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Alzheimer's disease (AD) is closely associated with the self-aggregation of beta-amyloid peptides (Aβ). The neuron cytotoxicity of assembled Aβ 

fibrils has been extensively studied. In this work, ultra-small-sized gold nanoparticles (USGNPs, with diameter of ~4 nm) are synthesized and 

conjugated with neurotransmitter dopamine (DA) and its synthetic precursors (L-phenylalanine (L-Phe) and L-tyrosine (L-Tyr)). It is found that 

the fibrillation process of Aβ can be efficiently inhibited by these functionalized USGNPs, which is essentially ascribed to the screened growth 

points on the short seeds after being anchored by functionalized USGNPs as well as the disturbing of the peptide folding process in solution as 

revealed by the transmission electron microscope (TEM) and circular dichroism (CD) spectroscopic measurements. More interestingly, the 

neuron cells (PC12 as a model) exhibit noticeably improved viability (~90%) when treated with functionalized USGNPs in contrast to the control 

treated with Aβ growth solution alone (~70%). Because of the superior inhibition effect on the Aβ fibrillation as well as the remarkable cell 

protection effect, these functionalized USGNPs would afford insight information for the rational design of efficient strategy for AD treatment.
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1. Introduction 
Alzheimer's disease (AD), as a progressive and irreversible 

neurodegenerative disease, is characterized by the deposition of Aβ 

plaques resulted from the aggregation of Aβ peptides. The Aβ peptides 

mainly consist of 40 and 42 residues (i.e., Aβ  and Aβ  respectively), 1-40 1-42

which are formed through the cleavage of the transmembrane amyloid 

precursor protein expressed by β- and γ-secretases in the central 
1, 2nervous system.  When the balance between the production and 

clearance of Aβ fibrils is upset, it undergoes conformation transition 

from random coil to an α-helix intermediate and finally to β-sheet rich 

structure accompanied by the gradual accumulation process from 

monomeric Aβ, soluble oligomeric intermediates to insoluble amyloid 
1fibrils.  These aggregated species have been demonstrated to be 

3neurotoxic,  which disturb the normal function of the brain by changing 

4 2+the synaptic plasticity,  deregulation of Ca  homeostasis and result in 
5 6the gradual synaptic loss,  neuronal death, and cognitive decline.  On 

this basis, exploring efficient methods to regulate the self-aggregation 
7-15process of Aβ has aroused great attention in diverse areas.  

Until now, plenty of researches have focused on developing 

effective fibril inhibitors and β-sheet breakers to disturb the aggregation 
11,16of Aβ or dissociate the preformed Aβ fibrils.  For instance, 

polyphenols and antioxidants such as vitamin E can inhibit Aβ 
17fibrillation to some extent.  Metal complexes have also been reported as 

potent regulators on Aβ aggregation like zinc (II)-conjugated complexes, 

binuclear ruthenium (II)−platinum (II) conjugated  complexes and so 
18,19on.  Besides, some straightforward evidences verified that the 

conformation change of Aβ after adsorption onto the surface of 

nanoparticles may influence its biological nature, and modulate the 
20, 21aggregation behavior accordingly.  For example, poly(acrylic acid) 

modified 30 nm gold nanoparticles have been demonstrated with strong 
22inhibition effect on Aβ fibrillation.  As a consequence, nanomaterial-

based approaches provide a more promising platform for the treatment 

of AD owing to their unique optical, electrical, catalytic properties, easy 
7, 16, 22-30of size and shape control and versatile surface chemistry.  For 

example, Kogan et al. showed the possibility to remotely redissolve Aβ 

deposits and to interfere with their growth relying on the local heat 
16delivered by metallic nanoparticles.  Several studies also demonstrated 

that the thickness and surface charge of the coating layer on 
22, 23, 26, 31nanoparticles could affect the kinetics of fibrillation of Aβ in vitro.

Interestingly, it has been found that severe loss of memory and 

cognitive functions, the typical symptoms of AD, are closely related to 

the change or imbalance of neurotransmitters, which are also known as 
32chemical messengers.  They are released from synaptic vesicles in 

synapses and enter into the synaptic cleft, where they are received by 
33receptors on the target cells.  Particularly, previous works have shown 

that the dysfunction in the dopaminergic system may account for the 
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34symptoms of apathy in AD.  Dopamine (DA), an organic chemical of 

the catecholamine and phenethylamine families, plays several important 

roles in the brain and body. In the brain, it can send signals to other 

nerve cells in order to regulate motor behavior, pleasures related to 

motivation and emotional arousal. Some evidences have indicated that 

the intake of neurotransmitter precursors does improve neurotransmitter 
35synthesis.  In the brain, L-Phe is biologically converted into L-Tyr, and 

then to levodopa, which is further converted into DA, norepinephrine 

(noradrenaline), and epinephrine (adrenaline). The latter three are 

known as the catecholamine. 

