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ABSTRACT

Alzheimer’s disease (AD) is a primary form of dementia with debilitating consequences but no 

effective cure available. While the pathophysiology of AD remains multifactorial, the aggregation 

of amyloid beta (Aβ) mediated by cell membrane is known to be causative to neurodegeneration 

associated with AD. Here we examined the effects of graphene quantum dots (GQDs) on 

obstructing the membrane axis of Aβ in its three representative forms of monomers (Aβ-m), 

oligomers (Aβ-o), and amyloid fibrils (Aβ-f). Specifically, we determined the membrane fluidity 

of neuroblastoma SH-SY5Y cells perturbed by the Aβ species, especially by the most toxic Aβ-o, 

and demonstrated their recovery by GQDs using confocal fluorescence microscopy. Our 

computational data through discrete molecular dynamics simulations further revealed 

energetically favorable association of the Aβ species with the GQDs in overcoming peptide-

peptide aggregation. Together, this study implicated GQDs as an effective agent in breaking down 

the membrane axis of Aβ, thereby circumventing adverse downstream events and offering a 

potential therapeutic solution for AD.    

Keywords: Aβ, graphene quantum dot, membrane fluidity, oligomer, DMD simulation
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1. INTRODUCTION

Alzheimer’s disease (AD) is a primary form of neurodegeneration manifested by loss of memory, 

impaired cognitive function, and shortened lifespan.1 While the pathophysiology of AD remains 

controversial, it is generally accepted that the aggregation of amyloid beta (Aβ), a kinetic process 

of nucleation, elongation and saturation,2–4 is causative to neuroinflammation, tauopathies, 

neuronal death, and the progression of AD.5,6 

AD is often considered a membrane disorder, for a number of reasons.7–9 First of all, Aβ is a 

peptide cleaved off transmembrane amyloid precursor protein by β and γ secretases in neurons and 

synapses. As a result, Aβ is relatively hydrophobic and possesses an inherent affinity for cell 

membrane. Since Aβ40 is the most abundant while Aβ42 the most amyloidogenic among the Aβ 

isoforms, their structure and dynamics have been extensively studied in the literature.10 Second of 

all, while the mechanism of Aβ toxicity remains inconclusive, it is widely acknowledged that cell 

membrane, together with other environmental factors such as pH, free lipids and physiological 

metals, can catalyze the structural transitions of Aβ from disordered monomers to soluble 

oligomers that are rich in α-helices and antiparallel β-sheets, and to amyloid fibrils that possess a 

ubiquitous cross-β backbone.11–13 Interactions of the peptide aggregates with cell membrane 

trigger downstream events, such as membrane leakage, losses in membrane fluidity and 

homeostasis of physiological ions, production of reactive oxygen species (ROS), mitochondrial 

damage, and cell death.1 In specific, the oligomeric forms of amyloid aggregates have shown to 

be the most toxic and a major contributor to the pathophysiologies of AD, Parkinson’s disease 

(PD) and type 2 diabetes (T2D), among others.10,14,15 

Much research over the past two decades has focused on understanding the amyloid aggregation 

of Aβ, employing cryo-electron microscopy (cryoEM), solid-state nuclear magnetic resonance 
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(ssNMR) spectroscopy, X-ray crystallography, atomic force microscopy, size exclusion 

chromatography, Fourier transform infrared (FTIR) spectroscopy, and fluorescence 

microscopy/spectroscopy.10 The membrane axis of the AD pathogenesis has been established 

based on the carpet model, the poration model, the membrane receptor model, and the detergent 

model,11,16–18 involving membrane mimetics such as lipid bilayers, liposomes, large unilamellar 

vesicles and nanodiscs.19 Towards the development of AD therapeutics, peptidomimetics, small 

molecules, amyloid antibodies, and nanoparticles have been used as inhibitors to drive off pathway 

the self-aggregation of Aβ,20–39 or to shut down the peptide-membrane connection by promoting 

membrane-inhibitor and peptide-inhibitor interactions.40 Few of these efforts, however, have 

considered the interplay between cell membrane, Aβ, and the inhibitor within the same context.  

