Compared with 

control, there was no significant difference observed in the ultrasmall MoS2 QDs.
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Figure 2. Inhibitory effects of ultrasmall MoS2 quantum dots on Aβ.
(A) Aβ (50 μM) aggregation in the presence and absence of ultrasmall MoS2 QDs at the 

molar ratio of 1:0.5 and 1:5 (Aβ/MoS2 QDs), monitored by a ThT fluorescence kinetic 

assay. ThT (100 μM) was used as control and data points were depicted as mean values of 

repeated measurements (n=3) ± standard errors of the mean (SEM) via two-tailed Student’s 

t-test analyzed at 18 h timepoint, *compared with Aβ, P < 0.05. (B) Secondary structure 

distribution of incubated (1, 12 and 30 h) Aβ 50 μM in the presence and absence of 

ultrasmall MoS2 QDs. Secondary structure analysis (%) was derived after deconvolution of 

the respective ATR-FTIR raw spectra presented in Figures S5&S6. (C-G) TEM imaging of 

Aβ aggregation in the presence and absence of ultrasmall MoS2 QDs. Aβ concentration: 50 

μM. Incubation: 12 h for panel C and 30 h for panels D-G.
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Figure 3. Effect of Aβ oligomers on the fluidity of SH-SY5Y cell membranes in the presence and 
absence of ultrasmall MoS2 QDs.
(A) A flowchart illustrates calculation of generalized polarization (GP) values from raw 

ratiometric confocal images in the ordered and disordered phases. The lipid order of cell 

membranes was indicated by the lipophilic Laurdan dye, which could partition into cell 

membranes. When the cell membrane was in the liquid ordered phase, Laurdan dye emitted 

fluorescence at 450 nm under the excitation of 405 nm, and redshifted to 500 nm when the 

cell membrane was in the liquid disordered phase. GP images and the pixels of cell 

membranes were derived with ImageJ software. Intensity shifts between the ordered and 

disordered channels were quantified as GP values. (B) GP shifts were recorded after a 3 h-

treatment by Aβ-o (20 μM) in the presence and absence of ultrasmall MoS2 QDs (10 or 100 

μM). Ultrasmall MoS2 QDs themselves did not affect cell membrane fluidity in 3 h. (C) 

Compared to Aβ monomers (Aβ-m) and amyloid fibrils (Aβ-f, Figure S8), Aβ-o are 

predicted to cause lipid order, and a corresponding positive GP shift. (D, E) MoS2 could 

significantly prevent damage to cell membrane fluidity caused by Aβ-o and restore the GP 

values to control cell level at the higher concentration of 100 μM MoS2 QDs.
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Figure 4. Actin organization, ROS generation and cell viability detection at SH-SY5Y cells after 
exposure to Aβ-o (20 μM) in the presence and absence of ultrasmall MoS2 QDs with the molar 
ratios of 1:0.5 and 1:5.
(A) Immunofluorescence imaging of actin filaments after 1 and 3 h treatment of Aβ-o (20 

μM) and ultrasmall MoS2 QDs (10 and 100 μM). Actin filaments were stained by the 

phalloidin-iFluor 488 (green). Scale bar: 20 μm. (B) The calculation of actin filaments 

intensity according to panel A. Data points are depicted as mean values (n=3) ± SEM, via 

two-tailed Student’s t-test, *P < 0.05 compared with control group, #P < 0.05 compared with 

Aβ-o. (C) ROS production of SH-SY5Y cells were identified by H2DCFDA staining after 3 

h treatment with Aβ-o and the combination of ultrasmall MoS2 QDs. H2O2 (200 μM) was 

used as positive control. (D) Cell viability after 20 h treatment with Aβ-o and the 

combination of ultrasmall MoS2 QDs. Data are shown as mean values (n=3) ± SEM, via 

two-tailed Student’s t-test analyzed at 20 h, *compared with Aβ-o, P < 0.05.
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Figure 5. Coaggregation of Aβ peptides with ultrasmall MoS2 quantum dots.
(A) Atomic structure of the ultrasmall MoS2 QD used in our simulations. (B) Distribution of 

Aβ oligomer size in the absence and presence of ultrasmall MoS2 QDs. (C) Secondary 

structure propensities of Aβ after the simulations reached the steady state. (D) Binding 

frequency of each Aβ residue with ultrasmall MoS2 QDs. (E) Intra- and inter-peptide contact 

frequency maps for Aβ peptides. (F) Changes of the contact frequency maps for the system 

with Aβ:MoS2=4:8 compared with the control one. (G, H) Two-dimensional potential of 

mean force (PMF) with respect of the number of inter-peptide hydrogen bond (H-bond) and 

radius of gyration (Rg) for Aβ peptides (G) and Aβ:MoS2=4:8 (H). The basins of the PMF 

(i, ii and iii in panel G and 1, 2 and 3 in panel H) were labeled with the typical snapshots 

presented on the right. Ultrasmall MoS2 QDs are shown as sticks and colored by elements. 

Aβ peptides are shown as cartoons and colored by chains with N-termini indicated by 

spheres and β-sheet structures highlighted in red.
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Figure 6. Interactions of ultrasmall MoS2 quantum dots with Aβ oligomers.
Ultrasmall MoS2 QDs were added to preformed Aβ tetramers with molar ratios 

Aβ:MoS2=4:4 (A, C, E) and Aβ:MoS2=4:8 (B, D, F). (A, B) Radial distribution functions of 

Aβ and MoS2 atoms from the center of mass of the cluster. (C, D) Number of ultrasmall 

MoS2 QDs bound on Aβ tetramers after simulations reached steady state. (E, F) Typical 

testudo-like Aβ-o-MoS2 complex formations, where ultrasmall MoS2 QDs in the exterior 

shielded Aβ-o in the interior. Ultrasmall MoS2 QDs are shown as sticks and colored by 

elements. Aβ peptides are shown as cartoons and colored by chains with N-termini indicated 

by spheres and β-sheet structures highlighted in red.
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Figure 7. Cell membrane disruption by Aβ oligomers (left) and its rescue by ultrasmall MoS2 
quantum dots (right).
While Aβ-o perturbed membrane integrity (left), association of ultrasmall MoS2 QDs and 

Aβ-o depleted the toxic peptide species in the extracellular space from amyloid aggregation 

and membrane partitioning, and subsequently prevented elevated actin expression in the 

cytoskeleton. This facile membrane-centric strategy may prove beneficial for future 

development of multifunctional AD nanomedicines.
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