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A B S T R A C T   

Evidence suggests that increased level/aggregation of beta-amyloid (Aβ) peptides initiate neurodegeneration and 
subsequent development of Alzheimer’s disease (AD). At present, there is no effective treatment for AD. In this 
study, we reported the effects of gold nanoparticles surface-functionalized with a plant-based amino acid 
mimosine (Mimo-AuNPs), which is found to cross the blood-brain barrier, on the Aβ fibrillization process and 
toxicity. Thioflavin T kinetic assays, fluorescence imaging and electron microscopy data showed that Mimo- 
AuNPs were able to suppress the spontaneous and seed-induced Aβ1-42 aggregation. Spectroscopic studies, mo-
lecular docking and biochemical analyses further revealed that Mimo-AuNPs stabilize Aβ1-42 to remain in its 
monomeric state by interacting with the hydrophobic domain of Aβ1-42 (i.e., Lys16 to Ala21) there by preventing a 
conformational shift towards the β-sheet structure. Additionally, Mimo-AuNPs were found to trigger the disas-
sembly of matured Aβ1-42 fibers and increased neuronal viability by reducing phosphorylation of tau protein and 
the production of oxyradicals. Collectively, these results reveal that the surface-functionalization of gold 
nanoparticles with mimosine can attenuate Aβ fibrillization and neuronal toxicity. Thus, we propose Mimo- 
AuNPs may be used as a potential treatment strategy towards AD-related pathologies.   

1. Introduction 

Alzheimer’s disease (AD), the most common form of late-life de-
mentia, is a progressive neurodegenerative disorder characterized by a 
gradual loss of memory followed by deterioration of higher cognitive 
functions. Most AD cases are sporadic, whereas only a minority (<10%) 
of familial cases segregate with mutations in three known genes; amy-
loid precursor protein (APP), presenilin 1 (PSEN1) and PSEN2 [1,2]. At 
present, there is no effective treatment to either delay or arrest the 
progression of AD. The major pathological features associated with the 
disease include the presence of tau-positive intracellular neurofibrillary 
tangles, extracellular neuritic plaques and the loss of neurons in selected 
regions of the brain. Structurally, neuritic plaques comprise a compact 
deposit of β-amyloid (Aβ) peptides derived from the precursor APP by 

sequential processing mediated via β-secretase and the tetrameric 
γ-secretase complex [1,3]. Although various Aβ fragments containing 
39–43 amino acids are evident physiologically, the two most prevalent 
isoforms found in the brain are Aβ1-40 and Aβ1-42 [1,4]. Of the two iso-
forms, Aβ1-42 constitutes ~10% of the total Aβ peptides but, due to its 
amphiphilic nature and high hydrophobicity, it tends to aggregate faster 
and is more toxic to neurons than the Aβ1-40 [5,6]. It is generally 
believed that conversion of Aβ from physiological monomeric forms into 
a variety of structures ranging from oligomers to amyloid fibrils may 
underlie the cause of neuronal dysfunction/death leading to the devel-
opment of AD pathology [7,8]. While the C-terminal domain of Aβ de-
termines the rate of fibril formation, the N-terminus promotes Aβ-Aβ 
interaction for polymerization, leading to a random coil or α-helix to 
β-sheet transition. The extended β-sheet formation promotes homophilic 
interactions creating Aβ oligomers that serve as seeds/nuclei for 
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accelerated fibril growth [9,10]. Many studies are being pursued 
currently to develop small organic molecules, peptides and nano-
particles functionalized with drugs/phytochemicals/metal chelators to 
interfere with the Aβ aggregation process as a treatment strategy for AD 
[9,11–13]. 

Mimosine [β-[N-(3-hydroxy-4-oxypyridyl)]-α-aminopropionic acid], 
a non-protein amino acid found in a variety of tropical and subtropical 
plants, has been shown to display a wide range of biological properties 
significant to medicinal fields such as anti-cancer, anti-viral, anti- 
inflammatory and anti-fibrosis [14–16]. It has also been reported to 
suppress cell death in a variety of experimental paradigms partly by 
regulating the production of mitochondria-mediated reactive oxygen 
species (ROS) [17,18]. Structurally, like other phytochemicals such as 
capsaicin [19] and piperine [20], mimosine comprises an alanine side 
chain bound to the nitrogen atom of a hydroxypyridone ring with a 
resemblance to dihydroxyphenylalanine (DOPA) (Fig. 1a) [14]. Since 
hydrophobicity plays a critical role in Aβ aggregation [21–24] and 
nanoparticles coated with hydrophobic molecules are capable of 
inhibiting the aggregation process [19,25], we wanted to determine if 
mimosine in a surface-functionalized form will be effective in inhibiting 
aggregation of Aβ peptide and protect mouse cultured neurons against 
Aβ-mediated toxicity. 

Among various engineered nanoparticles, gold nanoparticles 
(AuNPs) are one of the most extensively studied nanoparticles due to 
their excellent biocompatibility, optical properties, easy fabrication and 
surface functionalization. Some surface-coated AuNPs depending on 
their intrinsic physicochemical properties (i.e., size, shape, surface 
modification and charge) have been shown to inhibit Aβ fibrillization 
and/or cell toxicity under in vitro paradigms [26–29]. In the present 
study, we have successfully functionalized mimosine onto AuNPs (i.e., 
Mimo-AuNPs) and demonstrated their ability to cross the blood-brain 
barrier (BBB) and inhibit spontaneous as well as seed-induced aggre-
gation of both normal and familial mutant human Aβ peptides using a 
Thioflavin-T (ThT) assay. The nature of the interaction between Aβ and 
Mimo-AuNPs is further characterized using a variety of structural and 
biophysical methods including Transmission Electron Microscopy 
(TEM), Dynamic light scattering (DLS), Circular dichroism (CD) as well 
as Fourier transform Infrared (FTIR) spectroscopy. Additionally, we 
revealed that Mimo-AuNPs can trigger the disassembly of preformed 
mature Aβ fibers and can protect mouse cortical cultured neurons 
against Aβ-induced toxicity by attenuating cell death mechanisms. 

2. Experimental 

2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM), neurobasal medium, 
Hanks’ balanced salt solution (HBSS), fetal bovine serum (FBS), B27 and 
N2 supplement were purchased from Life Technology (NY, USA). The 
bicinchoninic acid (BCA) protein assay kit, enhanced chem-
iluminescence (ECL) kit were from Thermo Fisher Scientific Inc. (ON, 
Canada), whereas the RBT-24 BBB kit was from PharmaCo-Cell (Naga-
saki, Japan). Isoforms of Aβ1-42 and Aβ1-40, Tau 04NR and the reverse 
sequence of Aβ1-42 (i.e. Aβ42-1) were purchased from R Peptide (CA, 
USA), whereas D23 N Iowa mutant, as well as E22Q Dutch mutant Aβ1- 
42, were procured from Ana Spec (CA, USA). ThT, Hexafluoro-2- 
Propanol (HFIP), Nile red, 8-Anilion-1-Naphthalene Sulfonate (ANS), 
mimosine, auric chloride (HAuCl3), trisodium citrate and 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), potassium 
hydroxide (KOH) were obtained from Sigma-Aldrich (MO, USA) and the 
lactate dehydrogenase (LDH)-based cytotoxicity assay kit was purchased 
from Promega (OH, USA). Electron microscopy grids (Formvar/Carbon 
200 mesh copper grids) and phosphotungstic acid stains were purchased 
from TedPella (CA, USA). Sources of primary antibodies used in the 
study are listed in Table 1. All horseradish peroxidase-conjugated sec-
ondary antibodies were purchased from Santa Cruz Biotechnology (CA, 
USA). All other chemicals were obtained from either Sigma-Aldrich or 
Thermo Fisher Scientific. 