In consideration of the central role of cell membrane in Aβ aggregation and the crucial need for 

developing AD nanomedicine, here we examined mitigation of membrane perturbation induced 

by Aβ with graphene quantum dots (GQDs). Neuroblastoma SH-SY5Y cell line is a common in 

vitro model for studying neuronal function and differentiation, offering opportunities to investigate 

the interaction of Aβ not only with phospholipids (as in lipid vesicles or bilayers) but also 

cholesterol- and monosialotetrahexosylganglioside-enriched lipid rafts, transmembrane proteins, 

and nicotinic acetylcholine receptors that are pertinent to neuronal response to the peptide.41–44 

GQDs, with surface modifications or in conjunction with other inhibitors, are biocompatible zero-

dimensional nanostructures which have shown promising effects against the aggregation and 

toxicity of monomeric amyloid proteins associated with AD, T2D and PD.45–47 Specifically, in the 

current study we examined cell membrane fluidity using confocal fluorescence microscopy in 

conjunction with a lipophilic Laurdan dye reporter. The mechanisms of GQDs binding with the 

three major forms of Aβ, i.e., monomers (Aβ-m), oligomers (Aβ-o) and amyloid fibrils (Aβ-f), 
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were revealed using discrete molecular dynamics (DMD) simulations. This study offered first 

evidence on the recovery of membrane fluidity by GQDs, an Aβ aggregation inhibitor and a future 

AD nanomedicine. 

2. MATERIALS AND METHODS 

Materials. Hydroxylated graphene quantum dots (GQDs) (1 mg/mL, purity >80%) were 

purchased from ACS Material. Lyophilized human beta-amyloid (1-42) (Aβ42 monomer, 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA; HPLC purity≥95%48) was 

purchased from AnaSpec. Oligomer A11 polyclonal antibody was obtained from Invitrogen. 

Donkey anti-rabbit Alex 594 secondary antibody and phalloidin-iFluor 488 were purchased from 

Abcam. OxiSelectTM intracellular ROS detection kit was obtained from Cell Biolabs. All sample 

solutions were prepared in Milli-Q water and the solvents used were of analytical grade.

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-

FTIR spectroscopy (4000-800 cm-1) was performed with an IRTracer-100 (Shimadzu) 

spectrometer, equipped with a He-Ne laser as well as an MCT detector (Hg-Cd-Te), which was 

constantly being cooled with liquid nitrogen. As far as the sample preparation is concerned, 5 μL 

of the hydroxylated GQDs (1 mg/mL) were added on top of the reservoir and were afterwards air-

dried using a heat gun. Data acquisition included the transmittance (%) measurement mode with 

512 total number of scans at 8 cm−1 resolution. Signal processing was performed with the Happ-

Genzel apodization function.

Dynamic light scattering (DLS). Hydrodynamic size (determined by volume%) and zeta-

potential measurements were performed with a Zetasizer Nano-ZS (Malvern) at room temperature 
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using a solid-state He-Ne laser. The total number of scans was 11 and each scan lasted for 10s. 

Hydroxylated GQDs were suspended into MilliQ H2O at 0.03 mg/mL final concentration. Analysis 

was performed with Zetasizer Software 7.02. 

Thioflavin T (ThT) fluorescence kinetic assay. A ThT fluorescence kinetic assay was performed 

to monitor Aβ fibrillization. Strong ThT fluorescence was recorded at 482 nm once the dye was 

bound to the surface grooves of amyloid fibrils. Aβ-m was freeze dried after a 3 h-treatment by 

hexafluoro-2-propanol. Then Aβ-m was dissolved in 10 μL of 0.1% NH4OH and Milli-Q water 

was then added to obtain a stock of 100 μM Aβ-m. A 100 µL phosphate-buffered saline (PBS) 

solution containing 20 µM of Aβ-m and 40 µM ThT, in the presence or absence of GQDs was 

prepared in a black 96 well plate. The plate was incubated at 37 °C and the ThT fluorescence 

intensity was recorded at Ex 440 nm/Em 485 nm over a time course of 50 h. 

Transmission electron microscopy (TEM). The amyloid aggregation of Aβ in the presence or 

absence of GQDs was imaged by TEM after 72 h incubation. 10 µL drop of each sample was 

placed onto a glow-discharged, formvar/carbon-coated copper grids (400 mesh, ProSciTech). 

After 1 min blotting, the grids were negatively stained for 30 s with 5 μL of uranyl acetate (1%) 

and excess stain was dried on Whatman filter paper. The grids were inserted into specimen holders 

and imaged with an FEI Tecnai F20 microscope equipped with an energy dispersive spectroscopy 

detector at 200 kV. 

Membrane fluidity measurement. Lipophilic 6-Dodecanoyl-2-dimethylaminonaphthalene 

(Laurdan) dye was used to monitor the membrane lipid order. Once partitioned into cell 

membranes, Laurdan emitted fluorescence at 450 nm when the cell membranes were in the 

gel/liquid ordered phase and that fluorescence was redshifted to 500 nm in the liquid disordered 

phase under the excitation of 405 nm. The generalized polarization (GP) values between the 
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ordered and disordered shifts indicated the membrane fluidity. 