In the AD treatment, another critical issue is the capability of 

crossing the blood-brain barrier (BBB). Amount of studies have 

demonstrated that the BBB crossing efficiency can be improved as long 
36-38as the size of nanoparticles is small enough.  On this consideration, in 

this work, we synthesized ultra-small-sized gold nanoparticles 

(USGNPs) with diameter ~4 nm and modified them with DA (and its 

precursor molecules L-Phe and L-Tyr) to explore the potential 

fibrillation inhibition effect (Scheme 1). With respect to L-Phe and L-

Tyr, they are two amino acids as the building blocks of proteins for 

both structural and metabolic processes, and the precursors required for 
39the synthesis of DA. Meanwhile, they can cross the BBB.  The real-

time fluorescence microscopic and spectroscopic characterizations 

demonstrated that the Aβ  fibrillation process in biological milieu can 1-40

be effectively and specifically regulated by those functionalized 

USGNPs, which is further confirmed by the comprehensive control 

experiments with either bare USGNPs or those functional small 

molecules. The superior inhibition effect of the functionalized USGNPs 

is basically ascribed to the specific and strong association with the seed 

fibrils as revealed by the transmission electron microscope (TEM) and circular 

dichroism (CD) spectroscopic measurements. More interestingly, these 

functionalized USGNPs are biocompatible to PC12 cell (commonly 

Scheme 1 Schematic diagram of the functionalization process of USGNPs and the modulation of Aβ  fibrillation process with functionalized USGNPs. 1-40

used as a model system for AD exploration and has been used to get 

more information about diseases of the brain). The cytotoxic effect of 

Aβ aggregates can also be alleviated by introducing those 1-40 

functionalized USGNPs together as proved by the MTT assay and 

confocal microscopic characterizations. As a consequence, because of 

the excellent inhibition effect on the Aβ  fibrillation process, these 1-40

biocompatible USGNPs will find promising applications in the 

exploration of robust strategies for the treatment of AD in the future.

2. Experimental section
2.1 Materials

Aβ  (91.0%) was obtained from Ana Spec (San Jose, CA, U.S.A). 1-40

K HPO (99.0%), KH PO (99.5%), Na B O  (99.5%), H BO (99.5%), 2 4 2 4 2 4 7 3 3 

thioglycolic acid (95.0%), ammonia aqueous solution (25-28%) and 

thioflavin T (ThT) were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A). 

N-Hydroxysuccinimide (NHS, 98.0%), N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC, 98.5%), dopamine 

hydrochloride (DA, 98.0%), L-phenylalanine (L-Phe, 99.0%), L-

tyrosine (L-Tyr, 99.0%), dimethyl sulfoxide (DMSO, 99.0%), NaBH4 

(96.0%) and HAuCl  (47.8%) were obtained from Aladdin (Shanghai, 4

China). Thiazolyl blue tetrazolium bromide (MTT), propidium iodide 

(PI) and 4', 6-diamidino-2-phenylindole (DAPI) were obtained from 

Beyotime (China). Fetal bovine serum (FBS) and Dulbecco's modified 

eagle medium (DMEM) were purchased from Invitrogen Corp 

(Carlsbad, CA, U.S.A).

2.2 Synthesis and modification of USGNPs with DA, L-Phe and L-Tyr

Aqueous solutions of HAuCl  (30 μL, 24.28 mM), HS-CH -COOH (15 4 2
-5 -5μL, 1.0x10  M) and PEG-CH -SH (5 μL, 1.42x10  M) were added to 2

1.9 mL of deionized water. After 2 min of vigorous stirring, NaBH  (60 4

μL, 0.15 M) was added to the reaction mixture until obtaining brown 
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solution. Then the particles were purified by ultrafiltration centrifugation 

(4660×g) for three times. Finally, the solution was stored at 4 °C before 

use. The method to synthesize functionalized USGNPs is based on the 
-4EDC/NHS crosslinking reaction. Firstly, EDC (1.5x10  mol) and HS-

-5CH -COOH (1.5x10  mol) were added to 400 μL borate buffer (pH 8.0, 2
-450 mM) and the mixture was activated for 30 min. Then NHS (3x10  

-5mol) and DA (1.5x10  mol) were introduced to the mixture and kept 

stirring (100 rpm) for 5 h. Subsequently, the functionalized DA (15 μL, 
-41.42x10  M) and aqueous solutions of HAuCl  (30 μL, 24.28 mM) 4

were added to 1.9 mL of deionized water. After 2 min of vigorous 

stirring, NaBH  (60 μL, 0.15 M) was added to the reaction system until 4

obtaining orange solution. Then, the DA-functionalized USGNPs were 

further purified by ultrafiltration centrifugation three times. The L-Phe- 

and L-Tyr-functionalized USGNPs were also acquired and purified 

accordingly. The concentration of USGNPs was determined by the UV-

Vis absorption spectroscopy according to Lambert-Beer law. The 

hydrodynamic size and zeta potential distribution of nanoparticles in 

solution was characterized by dynamic light scattering (DLS) (Zetasizer 

Nano-ZS90, U.K.).