2.2. Preparation of mimosine functionalized nanoparticles 

The mimosine molecule was functionalized onto AuNPs utilizing the 
KOH reduction method using an established protocol [20,30]. As for 
control, we used citrate capped AuNPs which were synthesized by 
boiling 0.2 mM of HAuCl3 under the reflux condition followed by the 
addition of trisodium citrate as described earlier [20]. Finally, these 
nanoparticles were characterized by measuring their absorption spectra 
using a nanodrop spectrophotometer. 

2.3. BBB permeability assay 

The ability of the Mimo-AuNPs to cross the BBB was measured by 
determining the BBB permeability co-efficient using the established 
RBT-24 kit according to manufacturer’s instruction. In brief, rat brain 
astrocytes, pericytes and vascular endothelial cells were co-cultured for 
4 days (see Fig. S1c) and then the integrity of the formed endothelial 
barrier and tight junctions was evaluated by measuring the 

Abbreviations 

Aβ amyloid β 
AD Alzheimer’s disease 
ANS 8-Anilion-1-Naphthalene Sulfonate 
AuNPs gold nanoparticles 
BBB blood-brain barrier 
BCA bicinchoninic acid 
CD circular dichroism 
DLS dynamic light scattering 
DMEM Dulbecco’s modified Eagle’s medium 
DMSO dimethyl sulfoxide 
ECL enhanced chemiluminescence 
ERK1/2 extracellular signal-regulated kinases 
FBS fetal bovine serum 
FCC Face Centered Crystalline 
FTIR Fourier transform infrared spectroscopy 

GSK-3β glycogen synthase kinase-3β 
HBSS Hanks’ balanced salt solution 
HFIP hexafluoro-2-propanol 
HRP horseradish peroxidase 
LDH lactate dehydrogenase 
MAP mitogen-activated protein 
MTT 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium 

bromide 
PAGE polyacrylamide gel electrophoresis 
Papp apparent permeability co-efficient 
PBS phosphate-buffered saline 
PFA paraformaldehyde 
ROS reactive oxygen species 
SPR surface plasma resonance 
TEER trans endothelial electrical resistance 
TEM transmission electron microscopy 
ThT Thioflavin-T.  
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transendothelial resistance (TEER) of the cells using EVOM2-Epithelial 
Voltohmmeter. The TEER value was calculated in the following 
manner as reported earlier [31]. 

TEER (Ω x cm2) = [(relative resistance of experimental wells - rela-
tive resistance of blank wells) x (0.33) Membrane Surface Area (cm2)] 

The wells with TEER value > 150 Ω x cm2, were subjected to 900 μl 
of phosphate-buffered saline (PBS)-based assay buffer on the brain side 
and 200 μl of the drugs (i.e, mimosine, AuNPs and Mimo-AuNPs) on the 
blood side of the trans-wells. The plate was incubated for 30min with 
mild agitation and the samples from both sides were collected to detect 
the concentrations of mimosine, AuNPs and Mimo-AuNPs using UV 
visible spectra and DLS. The Papp value was calculated according to the 
kit’s protocol. 

2.4. Preparation of Aβ peptides 

All lyophilized Aβ1-42, Aβ1-40, Aβ42-1, D23 N Iowa mutant Aβ1-42 and 
E22Q Dutch mutant Aβ1-42 stored at − 80 ◦C were first equilibrated to 
room temperature for 30min before dissolving in HFIP to obtain a 1 mM 
solution. Once dissolved, peptide aliquots were dried to remove HFIP 
and then restored at − 80 ◦C for subsequent use as described earlier [32]. 
For the preparation of Aβ fibrils, diluted peptides were incubated at 
37 ◦C overnight in PBS (pH 7.4). 

2.5. Aβ aggregation kinetics 

The aggregation kinetics of Aβ1-42, Aβ1-40, D23 N mutant Aβ1-42 and 
E22Q mutant Aβ1-42 (10 μM) were carried out in the presence or absence 
of different concentrations of AuNPs, mimosine and Mimo-AuNPs using 
the ThT assay as described earlier [33]. In the case of seed-induced 
aggregation studies, preformed Aβ1-42 fibers (~15% w/v) were used as 
a primary seed. For Aβ1-42 disassembly experiments, the ThT signal was 
monitored for the mature fibers in the presence of Mimo-AuNPs at 
regular time intervals for 120hrs. The fluorescence signal for sponta-
neous Aβ aggregation was measured every 15min for 24h with excita-
tion at 440 nm and emission at 480 nm using a Flurostar omega BMG 
Labtech (Aylesbury, UK) or a Spectra max M5 (Molecular Devices, USA). 

All kinetic experiments were repeated nine times with three technical 
replicates and the graphs were plotted using ORIGIN 2020. 

2.6. Fluorescence microscopy 

After incubation of Aβ samples with or without mimosine, AuNPs 
and Mimo-AuNPs for different periods (0–24h), 100 μl of the sample was 
transferred to glass slides, stained with ThT as described earlier [23,34]. 
The samples were then examined and images were captured using a 
Nikon 90i fluorescence microscope. 

2.7. Transmission electron microscopy (TEM) 

The Aβ samples with or without Mimo-AuNPs (10 μL) were loaded 
onto freshly glow-discharged 200 mesh carbon-coated copper grids and 
adsorbed onto grid surface for ~1min. Grids were then washed with 50 
μL 0.1 M and 0.01 M ammonium acetate and negatively stained with 2% 
phosphotungstic acid solution. After drying, the stained samples were 
analyzed with a FEI Tecnai G20 electron microscope (FEI Company, The 
Netherlands). An acceleration voltage of 200 kV was used to record 
micrographs on an Eagle 4k x 4k CCD camera. 

2.8. Circular dichroism (CD) spectroscopy 

The changes in the secondary structure of Aβ1-42 in the presence and 
absence of Mimo-AuNPs were determined using a Chirascan CD spec-
trophotometer as described earlier [23,24]. After incubating 10 μM 
Aβ1-42 in the presence or absence of 200 μM Mimo-AuNPs, each reaction 
mixture is subjected to spectroscopic studies and the CD spectra were 
recorded at room temperature in a CD cuvette of 2 mm path length. The 
reported spectra were the average of nine different acquisitions between 
200-260 nm. The alteration in the secondary structure of Aβ1-42 was 
determined by analyzing the ellipticity values of the samples taken from 
the aggregation reactions. 

2.9. Dynamic light scattering (DLS) 

The hydrodynamic radius of various AuNPs with or without Aβ1-42 
was measured using a Malvern Zetasizer-Nano ZS (Malvern Instruments, 
USA) equipped with a back-scattering detector (173◦). The samples 
(AuNPs and Mimo-AuNPs) were prepared by filtering it through a pre- 
rinsed 0.2 μm filter and all readings were recorded after equilibrating 
the samples for 5min at 25 ◦C. Particle size was calculated by the 
manufacturer’s software through the Stokes-Einstein equation assuming 
spherical shapes of the particles [35]. 

2.10. Zeta potential measurement 

The surface zeta potential measurement was carried out using a Nano 
ZS (Malvern) equipped with MPT-2 titrator. The Mimo-AuNPs and 
AuNPs samples were resuspended in deionized water and the Zeta po-
tentials were calculated from the electrophoretic mobility using a 
Smoluchowski relationship as described earlier [35]. 