1.4×105 SH-SY5Y cells in 250 μL of complete DMEM/F12 media were seeded onto an 8-well 

chamber slide and cultured overnight. Prior to imaging, Laurdan dye was added to each well to a 

final concentration of 50 μM and allowed to equilibrate with the cells for 1 h. Cells were observed 

and imaged under a Leica SP8 inverted confocal fluorescence microscope. Live fluorescence 

imaging at 37 °C and 5% CO2 was necessary to maintain cell vitality over the testing period. 

Laurdan was excited with a 405 nm laser line and its emission was read at 430~470 nm or 480~550 

nm. Aβ species with or without GQDs were added to respective wells and images were acquired 

after 3 h incubation. The dye solution without cells was imaged for calibration. The acquisition of 

GP images was derived with ImageJ software.49,50 Then the GP values of cell membranes were 

calculated according to equation: , where I represents the pixel intensity of 𝐺𝑃 =
𝐼430 ― 470 ― 𝐼480 ― 530

𝐼430 ― 470 + 𝐼480 ― 530

cell membrane from ordered (430~470 nm) or disordered (480~530 nm) channels. GP shifts were 

derived by subtracting 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). 

Reactive oxygen species (ROS) generation. ROS detection was performed using an OxiSelectTM 

intracellular ROS detection kit. Human neuroblastoma (SH-SY5Y) cells were cultured in complete 

DMEM/F12 media with 10% of fetal bovine serum (FBS). ~50,000 cells per well were seeded into 

a Costar black/clear bottom 96-well plate and were cultured overnight. After 30 min incubation 

with 20 µg/mL H2DCFDA, SH-SY5Y cells were treated with Aβ-m in the presence and absence 

of GQDs for 3 h. The fluorescence intensity of fluorescent DCF was measured on a microplate 

reader CLARIOstar at Ex 488 nm and Em 535 nm. H2O2 (200 µM) was used as positive control.
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In vitro cytotoxicity. Cell mortality was detected by labelling dead SH-SY5Y cells with propidium 

iodide (PI, 1 μM). SH-SY5Y cells were incubated with PI for 30 min prior to the treatment of 20 

μM Aβ-o. The percentage of cell death (PI-positive cells) was acquired and quantified every hour 

for 24 h using an Operetta CLS High-Content Analyzer (PerkinElmer) at 37 °C and 5% CO2. H2O2 

200 μM was used as positive control. 

Detection of Aβ-o distribution. Immunofluorescence was performed to reveal the in vitro 

distribution of Aβ-o. ~1.2×105 SH-SY5Y cells/well were grown on an 8-well chamber slide (μ-

Slide, Ibidi) overnight. SH-SY5Y cells were incubated with the samples of Aβ-o with or without 

GQDs for 3 h. After gently washed with PBS, the cells were fixed by 4% of paraformaldehyde for 

15 min. A11 antibody (1:400, 70 μL) was then incubated with the cells at 4 oC overnight. After 

removing excess primary antibody and rinsing thoroughly with PBS, donkey anti-rabbit Alex 594 

secondary antibody (1:500, 70 μL) was incubated with the cells at room temperature for 2 h. Then 

the cells were washed with PBS and further stained with Hoechst 33342 (1:1000) for 5 min. The 

chamber slide was transferred to a Leica SP8 inverted confocal fluorescence microscope, and the 

cells were observed and imaged using a 63×/1.40 numerical aperture oil immersion objective. 

Statistical analysis. Data were presented as mean (n=3) ± SD. One-way ANOVA with Tukey’s 

multiple comparison tests was used for statistical analysis by GraphPad Prism 8 software. * 

represented P < 0.05, which was considered statistically significant. 

Molecular dynamics simulations. Interactions of Aβ-m, Aβ-o and Aβ-f with GQDs were 

simulated by all-atom discrete molecular dynamics (DMD), a rapid and predictive molecular 

dynamics algorithm. A comprehensive description of the atomistic DMD algorithm can be found 

in previous publications.51–53 Briefly, the continuous interaction potentials in classic molecular 

dynamics were replaced by optimized discrete stepwise functions in DMD. By solving the ballistic 
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equations of motion for only those particles participating in a collision, instead of solving Newton's 

equations of motion for every particle in the system by classic molecular dynamics, DMD can 

achieve rapid computation speed and enhanced sampling efficiency. Thus, DMD simulations have 

been utilized by our group and others to study protein folding, amyloid aggregation, and 

interactions of proteins/peptides with nanoparticles.50,54–56 The DMD program is available via 

Molecules in Action, LLC (http://www.moleculesinaction.com/).