Fig. 1. Characterization of Mimo-AuNPs. (a) Graphical image showing the chemical structure of mimosine obtained from Pubchem (ID: 440473). (b) FTIR spectra 
of Mimo (black) and Mimo-AuNPs (olive) displaying their respective vibrations before and after functionalization. (c) DLS peak of Mimo-AuNPs depicting an average 
diameter of ~8–12 nm. (d) TEM images revealing the evenly sized (~6 nm) spherical Mimo-AuNPs (i) and the high-resolution data show a fringe spacing of 2.2, 2.3 
and 2.4 Å confirming its polycrystalline nature (ii) and selected area electron diffraction pattern (SAED) for Mimo-AuNPs showing the Scherrer ring patterns 
indicating the (111), (200) (220) and (311) nanocrystalline nature of FCC gold (iii). (e & f) Histograms depicting that 10–200 μM Mimo-AuNPs following 24h 
exposure did not alter the viability of cortical cultured neurons as evaluated using MTT (e) and LDH (f) assays. (g & h) DLS analysis showing Mimo-AuNPs in the 
apical side (before assay) and basolateral side (after assay) (g) and a histogram showing the apparent permeability coefficient (Papp) values after incubation of AuNPs, 
mimosine and Mimo-AuNPs for 30min in the activated BBB kit (h). All data expressed as mean ± SEM were obtained from three to five separate experiments, each 
performed in triplicate. ND, not detected. **p < 0.01. 

Table 1 
Details of the primary antibodies used in this study.  

Antibody Type Type WB/FT 
dilution 

Source 

A11 oligomer specific Polyclonal 1:5000 Invitrogen 
Amyloid Fibrils OC Polyclonal 1:1000 Sigma-Aldrich 
Phospho-Thr202/Tyr204 

ERK 
Polyclonal 1:1000 Cell Signaling 

Total-ERK Monoclonal 1:1000 Cell Signaling 
Phospho-Tyr216 GSK Polyclonal 1:1000 Abcam 
Total-GSK Monoclonal 1:1000 Abcam 
Tau (AT270) Monoclonal 1:1000 Thermo Fisher 

Scientific 
β-actin Monoclonal 1:5000 Sigma-Aldrich 
β-amyloid, 1–15 (3A1) Monoclonal 1:1000 BioLegend 
β-amyloid, 1–16 (6E10) Monoclonal 1:1000 BioLegend 
β-amyloid, 17–24 (4G8) Monoclonal 1:1000 BioLegend 
β-amyloid, 23-29 Polyclonal 1:1000 Anaspec 

WB: western blotting; FT: Filter-trap. 
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2.11. Native polyacrylamide gel electrophoresis (PAGE) analysis 

We used Native PAGE to determine the formation of higher-ordered 
aggregates of Aβ with or without Mimo-AuNPs [23,24]. The Native 
PAGE was performed using a 12% polyacrylamide gel in an Invitrogen 
novex Mini cell system. The gels were silver stained and visualized by a 
FluorChem E system (CA, USA). The images taken from native gels were 
subsequently processed by using Image J software. 

2.12. Fourier transform Infrared (FTIR) spectroscopy 

The FTIR spectroscopy study was performed to identify the presence 
of functional groups in the mimosine that characteristically bind AuNPs. 
The FTIR spectra for mimosine and Mimo-AuNPs were obtained by using 
the KBr pellet method, whereas the ATR mode was used for obtaining 
the secondary derivative (1700 cm− 1 and 1600 cm− 1) for mature Aβ1-42 
fibers with or without Mimo-AuNPs. All spectra were collected with a 
Bruker Vertor 70 spectrometer equipped with a silicon carbide source 
and an MCT (Mercury-Cadmium-Telluride) detector. The spectra were 
processed using the OPUS 6.5 software as described previously [36]. 

2.13. 8-Anilion-1-Naphthalene sulfonate (ANS) assay 

ANS is a specific assay to detect Aβ aggregation [37]. The reaction 
samples containing Aβ1-42 aggregates in the presence or absence of 
Mimo-AuNPs were mixed with ANS, incubated for 30min at 37 ◦C in the 
dark and then recorded at 380 nm using a spectramax M5 multi-plate 
reader. The experiments were repeated three to four times and the 
average values were plotted using ORIGIN 2020. 

2.14. Nile red assay 

Nile red, a hydrophobic dye, was used to detect the presence of 
amyloid fibers [37]. After the Aβ1-42 aggregation reaction, 150 μl of 
samples with or without Mimo-AuNPs were mixed with 5 μM Nile red 
and incubated for 60min at room temperature. The samples were then 
excited at 530 nm and the emission spectra were recorded from 540 to 
700 nm using a spectramax M5 multi-plate reader. The experiments 
were repeated three times and the average values were plotted using 
ORIGIN 2020. 

2.15. Filter-trap assay for epitope mapping 

The site of interaction between Aβ1-42 monomers and Mimo-AuNPs 
was detected by a filter-trap assay using various site-specific Aβ anti-
bodies (see Table 1) [38]. The Aβ samples after aggregation in the 
presence or absence of Mimo-AuNPs were spotted on a nitrocellulose 
membrane (0.02 μm), subjected to vacuum filtration through a 96-well 
Bio-Dot Microfiltration apparatus, washed with Tris-buffer with 0.1% 
Tween 20 and then incubated at 4 ◦C for 12h with Aβ antibodies. The 
membranes were then washed, incubated with appropriate secondary 
antibodies (1:5000) and developed with an ECL kit. All blots were 
examined using a Fluor Chem E system and the images were processed 
by using Image J software. 

2.16. Molecular docking 

The molecular interaction between Aβ and mimosine ligand was 
studied by using AutoDock Vina wizard of PyRx(v0.8) [39]. The struc-
ture of Aβ1-42 monomers (PDB ID 1IYT, 6SZF and 1ZOQ), Aβ1-42 fibers 
(PDB ID 5OQV), Aβ1-40 monomer (PDB ID 1BA4) and Tau monomer 
fragment (PDB ID 2MZ7) were obtained from RSCB [40], whereas the 
three-dimensional structure for mimosine CID 3862 was obtained from 
PubChem [23,41]. All protein molecules were pre-processed and pro-
tonated before conducting a docking experiment using an AutoDock 
Vina platform in which each protein molecule was docked with the 

mimosine in a manually defined grid box. After docking, results were 
screened based on energy values and the selected pose cluster was 
analyzed using Discovery studio visualizer 2019 and Chimera 14.1 [36]. 

2.17. Mouse cortical neuronal cultures 

Timed pregnant BALB/c mice purchased from Charles River (St. 
Constant, Canada) were maintained according to Institutional guide-
lines. Primary cortical cultures were prepared from 18-day-old embryos 
of pregnant mice as described previously [42]. At first, the frontal cortex 
from pup brains was dissected in HBSS supplemented with 15 mM 
HEPES (hydroxyethyl piperazineethanesulfonic acid), 10units/mL 
penicillin and 10 μg/ml streptomycin and then digested with 0.25% 
trypsin-EDTA. The cell suspension was filtered through a cell strainer 
and plated on either 96-well plates (for survival/death assay) or 6-well 
plates (for biochemical analysis). The cultures were grown at 37 ◦C in a 
5%CO2 atmosphere in Neurobasal medium supplemented with B27/N2, 
50 μM L-glutamine, 15 mM HEPES, 10units/ml penicillin, 10 mg/ml 
streptomycin and 1% FBS. The medium was replaced 1 day later without 
FBS, and all experiments were performed on day 6 after plating. In brief, 
cultured neurons were treated with different concentrations of 
Mimo-AuNPs (10–200 μM) or Aβ1-42 (1–10 μM) for 24h. In parallel, 
cultured neurons were exposed to Aβ samples treated with or without 
200 μM Mimo-AuNPs for 24h. The control and treated cultures were 
processed for cell viability/toxicity as well as western blotting as 
described earlier [42]. 

2.18. Neuronal viability and toxicity assays 

Neuronal viability following various experimental paradigms was 
assessed using MTT and LDH-based cytotoxicity assays as described 
earlier [32,43]. For the MTT assay, control and Aβ-treated culture plates 
were replaced with new media containing 0.25% MTT and then incu-
bated for 4h at 37 ◦C with 5% CO2/95% air. The formazan was dissolved 
in DMSO and absorbance was measured at 570 nm with a microplate 
reader. To validate the MTT data, control and Aβ-treated cultured 
neurons were assayed for cytotoxicity based on the activity of LDH that 
is released into conditioned medium from the cytosol of damaged cells. 
The absorbance was measured at 490 nm with a Spectramax M5 spec-
trophotometer. Both assays were repeated three to five times with three 
technical replicates per sample. 

2.19. Western blotting 

Western blotting of cultured cells from various experimental para-
digms was performed using different primary antibodies as described 
earlier [44]. In brief, control and treated mouse cortical neuronal cul-
tures were homogenized in Radio-immunoprecipitation assay (RIPA) 
lysis buffer containing protease inhibitor cocktail and proteins were 
quantified using BCA kit. Denatured samples were resolved on 10% or 
12% gradient sodium dodecyl sulfate polyacrylamide gels, transferred to 
polyvinylidene difluoride membranes, blocked with 5% milk and incu-
bated overnight at 4 ◦C with various primary antibodies at dilutions 
listed in Table 1. The membranes were washed and incubated with 
horseradish peroxidase-conjugated secondary antibodies (1:5000) and 
immunoreactive proteins were detected with ECL kit. All blots were 
re-probed with β-actin antibody and quantified using ImageJ. 

2.20. Statistical analysis 

All data were expressed as mean ± SEM. Kinetics of peptide aggre-
gation as well as cell viability data from cultured neurons were analyzed 
by one-way ANOVA followed by Bonferroni’s post-hoc analysis for 
multiple comparisons with a significance threshold set at p < 0.05. All 
statistical analysis was performed using GraphPad Prism (GraphPad 
Software, Inc., USA). 
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3. Results 

3.1. Synthesis and characterization of Mimo-AuNPs 

Using an established protocol [20], we have successfully synthesized 
Mimo-AuNPs displaying a surface plasma resonance (SPR) peak around 
~525 nm. These nanoparticles are found to be quite stable without any 
notable aggregation or self-assembly over a one-year period (Fig. S1a). 
To characterize the surface functionalization of Mimo-AuNPs we used 
FTIR which revealed the distinctive vibration spectra at 1163 and 3355 
cm− 1 for the C-N aliphatic amines and OH stretching vibration, due to 
the phenolic hydroxyl groups, over the benzene ring [45]. Additionally, 
the vibration between 1300-1400 cm− 1 is possibly due to C-N stretching 
of mimosine [46]. From these spectra, it is evident that the functional-
ization of the nanoparticles was mediated by the amine group leaving 
the aromatic phenyl group exposed for interactions (Fig. 1a and b). DLS 
data for the Mimo-AuNPs showed a homogeneous population with an 
average hydrodynamic radius of ~10 nm (Fig. 1c) and zeta potential of 
about -6mV (Fig. S1b). TEM images confirmed that these nanoparticles 
are homogeneous with spheroidal morphology of ~6 nm radius 
(Fig. 1d). The difference in nanoparticle size as measured by TEM and 
DLS was because DLS, unlike TEM, includes the hydration layer that 
covers the surface of the nanoparticles [47]. To further understand the 
atomistic arrangements, we used high-resolution TEM which revealed 
the polycrystalline nature of Mimo-AuNPs with fringe patterns of 2.2 Å, 
2.3 Å and 2.4 Å respectively, suggesting the presence of (111) and (200) 
index in Face Centered Crystalline (FCC) lattice (Fig. 1d) [20,28]. The 
cytotoxicity profile showed that, Mimo-AuNPs did not affect the 
viability of primary cortical neurons even at 200 μM over 24h exposure, 
suggesting that these nanoparticles are non-toxic to the neurons (Fig. 1e 
and f). Additionally, assessment of BBB permeability using a 
well-established in vitro kit depicted that Mimo-AuNPs exhibit a higher 
permeability with an apparent permeability coefficient (Papp) value of 
10x10− 6 cm/s compared to the mimosine alone with a Papp value of 
7.3x10− 6 cm/s. AuNPs, on the other hand, were not detected over the 
30min incubation period (Fig. 1g and h; Fig. S1c). 

For control experiments, we synthesized AuNPs in the absence of 
mimosine using trisodium citrate. These AuNPs also showed an SPR 
peak at ~530 nm (Fig. S2a). The TEM data revealed that these nano-
particles exhibited a polycrystalline nature of ~7–10 nm in radius 
(Fig. S2b) with a d-spacing of 2.1 Å, 2.3 Å, 2.4 Å, and 2.5 Å respectively, 
indicating the presence of (111), (220) and (400) index in FCC lattice 
(Fig. S2c). The hydrodynamic radius of the AuNPs analyzed by DLS was 
found to be ~30 nm (Fig. S2d) with a total surface charge of -1mV 
(Fig. S2e). 

3.2. Mimo-AuNPs and spontaneous Aβ aggregation 

ThT, an amyloid-specific dye, is usually used to detect the molecular 
conversion of Aβ peptide from monomeric to fibrillar state (Fig. 2) [48]. 
It is well known that Aβ1-42 has a high tendency to form aggregates and it 
starts forming aggregates as soon as it gets into an aqueous media [49]. 
The ThT aggregation kinetic assay revealed that 10 μM Aβ1-42 displayed 
a 3h lag phase, 10h log phase followed by an 11h stationary phase 
(Fig. 2a). The propensity of Aβ aggregation was validated by fluores-
cence imaging which showed the presence of Aβ fibrillar entities 
following ThT labeling (Fig. 2g). Incubation of 10 μM Aβ1-42 with 
10–300 μM Mimo-AuNPs dose-dependently attenuated fibril formation 
over 24h likely due to alteration kinetics and its conformation state 
(Fig. 2a, Figs. S3a–c). An initial delay in the lag time was achieved at 30 
μM Mimo-AuNPs, which increases gradually with increasing concen-
trations of Mimo-AuNPs reaching the highest lag time of ~10h at 300 
μM Mimo-AuNPs. The aggregation kinetic was attenuated to 50% at 30 
μM Mimo-AuNPs (1:3) and reached more than 90% in the presence of 
300 μM Mimo-AuNPs (1:30) at 24h relative to that of pure Aβ peptide 
(Fig. S3a). In contrast to Mimo-AuNPs, the aggregation kinetic of Aβ1-42 

was not altered by either 200 μM AuNPs or mimosine alone, indicating 
that surface functionalization of AuNPs is critical to interfere with Aβ 
fibril formation (Fig. 2a). 