Similar to classical molecular dynamics, the interatomic interactions in our all-atom DMD 

simulations with implicit solvent included both 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). The interatomic interactions were adapted from the Medusa force 

field.57,58 The force field parameters for van der Waals, covalent bonds, bond angles and dihedrals 

were taken from CHARMM force field.59 Solvation energy was implicitly calculated by the 

effective energy function proposed by Lazaridis and Karplus,60 whereas the distance- and angle-

dependent hydrogen bond formation was explicitly modelled by a reaction-like algorithm.61 The 

screened electrostatic interactions between charged atoms were computed by the Debye-Hückel 

approximation with the Debye length assigned ∼10 Å to mimic a water dielectric constant of 80 

and a physiological monovalent electrolyte concentration of 100 mM. 

The initial structural coordinates of Aβ-m and Aβ-f were obtained from protein databank (PDB 

code: 1Z0Q and 5OQV, respectively). A GQD was constructed using Avogadro with its surface 

randomly decorated by oxygen-containing functional groups (cf. Fig. 5A).62 The obtained GQD 

structure was of 3 nm in diameter and consisted of 349 total atoms, including 27 hydroxyls, 10 

epoxides and 5 carboxyls. 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 
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single peptide in a cubic box with the dimension of 7.5 nm. Counter ions (Na+) were added 

accordingly to maintain the molecular systems at a neutral charge condition. The initial structure 

of GQD was relaxed with a 100 ns simulation. To ensure sufficient conformational sampling, 30 

independent simulations starting from different initial configurations and velocities were 

performed for each system with the temperature fixed at 300 K by the Anderson's thermostat.63 

Each independent simulation with Aβ-m and Aβ-f lasted for 500 ns and those with Aβ-o ran for 

800 ns due to complex conformational changes. 

Structural properties were analyzed after the simulations reached steady states. The dictionary 

secondary structure of protein (DSSP) program was adopted to calculate the secondary structure 

of the peptide.64 Residue-wise contact frequency maps and GQD-Aβ binding frequencies were 

calculated by defining residue-residue and residue-GQD contacts if the minimal distance between 

heavy atoms was less than 0.55 nm. The two-dimensional potential of mean force (PMF) was 

computed using the probability distribution function, i.e., , where  is - kBTln P(Rg,Nβ - residues) 𝑘B

the Boltzmann constant,  is the simulation temperature of 300 K, and  the 𝑇 ln P(Rg,Nβ - residues)

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

β-sheet residues . Nβ - residues

3. RESULTS AND DISCUSSION

Inhibition of Aβ fibrillization by graphene quantum dots 

The size of the hydroxylated GQDs was initially characterized with TEM imaging, showing a sub 

5 nm size distribution (Fig. 1C). DLS measurements (Fig. S1c-e) indicated a uniformly 

distributing particle size of 11.4 ± 3.5 nm with a polydispersity index (PDI) of 0.366, as well as a 

slightly negative surface charge of -7.8 ± 5.5 mV. The functional groups of GQDs were further 
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determined with FTIR (Fig. S1a-b). Specifically, a broad band between 3550-3000 cm-1 can be 

attributed to the stretching vibration of O-H, while a sharp double band in the 1124-1050 cm-1 

region can be attributed to the stretching vibration of C-O indicating the presence of 

primary/secondary alcohol groups on the GQD surface. Moreover, vibrational bands owing to 

bending or stretching vibrations of C=C and C-H in Fig. S1a-b further confirmed the presence of 

alkene or alkane groups on the GQD core. The effects of GQDs on the kinetics and morphologies 

of Aβ aggregation, were first examined by a ThT fluorescence kinetic assay and TEM. This is 

essential for assessing the potency of GQDs for membrane fluidity recovery against Aβ. Typical 

sigmoidal curves, that are characteristic to amyloid protein aggregation and indicative of peptide 

conversions from Aβ-m to Aβ-o and Aβ-f, were observed by the changes in ThT fluorescence 

intensity with time (Fig. 1A). The fluorescence intensity reached a plateau in 20 h with the Aβ 

concentration of 20 M, while TEM imaging revealed well-defined rigid mature fibril formation 

(Fig. 1C). The ThT fluorescence in the saturation phase registered marked reductions with 

increased GQD concentrations (Figs. 1A&B). Although the ThT fluorescence intensity increased 

with GQDs of 0.5 g/mL, compared to 20 μM Aβ alone, TEM images revealed occurrence of 

amorphous aggregates only (Fig. 1C). At GQD concentration of 10 g/mL, the ThT fluorescence 

intensity at saturation was less than half of that for Aβ alone and the formation of fibrils was 

completely impeded (Figs. 1A-C). 
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Figure 1. Inhibitory effects of graphene quantum dots on Aβ aggregation. (A) ThT 
fluorescence kinetic assay of Aβ42 (20 μM) aggregation in the presence and absence of GQDs with 
concentrations of 0.5, 1, 2 and 10 g/mL. (B) ThT fluorescence intensity of Aβ42 aggregation after 
48 h of incubation with or without GQDs. The data points shown are the mean values (n=3) ± SD. 
*, ** represent P < 0.01 and P < 0.001 between the compared groups, respectively. Ns denotes no 
significant difference. (C) TEM imaging of Aβ42 aggregations in the presence and absence of 
GQDs at 72 h incubation timepoint. Aβ42 concentration: 20 μM. 

Disruption of membrane fluidity by Aβ and its rescue by graphene quantum dots 

We next evaluated changes to membrane fluidity induced by Aβ and GQDs in vitro. The cell 

membrane lipid order, an indicator of membrane fluidity, was monitored by Laurdan, a lipophilic 

dye capable of partitioning into cell membrane. Here, membrane fluidity was characterized by GP 

values, where a negative GP shift indicated a decreased membrane lipid order and a positive value 

reflecting an increased membrane order. Detailed descriptions of membrane fluidity measurement 

can be found in Methods and in previous publications.49,50 Specifically, the GP shifts (represented 

by “d”) for SH-SY5Y cells indicated that Aβ-m (+0.0293), Aβ-f (-0.0079), and GQDs (2 g/mL, 

-0.0702; 10 g/mL, -0.0836; 50 g/mL, -0.1508) by themselves only induced neglectable shifts in 
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membrane fluidity (Fig. 2& Fig. S2 in ESI). In contrast, Aβ-o caused a large positive GP shift 

(+0.1793), indicating its effective role in increasing membrane lipid order which may explain the 

disruption in the membrane fluidity by this most toxic Aβ aggregate species (Fig. 2A). The more 

ordered membrane structure can be attributed to increased lipid head groups per unit area as well 

as perforation in neuronal cell membranes induced by Aβ-o. By comparison, the positive shift of 

membrane order was diminished (+0.1053) in the presence of GQDs at a low concentration of 2 

g/mL. The membrane order was almost fully restored to that of control cells with GQDs of 10 

g/mL (-0.0411), where the recovery effect reached saturation (-0.0374) with GQDs of 50 g/mL. 

Taken together, we found that the membrane disruption induced by Aβ-o was effectively rescued 

by GQDs, and the molecular mechanisms of GQDs interacting with the Aβ species were further 

examined by DMD simulations (presented in a latter section). 
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Figure 2. Effects of Aβ-m, Aβ-o, and Aβ-f on SH-SY5Y cell membrane fluidity in the presence 
and absence of GQDs. (A) GP shifts (represented by letter d) were recorded after a 3 h-treatment 
by Aβ-m, Aβ-o and Aβ-f (20 µM) of Aβ42. Compared with Aβ-m and Aβ-f, Aβ-o caused a large 
positive GP shift. GQDs prevented perturbation to membrane fluidity induced by Aβ-o and 
restored the GP values to that for control cells, especially at 10 and 50 g/mL. (B) Summaries of 
the GP values of panel A and Fig. S2.

Association of Aβ with cell membrane is essential for the downstream biological and toxicological 

effects of the amyloidogenic peptide. Therefore, we focused on the cellular distribution of Aβ-o 

and changes induced by GQDs since Aβ-o induced the most significant shift in membrane fluidity. 

Anti-oligomer (A11) antibody was used to specifically recognize Aβ-o, but not Aβ-m or Aβ-f in 

vitro. Distribution of Aβ-o on SH-SY5Y cells was measured by confocal fluorescence imaging 

over 3 h of incubation (Figs. 3&S3-S5). As indicated by the red spots in the merged images, Aβ-

o themselves were prone to association with cell membranes in 3 h of treatment (Figs. 3&S4). In 

the presence of GQDs, however, the intensity of Aβ-o around cell membranes declined markedly, 

and the cytoplasm was gradually lighted up by the complexes of Aβ-o and GQDs over time (Figs. 