To evaluate the size distribution of Aβ1-42 after 24h incubation with 
or without Mimo-AuNPs, we performed DLS analysis. While Aβ1-42 dis-
played loss of monomeric state and formation of higher-order aggre-
gates, the presence of Mimo-AuNPs rendered Aβ peptide to retain its 
monomeric structures possibly by stabilizing the native conformers or 
hindering the on-pathway aggregation cycle of Aβ peptide (Fig. 2b). This 
was substantiated by native-PAGE data which showed the lack of higher- 
ordered aggregates in Aβ samples treated with 200 μM Mimo-AuNPs 
compared to samples treated with either mimosine or AuNPs (Fig. 2c). 
The CD spectra of soluble Aβ revealed the presence of an unstructured 
random coil with a negative peak around 195 nm, whereas the spectra of 
aggregated samples displayed a positive peak and negative valley 
around 195 and 215 nm, respectively suggesting a conformational 
change towards beta structure (Fig. 2d). These results were consistent 
with previous studies demonstrating the transition from monomeric to 
the aggregated state of Aβ1-42 [8,32,50]. Interestingly, in presence of 
Mimo-AuNPs, the transition of Aβ1-42 was evident but much less than 
that of the aggregated sample (Fig. 2d), suggesting that Mimo-AuNPs 
influence secondary structural changes during Aβ1-42 assembly. 
Further analysis revealed the presence of 39% alpha-helical, 15% 
anti-parallel and 46% unstructured entities in Aβ monomers but after 
aggregation, 58% anti-parallel and 43% unstructured conformers were 
evident in Aβ samples. Conversely, aggregating Aβ samples with 
Mimo-AuNPs showed the presence of 15% alpha-helical, 12% 
anti-parallel and 65% unstructured conformers. These data suggest that 
Mimo-AuNPs may have an inherent tendency to stabilize the native 
structure of Aβ monomers by preventing its aggregation pathway. To 
confirm this effect, we used FTIR which showed that secondary derivate 
spectra generated through ATR mode depicted the characteristic vi-
brations at 1616, 1635, 1646, 1667 and 1684 cm− 1 indicating the 
presence of β-sheet enriched structures in Aβ1-42 aggregates, whereas in 
presence of Mimo-AuNPs we observed the vibration signals for the 310α 
helix – suggesting retention of monomeric state (Fig. 2e). Additionally, 
filter-trap analysis using the Aβ1-42 fiber specific OC antibody depicted a 
significant decrease in the fibrillar form of Aβ1-42 in presence of 
Mimo-AuNPs compared to samples treated with mimosine or AuNPs 
alone (Fig. 2f). In order to identify the aggregation state of Aβ1-42 fibrils, 
10 μM Aβ1-42 after incubation for 24h with or without 200 μM mimosine, 
AuNPs or Mimo-AuNPs were analyzed using fluorescence microscopy as 
well as TEM. The fluorescence imaging data revealed the presence of 
bundles of mature fibrils in all Aβ preparations except the sample treated 
with Mimo-AuNPs, which is associated mostly with the amorphous un-
structured aggregates (Fig. 2g). This is validated by TEM showing the 
absence of mature fibrillar entities in Aβ1-42 sample treated with 
Mimo-AuNPs but not with mimosine or AuNPs (Fig. 2h). It is noteworthy 
to mention that the TEM images (Fig. 2h) do not represent the large Aβ 
fibril bundles seen in the fluorescent images (Fig. 2g) due to their size. 
However, the presence of individual Aβ fibrils, or small bundles thereof, 
in the electron micrographs reinforces the observation that 
Mimo-AuNPs disassembles both individual Aβ fibrils and the bundles 
they form. 

To determine if Mimo-AuNPs can influence the spontaneous aggre-
gation of other isoforms of Aβ peptide, we performed ThT kinetic assays 
using 10 μM Aβ1-40 in the presence or absence of 200 μM Mimo-AuNPs at 
37 ◦C over 24h period (Fig. 3a). In parallel, we also measured the effects 
of 200 μM Mimo-AuNPs on 10 μM D23 N Iowa and 10 μM E22Q Dutch 
mutant Aβ1-42 (Fig. 3b and c), which are known to aggregate faster and 
more toxic to neurons than normal Aβ1-42 [51]. Our data revealed that 
Mimo-AuNPs, as observed with Aβ1-42, can time-dependently decrease 
spontaneous aggregation of Aβ1-40 as well as the two mutant Aβ1-42 
peptides (Fig. 3a–c). This is validated by our fluorescence microscopy 
results (Fig. 3a–c), highlighting the significance of Mimo-AuNPs in 
attenuating the aggregation of both normal and mutant Aβ peptides. 
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Fig. 2. Suppression of Aβ1-42 aggregation in presence of Mimo-AuNPs. (a) Thioflavin T assay showing the aggregation curves of 10 μM Aβ1-42 in the absence or 
presence of 200 μM Mimo, 200 μM AuNPs and different doses (1–300 μM) of Mimo-AuNPs over 24h incubation. Note that Mimo-AuNPs, but not Mimo or AuNPs, can 
attenuate the spontaneous aggregation Aβ1-42. (b) DLS analysis revealing the hydrodynamic radius of ~10 μM Aβ1-42 in the absence (i) and presence of Mimo-AuNPs 
(ii). Note the decrease in the hydrodynamic radius of Aβ1-42 in the presence of Mimo-AuNPs. (c) Native-PAGE analysis of Aβ1-42 samples after 24h reaction in the 
absence or presence of Mimo, AuNPs and Mimo-AuNPs. Note the decreased level of higher-ordered Aβ entities in the presence of Mimo-AuNPs but not Mimo or 
AuNPs. (d) CD spectra for Aβ1-42 monomers (green) undergoing aggregation in the presence (blue) or absence (magenta) of 200 μM Mimo-AuNPs. Note the decreased 
beta-sheet formation following incubation with Mimo-AuNPs. (e) FTIR secondary derivative spectra of the aggregating Aβ1-42 samples in the presence (red) and 
absence (black) of Mimo-AuNPs. Note the dominance of beta rich signals after aggregation of Aβ1-42 and the occurrence of 310 α-helix in presence of Mimo-AuNPs. (f) 
Filter-trap assay of Aβ1-42 samples after 24h reaction in the absence or presence of Mimo, AuNPs and Mimo-AuNPs revealing the decreased formation of Aβ1-42 fibers 
in presence of Mimo-AuNPs as detected by a fibril specific OC antibody. (g) Thioflavin T-stained fluorescence images of Aβ1-42 samples after 24h reaction in the 
absence (i) or presence of 200 μM Mimo (ii), 200 μM AuNPs (iii) and 200 μM Mimo-AuNPs (iv). Note the attenuation of Aβ1-42 aggregation in presence of Mimo- 
AuNPs. (h) TEM images of Aβ1-42 samples after 24h reaction in the absence (i) or presence of 200 μM Mimo (ii), 200 μM AuNPs (iii) and 200 μM Mimo-AuNPs 
(iv). Note the lack of Aβ fibrils in presence of Mimo-AuNPs at both magnification scales (fluorescence and TEM). All ThT kinetic data expressed as mean ± SEM 
were obtained from three to nine separate experiments each performed in triplicate. 
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Fig. 3. Mimo-AuNPs attenuates aggregation kinetics of different Aβ isoforms. (a–d) Thioflavin T aggregation kinetics and respective fluorescence images showing the effects of 200 μM Mimo-AuNPs on the 
aggregation of 100 μM Aβ1-40 (a), 10 μM mutant D23 N Aβ1-42 (b), 10 μM mutant E22Q Aβ1-42 (c) and 10 μM tau (d). Note that Mimo-AuNPs, as observed for Aβ1-42, can attenuate the spontaneous aggregation of various 
other Aβ fragments. All ThT kinetic data expressed as mean ± SEM were obtained from three to nine separate experiments each performed in triplicate. 
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Accompanying Aβ, our ThT kinetic and fluorescence microscopy data 
showed that Mimo-AuNPs can suppress spontaneous aggregation of 
4-repeat tau protein over a 24h period (Fig. 3d). Molecular docking 
results also revealed a strong interaction between mimosine and tau 
protein (PDB ID: 2MZ7) via hydrogen and hydrophobic bonds with a 
binding energy of − 4.0 kcal mol− 1 (Fig. S4). 

3.3. Molecular interaction of Mimo-AuNPs with Aβ1-42 

To understand the molecular basis of interaction between Mimo- 
AuNPs and Aβ1-42, we conducted molecular docking studies using 
Auto dock Vina software as described earlier [52]. Our data indicated a 
strong interaction between Aβ1-42 and Mimo-AuNPs with the formation 
of 7 contacts mediated via 3 hydrogens (i.e., Leu16, Lys17, Val18), 3 hy-
drophobic bonds with two amino acids (i.e., Lys16, Phe20) and 1 pi-alkyl 
with Ala21, mostly facilitated through the aromatic groups present in the 
mimosine (Fig. 4a and b). This interaction is highly specific as the 
Mimo-AuNPs bind the aggregation-prone region (i.e., Lys16 to Glu22) in 
the Aβ domain (1–42 PDB ID:1IYT) with a binding energy value of − 4.2 
kcal mol− 1 (Fig. 4b). We have also performed molecular docking studies 
with the recently reported structure of Aβ1-42 (PDB ID: 6SZF and 1Z0Q), 
which are known as the solution and aqueous solution structure of 
Alzheimer’s Disease Aβ1-42. Further analysis revealed that the 
Mimo-AuNPs display a strong affinity to the amino acids spanning from 
Glu11 to Phe19 of Aβ1-42 with a binding energy of 3.6 kcal mol− 1 for 6SZF 
(6 viable interactions including 4 hydrogen and 2 hydrophobic in-
teractions) and 3.3 kcal mol− 1 for 1ZOQ (3 viable interactions with 3 
hydrogen bonds) (see Figs. S5 and S6). These data also reveal that 
Mimo-AuNPS have a strong affinity to the aggregation prone structure of 
Aβ monomer. In addition to Aβ1-42, Mimo-AuNPs were able to interact 

with the aggregation-prone domain (i.e., 15–25 amino acids) of Aβ1-40 
(PDB ID: 1BA4) with a binding energy of − 4.8 kcal mol− 1 (Fig. S7). To 
verify further the site of interaction, we carried out filter-trap-based 
epitope mapping analysis of Aβ1-42 samples treated with or without 
mimosine, AuNPs and Mimo-AuNPs using various Aβ antibodies. Our 
data revealed that Mimo-AuNPs, but not mimosine or AuNPs, markedly 
decreased the interaction of Aβ1-42 with various antibodies including 
fiber-specific OC antibody. Intriguingly, the interaction of multiple Aβ 
antibodies recognizing Gln15 and Gly29 region of the peptide was 
decreased in Aβ samples treated with Mimo-AuNPs indicating that the 
site of potential interaction may reside in the aggregation prone hy-
drophobic domain (i.e., Lys16 to Ala21) of Aβ peptide (Fig. 4c). The hy-
drophobic interaction between Mimo-AuNPs and Aβ1-42 is further 
substantiated by ANS and Nile red assays which showed fluorescence 
intensity of Aβ1-42 aggregates decreased markedly in the presence 
Mimo-AuNPs (Figs. S8a and b). 

3.4. Mimo-AuNPs and seed-induced Aβ1-42 aggregation 

Since seed-induced aggregation plays a major role in the secondary 
nucleation process [41,53,54], we evaluated the effect of Mimo-AuNPs 
on seed-induced fibril assembly of Aβ1-42. As expected, we observed 
faster aggregation kinetics of Aβ1-42 in the presence of preformed Aβ 
seeds prepared by incubating Aβ1-42 (~15%w/v) for 24h. The presence 
of Mimo-AuNPs, as evident by ThT fluorescence assay, markedly 
attenuated seed-induced fibril formation (Fig. 5a), which is confirmed 
by analysis of Aβ fibrils using fluorescence microscopy (Fig. 5b) as well 
as TEM (Fig. 5c). It is possible that Mimo-AuNPs interfere with the ag-
gregation process by suppressing monomer recruitment as well as 
interaction with the hydrophobic surfaces on Aβ fibrils to prevent the 

Fig. 4. Molecular interactions of Mimo-AuNPs with Aβ1-42. (a) Molecular docking data using Auto dock Vina revealing the interaction of Mimo-AuNPs with the 
monomeric Aβ1-42 representing 7 viable interactions including 3 hydrogen, 3 hydrophobic and 1 pi-alkyl interaction with amino acid residues such as Valine, Alanine, 
Phenylalanine, Lysine, and Leucine, respectively with an interaction energy of − 4.2 kcal mol− 1. (b) Table listing all the viable interactions between Mimo-AuNPs and 
Aβ1-42 PDB ID:1IYT showing its respective bond length in (Å). (c) Epitope mapping of Aβ1-42 conformers using filter-trap assay revealing that Mimo-AuNPs interact 
with the hydrophobic domain of Aβ1-42. 
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Fig. 5. Mimo-AuNPs on seed- 
induced Aβ1-42 aggregation and 
disassembly of Aβ1-42 fibers. (a) Thi-
oflavin T kinetic data showing aggre-
gation curves of Aβ1-42 (red), 15% (w/ 
v) seed-induced reaction of Aβ1-42 
(black) and seed-induced Aβ1-42 reac-
tion in presence of 200 μM Mimo- 
AuNPs. (blue) (b) Fluorescence images 
of Thioflavin T staining showing seed- 
induced Aβ1-42 aggregation in the 
absence (i) and presence (ii) of Mimo- 
AuNPs. Note the suppressing effects of 
Mimo-AuNPs on the seed-induced ag-
gregation of Aβ1-42. (c) TEM images of 
matured Aβ fibers from uninhibited and 
inhibited reactions depicting the inter-
action of Mimo-AuNPs with the seeded 
fibers. (d & e) Thioflavin T kinetic data 
(d) and corresponding fluorescence 
images (e) showing disassembly of 
matured Aβ1-42 fibers in the absence (i) 
or presence (ii) of 200 μM Mimo- 
AuNPs. Note the suppressing effects of 
Mimo-AuNPs on preformed Aβ aggre-
gates. (f) TEM images of matured Aβ1-42 
fibers (i) and disassembled fiber conju-
gated with Mimo-AuNPs (ii and iii). (g) 
DLS histograms revealing hydrody-
namic radius of aggregated Aβ1-42 in 
the absence (i) and presence of 200 μM 
Mimo-AuNPs (ii) indicating the pres-
ence of disassembled fragments. (h) 
Molecular docking data using Auto 
dock Vina revealing the interaction of 
Mimo-AuNPs with the steric zipper 
domain present in Aβ1-42 (PDB 
ID:5OQV) fibers. All ThT kinetic data 
expressed as mean ± SEM were ob-
tained from three to nine separate ex-
periments each performed in triplicate.   
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further seeding effect. As before, the differences in magnification be-
tween the fluorescent images and the electron micrographs reinforce the 
efficacy by which Mimo-AuNPs interfere with the Aβ fibrillization 
process. 