3&S3). Thus, the association of Aβ-o with cell membrane was prevented by GQDs, rendering the 

effect of GQDs in restoring membrane integrity perturbed by the peptide. 
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Figure 3. Aβ42 oligomers distribution on SH-SY5Y cells in the presence and absence of GQDs. 
Confocal images of Aβ-o (concentration: 20 μM) distribution after 3 h of treatment, including 
Aβ-o (red), nucleus (blue), bright-field (gray) and merged images for the 3 channels. Aβ-o were 
labeled by A11 antibody in vitro. The red arrows in zoomed-in images indicate the positions of 
Aβ-o. GQDs: 50 μg/mL. Scale bars: 20 μm. 

The obstruction of the membrane axis of Aβ by GQDs was further verified by assays on actin 

organization, ROS generation and cell viability. Immunofluorescence imaging of actin filaments 

(Em 488 nm) after a 3 h treatment showed that Aβ-o promoted the expression of actin filaments, 

whereas the actin filament intensities reduced with the increased concentration of GQDs (Figs. 

4A&B). Aβ-m, Aβ-f and GQDs, as expected, elicited no toxicity in neurocytes (Figs. 4C&D). 

Although there was no significant amount ROS generated by 3h Aβ-o exposure, Aβ-o was the 

most potent species in inducing cell death after 20 h incubation. In comparison, cell mortality 

caused by Aβ-o (around 30% cell death after 20 h incubation) was significantly alleviated by the 

presence of GQDs (to less than 5%, with 10 g/mL GQDs) (Fig. 4E). Together, GQDs displayed 
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a potency for the mitigation of Aβ toxicity by effectively alleviating actin reorganization and 

suppressing cell death. 

Figure 4. Actin organization, ROS generation and cell mortality of SH-SY5Y cells exposed 
to Aβ42 oligomers (Aβ-o, 20 µM) in the presence and absence of GQDs. (A) 
Immunofluorescence imaging of actin filaments after a 3 h treatment of Aβ-o (20 µM) and GQDs 
(2 g/mL, 10 g/mL and 50 g/mL). Actin filaments were stained by phalloidin-iFluor 488 
(green). (B) Calculation of the fluorescence intensity of actin filaments according to panel A using 
ImageJ software. Data points are depicted as mean values (n=3) ± SD, via ne-way ANOVA, ***P 
< 0.0001 compared with Aβ-o. (C, D) ROS production of SH-SY5Y cells were identified by 
H2DCFDA staining after 3 h treatment with (C) Aβ-m, Aβ-o and Aβ-f and (D) Aβ-o with the 
combination of GQDs. H2O2 (200 µM) was used as positive control. (E) Cell mortality after 20 h 
treatment with Aβ-o and GQDs. Data are shown as mean values (n=3) ± SD, via Two-way 
ANOVA analyzed at 20 h, *** P < 0.0001 compared with Aβ-o.
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Dynamics of Aβ-GQD interaction by discrete molecular dynamics simulations 

To gain a molecular insight into the inhibition mechanism of GQDs on Aβ aggregation, we 

conducted all-atom DMD simulations. Various Aβ species, including Aβ-m, preformed Aβ-o and 

Aβ-f, were considered to reveal the interaction modes in accordance with the in vitro experiments. 

For Aβ-m, the peptide initially placed close to the GQD became adsorbed onto the nanoparticle 

surface in 200 ns (Fig. 5B). As illustrated by the distance between each Aβ residue and the GQD 

(Fig. 5B) and the corresponding snapshots of a typical simulation trajectory (Fig. 5D), the N-

terminus of the peptides initiated the adsorption process with the helical structure between residues 

11-22 remained intact (Figs. 5C&D). Subsequently, the C-terminus was brought into contact with 

the opposite surface of the GQD in 20 ns, after which the helical structure underwent unfolding 

gradually. The unfolding of Aβ16-22 helix, took a much longer time (about 200 ns), supporting its 

role as the rate-limiting step for Aβ conformational changes. After the system reached steady states, 

the propensity of each Aβ residue to participate in a β-sheet structure was less than 0.1, 

significantly less than the control (Figs. 5E&S6). For Aβ-m alone, the peptide was rich in 

unstructured coils and the average β-sheet structure content was about 28%, which was consistent 

with the value of 24% shown with circular dichroism spectroscopy.65 The amyloidogenic region 

Aβ16-22, which played important roles in the Aβ aggregation and fibril elongation66, possessed a 

high propensity to form a helical structure, consistent with the NMR results67. In the presence of 

the GQD, however, the ordered helical and β-sheet structures of Aβ-m were rendered into random 

coils which consisted of more than 80% in content (Fig. 5F). The robust effect of the GQD on 

reducing the ordered protein structure can be attributed to the strong binding affinity of the GQD 

for Aβ-m, with the binding frequency of each Aβ-m residue being around 0.8 or higher (Fig. 5G). 