3.5. Mimo-AuNPs and disassembly of Aβ1-42 fibrils 

To establish if Mimo-AuNPs can promote disassembly of mature Aβ 
fibers, preformed Aβ1-42 fibers were incubated with 200 μM Mimo- 
AuNPs over 120h at 37 ◦C. The ThT assay revealed that Mimo-AuNPs 
can time-dependently disassemble the mature Aβ1-42 fibers (Fig. 5d). 
This is supported by fluorescence imaging (Fig. 5e) as well as TEM 
(Fig. 5f) data showing the presence of smaller fragments of Aβ fibrils 
following Mimo-AuNPs treatment. Analysis of Mimo-AuNPs-treated Aβ1- 

42 fibers by DLS also revealed a shift towards the lower ordered entities 
with a hydrodynamic radius between 0.1-5 μM compared with untreated 
(>1–10 μM) Aβ1-42 fibers (Fig. 5g). It is likely that Mimo-AuNPs trigger 
disassembly by disrupting the β-sheet structure or by interaction with 
the steric zippers present in Aβ1-42 fibers as well as salt bridges between 
Aβ1-42 fibers as suggested by the molecular docking studies (Fig. 5h; 
Fig. S9). 

3.6. Mimo-AuNPs and Aβ-mediated toxicity 

To determine if suppression of Aβ1-42 aggregation can influence cell 
viability, primary mouse cortical neurons were exposed to Aβ samples 
treated with or without 200 μM Mimo-AuNPs and their viability was 
assessed using MTT and LDH assays. Indeed, suppression of Aβ1-42 ag-
gregation by Mimo-AuNPs increased the viability of cultured neurons 
(Fig. 6a–d). The toxicity induced by Aβ peptide, as expected [8,55], is 
associated with enhanced levels of phospho-Thr202/Tyr204 

extracellular-signal related kinase 1⁄2 (ERK1/2), phospho-Tyr216 

glycogen synthase kinase (GSK-3β), phospho-tau (Fig. 6e–j) and oxida-
tive stress marker carbonylated proteins (Fig. 6k,l). Interestingly, the 
protective effect of Mimo-AuNPs is partly mediated by attenuating 
activation of ERK1⁄2 and GSK-3β as well as reducing phosphorylation of 
tau protein (Fig. 6e–j). Additionally, Mimo-AuNPs reduced the levels of 
protein carbonyl groups in Aβ-treated neurons suggesting an attenuation 
of oxidative stress (Fig. 6k,l). 

4. Discussion 

The present study, using a variety of experimental approaches, 
revealed that AuNPs surface-functionalized with mimosine can suppress 
not only spontaneous and seed-induced Aβ aggregation but also can 
trigger the disassembly of matured Aβ fibers. Additionally, surface 
functionalization of AuNPs with mimosine enables them to cross an in 
vitro model of the BBB efficiently and provide protection to cultured 
neurons against Aβ-induced toxicity, suggesting their therapeutic po-
tential in the treatment of AD pathology. Since neither mimosine nor 
AuNPs alone was able to attenuate Aβ fibril formation, it appears that 
surface functionalization was vital for mimosine to interact with the 
aggregation prone domain to suppress Aβ fibril assembly and its toxic 
potency. This is supported by the recent studies involving amino acids, 
natural products and certain peptides which exhibit enhanced inhibitory 
efficacy on Aβ fibrillation due to structural limitations following surface 
functionalization [56–59]. 

Previous studies have shown that, mimosine can have protective 
effects by chelating metals such as iron as well as attenuating oxidative 
stress, which plays a critical role in a variety of neurodegenerative dis-
orders including AD [14–16]. Nevertheless, it remains unknown if 
mimosine can affect Aβ fibril formation or toxicity. Recently, mimosine 
has been shown to interact with bovine serum albumin and disrupt its 
conformation by reducing the α-helix component and promoting an 
unfolding of the protein. Additionally, it can bind DNA by electrostatic 
attractions via phosphate groups and grooves [60]. The binding affinity 

of a molecule for the native or aggregate-prone intermediate structures 
of peptides plays a crucial role in inhibiting protein aggregation [18,28, 
46]. Mimo-AuNPs appears to be effective in targeting the amyloidogenic 
protein because of its aromatic moiety which may have a role in initi-
ating interactions with the hydrophobic domain of Aβ1-42. The mode of 
inhibition was achieved by altering the aggregation kinetics notably by 
delaying the lag time as a function of Mimo-AuNPs concentrations. This 
could be due to the interaction of Mimo-AuNPs with Aβ monomers 
precluding monomer-monomer hydrogen bonding and noncovalent in-
teractions leading to a delay in aggregation kinetics. This may lead to an 
induction of an energy barrier by the nanoparticles to the aggregating Aβ 
peptides preventing them to form fibrillar nuclei or spheroidal oligomers 
[58,61]. Our ThT kinetic assay showed that Mimo-AuNPs, but not 
mimosine or AuNPs alone, can inhibit fibrillization of both normal and 
mutant human Aβ peptides. This is confirmed by fluorescence imaging 
and TEM showing the generation of shorter and fragmented fibrils as 
well as DLS analyses in which large fibrils dominating the scattered 
lights are reduced to smaller species with a hydrodynamic radius of 
~2–10 nm. It is well known that the conformational changes that occur 
during Aβ aggregation from a random coil to the beta-sheeted structure 
are one of the most important phenomena during fibril formation. 
Interestingly, the CD and FTIR data suggest that Mimo-AuNPs allow Aβ 
peptides to remain in the monomeric state as demonstrated by the 
respective signals for α-helical structure. It is possible that the chirality 
of Mimo-AuNPs can trigger binding with the Aβ peptide resulting in the 
formation of a stable α-helical structure through π-π and hydrophobic 
interactions. This interaction will consequently prevent Aβ to adopt a 
well-organized cross beta structure by inducing viable contacts between 
the residues that would form parallel β-sheets in Aβ and the respective 
side chains of the mimosine. 