The strong binding originated from the amphiphilic characters of the GQD and the Aβ peptide, 
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which enabled the coexistence of multiple interactions, including aromatic stacking, electrostatic 

attraction between the positively charged residues of Aβ-m and the carboxylic acids of the GQD, 

hydrophobic interaction between the hydrophobic residues of the peptide and non-oxidated regions 

of the GQD, as well as hydrogen bonding between the polar residues of Aβ-m and the epoxide, 

carbonyl and hydroxyl groups of the GQD. 

Figure 5. Interactions between Aβ-m and a graphene quantum dot. (A) Structure of the GQD 
used in the simulations. Time evolution of (B) distance between each Aβ residue and the GQD and 
(C) secondary structure of Aβ-m peptides from a typical DMD simulation trajectory. (D) 
Snapshots of the interaction process shown in B and C. The GQD was represented by sticks and 
Aβ-m was shown as cartoon with the N-terminus indicated by a sphere. (E) β-sheet propensity of 
each Aβ-m residue in the absence and presence of the GQD. (F) Secondary structure contents of 
Aβ-m with and without the GQD. (G) Binding frequency of each Aβ-m residue with the GQD.
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To investigate the interactions between Aβ-o and GQDs, the dynamics and structural changes of 

Aβ tetramers in the absence and presence of a GQD were simulated. Stable Aβ tetramers were 

formed via the self-assembly of four Aβ-m peptides for 400 ns, after which a GQD was placed 

near the tetramer with the atomic distance larger than 1.5 nm (Fig. 6A). Coaggregation of 4 Aβ 

monomers randomly mixed with the GQD was also simulated to probe the effect of GQDs on Aβ 

conformation. Upon the addition of the GQD, the β-sheet content of the preformed Aβ tetramer 

gradually decreased and reached the same level as with the coaggregation system, both of which 

were noticeably lower than the control (Fig. 6B), consistent with the experimental results (Fig. 1). 

The averaged secondary structure propensities after the simulation reached steady states indicated 

that ordered β-sheet structure was rendered into coils and bends in the presence of the GQD, 

whereas the reduction of helical structure was subtle (Fig. 6C). To reveal the inhibition mechanism, 

the secondary structure of each Aβ residue together with the residue-wise intra- and inter-peptide 

contact frequency maps were calculated (Figs. 6D-F&S7). The reduction of β-sheet propensity 

was most significant in residues 1-22 (Fig. 6D), covering the amyloidogenic core region Aβ16-22, 

due to the higher binding affinity of the GQD for the N-terminus than the C-terminus of Aβ-o 

illustrated by the probability distribution of the distance between each Aβ-o residue and the GQD 

surface (Fig. S8). Besides, both the diagonal and anti-parallel regions of the inter-peptide contact 

map were effectively reduced, especially between the core region Aβ16-22. Thus, the GQD 

disrupted the Aβ-o by strongly binding with the N-termini of Aβ peptides and shifting the contact 

preference of Aβ peptides to the GQD instead of other peptides, thereby resulting in a reduction 

of inter-peptide contacts. This high Aβ-GQDs binding affinity was expected to diminish the 

peptide-peptide and Aβ-membrane interactions, thus breaking down the membrane-axis of Aβ.
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To probe the conformational properties of Aβ-o in the absence and presence of the GQD, two-

dimensional PMF (the effective free-energy landscape) as a function of the total number of β-sheet 

residues and  of Aβ-o was computed (Figs. 6G&H). In the absence of the GQD, the PMF of 𝑅g

Aβ-o featured three basins with the number of β-sheet residues ranged between 13 and 21, 

corresponding to the helical-rich, β-sheet-containing and β-sheet-rich structures. In contrast, the 

number of β-sheet residues was suppressed to only 10.5-13.5 for the basins in the presence of the 

GQD. Moreover, the value of the basins increased from 13.6-14.8 Å to 13.8-16.5 Å by the 𝑅g 

interaction of Aβ-o with the GQD, indicating that the Aβ aggregates became more extended in the 

presence of the GQD. Taken together, the DMD simulations revealed that strong interactions 

between the amphiphilic GQD and Aβ-o effectively converted the ordered structures of preformed 