It is well known that amino acid residues Leu17 to Ala21 in Aβ1-42 are 
essential for the β-sheet formation and stabilization [22,61]. For the 
molecular docking studies, we selected the solution structure of the 
Alzheimer’s disease Aβ1-42 PDB ID:1IYT because this structure exhibits 
the helical conformation known to promote membrane rupture/cell 
death and thus we believed this could be one of the best model systems 
for screening the molecular interaction between Mimo-AuNPs and 
cytotoxic Aβ1-42. Since mimosine is hydrophobic, it is found to interact 
directly with the Lys16 to Ala21 region of the Aβ1-42 and prevent it to 
aggregate further. Reports also suggest that the His14, Gln15, Phe20, 
Ala21, Ala30, Ile31, Met35 and Val36 are the unique residues in Aβ1-42 that 
are responsible for oligomerization and fibril formation. It is therefore 
possible that interaction with these residual domains may prevent the 
Aβ fibril formation by stabilizing its native structure. Supporting the 
notion, the docking data showed a strong interaction of Mimo-AuNPs 
with Lys16, Leu17, Val18, Phe20, and Ala21 of Aβ1-42 which enables it to 
stabilize the N-terminal region of the peptide. This may allow 
Mimo-AuNPs to induce structural changes in Aβ oligomers resulting in 
the inhibition of Aβ-Aβ interactions leading to the formation of irregular 
aggregates. It has also been shown that monomeric units in Aβ1-42 fibrils 
have intermolecular side-chain contacts between Phe19 and Gly38 as 
well as between Met35 and Ala42 which may have a role in stabilizing the 
structural conformer of the peptide [62]. Our Molecular interaction 
snapshot (Fig. 4) revealed that Mimo-AuNPs can interact with Aβ 
monomers which may prevent the Aβ-Aβ monomer interactions. This 
effect can interfere with the nucleation phase of the Aβ aggregation ki-
netics as apparent by decreased levels of ThT fluorescence. Interestingly 
Mimo-AuNPs were able to interact with the key amino acid residues 
present in the fibrillar structure of the Aβ1-42 structure and were able to 
induce disassembly. It is well known that the C terminal domain involves 
in the formation of the protofilament structures due to its high affinity to 
the solvents [63,64]. Such interface may lead to the formation of a hy-
drophobic core between the residues such as Ile41 and Val39 with the 
adjacent fibril. The N terminal domain of a fibril close to the C terminal 
domain of another fibril may induce the formation of salt bridge by 
intermolecular interaction between Asp1 and Lys28. This complimentary 
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Fig. 6. Disaggregation of Aβ1-42 by Mimo- 
AuNPs protects cultured neurons. (a & b) 
Histogram depicting the dose-dependent 
decrease in the viability of mouse cortical 
cultured neurons following 24h treatment 
with oligomeric human Aβ1-42 compared 
to neurons treated with 10 μM Aβ42-1 
(Cont) as revealed by MTT and LDH assays. 
(c & d) Histograms showing protection of 
cortical neurons following disassembly of 
preformed Aβ1-42 aggregates by Mimo- 
AuNPs as detected with MTT (c) and LDH 
(d) assays. (e–l) Immunoblots and corre-
sponding histograms showing that the 
protective effect of Mimo-AuNPs is medi-
ated by decreasing the levels of Phospho- 
ERK1/2 (e, f), Phospho-Tyr216 GSK-3β (g, 
h), Phospho-tau (i, j) and carbonylated 
protein (k, l) levels induced by preformed 
aggregated Aβ1-42. All data expressed as 
mean ± SEM were obtained from three to 
five separate experiments. *p < 0.05, **p 
< 0.01, ***p < 0.001.   
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interaction stabilizes the interface between the two protofilaments. A 
vital information gained from the molecular docking analysis revealed 
that Mimo-AuNPs were able to interfere with the salt bridges and with 
the residues present in the steric zipper domain. This viable interaction 
may in turn promote disassembly of the preformed fibrillar structure. It 
is likely that Mimo-AuNPs once interact with Asp1 (as shown in Fig. S9) 
can hinder the preformed salt bridge between two fibrillar units leading 
to the formation of disrupted fibrils. Similar phenomenon has been re-
ported using a variety of phytochemicals, peptides and polymers 
including curcumin, clioquinol, epigallocatechin gallate, polyproline 
and myricetin [65–70]. Intriguingly, Mimo-AuNPs are also found to 
suppress aggregation of tau protein via interactions with hydrogen and 
hydrophobic bonds indicating their potential to influence tau pathology 
in AD. 

Evidence suggests that the hydrophobicity of the Aβ peptide in-
creases once it undergoes aggregation forming oligomers and fibrils [8, 
71]. A decreased fluorescence signal at ~625 nm in the Nile red assay for 
Aβ samples in the presence of Mimo-AuNPs indicates its potential 
interaction with the hydrophobic domain of Aβ1-42 to inhibit ongoing 
fibril formation. Additionally, the ANS fluorescence intensity decreased 
with Mimo-AuNPs suggesting the presence of less solvent-exposed hy-
drophobic groups. These results also indicate that Mimo-AuNPs possibly 
bind to critical hydrophobic residues, thus stabilizing the native state of 
Aβ1-42. This is supported by the filter-trap assay, which showed that 
presence of Mimo-AuNPs decreased the interaction of Aβ1-42 with its 
antibodies recognizing Gln15 and Gly29 region of the peptide. Apart from 
suppressing Aβ aggregation, Mimo-AuNPs were found to protect 
cultured neurons against Aβ-induced toxicity. This is likely due to the 
retention of Aβ monomers or sequestration of Aβ peptides into amor-
phous aggregates, which are less toxic than Aβ oligomers [55,62,71–73]. 
The protective response is mediated by decreased phosphorylation of 
the tau protein and its associated signaling pathway. Although the sig-
nificance of reduced ROS production in Mimo-AuNPs treated cultured 
neurons remains unclear, it may have a role in the restitution of lyso-
somal integrity which is known to be severely compromised following 
Aβ treatment due to enhanced intra-lysosomal ROS production [74–76]. 
Since neurons can be protected against Aβ toxicity by inhibiting the 
formation of soluble oligomer and/or higher-order aggregates, many 
studies have pursued small organic molecules, peptides and function-
alized nanoparticles as a treatment strategy for AD to prevent Aβ 
aggregation/toxicity [12,13]. One of the limiting factors, however, is 
the BBB preventing the entry of most drugs/agents into the brain [72, 
77]. Over the last decade, various surface-functionalized AuNPs of 
10–50 nm size have been used for the targeted delivery of drugs/mo-
lecules that can interfere with Aβ aggregation/toxicity because of their 
ability i) to conjugate readily with a wide spectrum of biomolecules 
including amino acids, proteins/enzymes and drugs/molecules via thiol, 
amines or disulfide functional groups without altering their biological 
activity and ii) to overcome the protective BBB following systemic 
administration [47]. Earlier studies suggest that the ability of the 
functionalized AuNPs to penetrate into cells depends partly on the size, 
surface charge and surface chemical composition. While permeability 
across the BBB may correlate inversely with the size, negatively charged 
AuNPs are known to exhibit better penetrability than positively charged 
nanoparticles. The cellular uptake and the BBB permeability of func-
tionalized AuNPs, depending on their characteristic features, are known 
to be mediated via carrier-mediated transport, receptor-mediated 
transport or absorptive-mediated transport mechanisms [78,79]. 
Consistent with this notion, our in vitro BBB assay show that function-
alization of mimosine onto AuNPs, in contrast to mimosine alone, en-
hances their permeability across BBB, thus enabling them to overcome 
one of the major impediments associated with most small molecule drug 
candidates. At present, the precise mechanism by which Mimo-AuNPs 
are taken up by cells or cross the BBB remains unclear. Nevertheless, 
the ability of Mimo-AuNPs to cross BBB and inhibit/destabilize Aβ as 
well as tau fibril formation and to protect neurons against Aβ-induced 

toxicity, bolster their potential as a promising therapeutic strategy for 
the treatment of AD. Additionally, mimosine due to its 
anti-inflammatory, metal chelating and anti-oxidative properties may 
have added advantages over other molecules to influence AD pathology. 

5. Conclusion 

In the current study we successfully functionalized plant-based 
amino acid mimosine onto AuNPs (i.e., Mimo-AuNPs) and revealed 
their ability to cross the BBB under in vitro paradigm. These Mimo- 
AuNPs can suppress not only spontaneous and seed-induced Aβ aggre-
gation but also can induce the disassembly of pre-aggregated Aβ fibers. It 
appears that Mimo-AuNPs by interacting with the hydrophobic domain 
of Aβ1-42 (i.e., Lys16 to Ala21) can enable the peptide to remain in its 
monomeric state thereby preventing a conformational shift towards the 
β-sheet structure. Additionally, Mimo-AuNPs can able to protect mouse 
cortical neurons against Aβ-induced toxicity by attenuating intracellular 
signaling mechanism. These results, in keeping with the established 
beneficial effects of mimosine in various medicinal fields, reveal a 
unique therapeutic potential of Mimo-AuNPs in the treatment of AD 
pathology. 
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