Aβ-o into unstructured coils and extended the Aβ peptide conformations. 
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Figure 6. Interactions between Aβ-o with a graphene quantum dot. (A) Initial structure of the 
simulation systems. A preformed Aβ tetramer was placed near the GQD. (B) Time evolution of 
the β-sheet content. Aβ-o: a preformed Aβ tetramer. Coaggregation: four Aβ-m with the GQD. (C) 
Secondary structure propensities of Aβ after the simulations reached the steady state. (D) β-sheet 
propensity of each Aβ residue in the absence and presence of the GQD. (E) Intra- and inter-peptide 
contact frequency maps for Aβ peptides. (F) Changes of the contact frequency maps in the 
presence of GQD compared with the control. (G, H) Two-dimensional potential of mean force 
(PMF) with respect to the number of β-sheet residues and radius of gyration for Aβ-o (G) and Aβ-
o+GQD (H). The basins of the PMFs were labeled with typical snapshots presented on the right. 
The GQD was represented by sticks and Aβ-o in cartoon with the N-termini indicated by spheres.
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To understand the interaction between Aβ-f and GQDs, we further simulated the binding of a 

preformed Aβ-f with GQDs (Fig. 7). Two GQDs were placed near the Aβ-f (comprising 9 Aβ 

peptides) to maintain the same Aβ/GQD concentration ratio as in the Aβ-o simulations. The 

movement of Aβ-f was constrained to reduce the computational cost for such a large molecular 

system while reflecting the rigidity of mature fibrils. The conformations of the Aβ-f-GQD 

complexes showed that the GQDs could bind both the ends and sidewalls of the fibrils (Fig. 7A), 

indicating that the elongation and secondary nucleation phases could be obstructed by the GQDs. 

The binding frequency of each Aβ residue demonstrated that the GQDs had high binding affinities 

for the first 20 residues of the peptides on both the ends and sidewalls (Figs. 7B&C). Lower 

binding frequency of the GQDs with the C-termini of sidewalls than those on the ends of Aβ-f was 

due to the concave shape formed by the C-terminal regions. Therefore, the direct interaction 

between Aβ-f and cell membrane could also be attenuated by the fibrillar coating of GQDs. In 

addition, since the strong binding of Aβ with GQDs was equally contributed by a wide range of 

residues (Fig. 5G) and the oligomers and fibrils formed by different Aβ isomers shared similar 

structural characteristics68,69, we expect GQDs can bind different Aβ isomers to disrupt their 

membrane-axes. 
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Figure 7. Interactions between Aβ-f and GQDs. (A) Overlaying of final snapshots from 30 
independent simulations, where a preformed Aβ-f comprising 9 peptides was illustrated by its 
surfaces with molecular surface colored according to each residue’s binding probability with two 
GQDs from low (blue) to high (red). GQD atoms were displayed in wheat spheres. (B, C) Binding 
frequencies of each Aβ residue at (B) ends and (C) sidewalls of Aβ-f with the GQDs. 

4. CONCLUSION

Recent development of nanoparticle inhibitors against amyloid aggregation has led to a new 

frontier in nanomedicine70, fueled by advantageous physicochemical properties of nanomaterials 

and the need for novel and more effective therapeutic agents for neurological disorders and 

metabolic diseases. Much of these research efforts have benefited from our existing knowledge on 

the structure and aggregation kinetics of amyloidogenic proteins, yet few have connected the dots 

between the amyloid proteins, their membrane axis, and their nanoparticle inhibitors. Accordingly, 

in the present study we examined membrane fluidity perturbed by the three major forms of Aβ, 

and demonstrated the mitigation potential of GQDs in reverting SH-SY5Y cells to their native 
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fluidic state, especially in the presence of the most invasive and toxic Aβ-o. We detailed the 

molecular mechanisms of the three peptide species interacting with GQDs using DMD simulations. 

While Aβ-m bound to the GQDs via strong electrostatic and hydrophobic interactions with H-

bonding, the nanostructures reshaped the three basins of the PMF of Aβ-o to discourage the β-

sheet propensity of the peptide residues. Furthermore, GQDs displayed a tendency of adhering to 

the sides and ends of an Aβ-f, thereby hindering their elongation. The affinities of GQDs for all 

three representative forms of Aβ, as revealed by the computer simulations and our in vitro 

experiments, ensured a strong association of the peptide with the nanostructure, overcoming 

intermolecular peptide-peptide interactions as well as the membrane axis of Aβ. Altogether, this 

study implicated GQDs as a potential AD nanomedicine from the new perspective of their capacity 

in recovering membrane fluidity and potentially restoring the homeostasis of neuronal cells. 
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