2.3 Aβ  fibrillation and inhibition1-40

The stock solution of Aβ  peptide was prepared by dissolving 1 mg 1-40

Aβ  peptide powder in 400 μL 0.2% ammonia aqueous solution 1-40

without any purification and stored at -20 °C until using. The Aβ  1-40

growth solution was prepared by diluting the Aβ  stock solution into 1-40

50 μM with filtered phosphate buffer (PB, pH 7.4, 25 mM). The growth 

solution was incubated at 37 °C for different time. In the inhibition 

assay, the Aβ growth solution was co-cultured with USGNPs (43.6 1-40 

nM), free DA (1.53 µM), L-Phe (1.53 µM), L-Tyr (1.53 µM) and 

corresponding functionalized USGNPs (43.6 nM) respectively. In the 

concentration dependent inhibition assay with functionalized USGNPs, 

different concentrations of functionalized USGNPs (ranging from 14.6 

to 43.6 nM) were added to the mixture solution and incubated at 37 °C.

2.4 Spectroscopic and microscopic characterization

For the Fourier transform infrared (FT-IR) spectroscopic measurements, 

the samples were dripped on the potassium bromide sheet and dried 

with infrared lamp. The spectra were measured on a Nicolet Avatar 370 

instrument (Thermo Fisher Scientific, Inc., Waltham, MA). The circular 

dichroism (CD) spectra were determined by a JASCO J-720 CD 

spectrometer instrument (Jasco Co., Tokyo, Japan). Each sample was 

repeated three times. The ThT fluorescence spectroscopic measurements 

were performed on a Hitachi F-2500 fluorescence spectrophotometer 

(Hitachi, Ltd., Tokyo, Japan) by mixing the Aβ  growth solution with 1-40

ThT in the concentration ratio 1:1. For the TEM characterization, 

diluted sample solution of 4 μL was dropped on a carbon-coated copper 

grid and blotted with filter paper. The sample was then negatively 

stained with 2% uranyl acetate. The dried sample was examined by a 

JEM 1230 TEM (JEOL, Japan) with an acceleration voltage of 210 kV 

for high-resolution TEM images. The fluorescence microscopic imaging 

experiments of the amyloid fibrils were performed on a Nikon Ti-U 

inverted fluorescence microscope (Nikon, Japan) under total internal 

reflection fluorescence (TIRF) imaging mode. The fluorescence from 

the ThT labelled Aβ  was collected by a 100× objective (NA 1.49) and 1-40

recorded with an EMCCD (ultra-897, Andor, U.K.). All of the data 

recorded by the EMCCD camera were analyzed by the public image 

processing software, Image J (http://rsbweb.nih.gov/ij/). 

2.5 MTT cytotoxicity assay

Pc12 cells were incubated in 96-well plates at a density of ~5000 

cells/well in DMEM containing 10% FBS and incubated at 37 °C for 

24 h. Then, the medium was replaced with the fresh medium containing 

the solution of the corresponding samples (e.g., different concentrations 

of functionalized USGNPs, the end-point products of Aβ  growth 1-40

solution and so on). After 24 h co-incubation, the medium was removed 

and the cells were washed several times with PBS. Then 20 µL of MTT 

(5.0 mg/mL) solution in PBS was added to each well and incubated for 

another 5 h, and the medium was replaced with 150 µL of DMSO. 

After 30 min. the optical density (OD) at 490 nm was measured using a 

microplate reader (Synergy 4, BioTek, U.S.A). The relative cell viability 

was defined as: Cell viability (%) = (OD /OD ) × 100%, 490(sample) 490(control)

where OD  and OD  were obtained in the absence/presence of 490(control) 490(sample)

samples respectively. Data were shown as mean ± standard deviation 

(SD) based on three independent measurements.

2.6 PI and DAPI co-staining assay

PC12 cells were seeded at the confocal cell culture dish in DMEM 

containing 10% FBS and incubated at 37 °C for 24 h. After the cells 

were treated with the Aβ  growth solution or other compounds, the cell 1-40

culture medium was replaced with the fresh medium containing PI (10 

µL, 10 µg/mL). After 30 min, the culture medium was removed and 

washed three times with PBS. To stain the nucleus of the cell, the cell 

was further incubated with the cell culture medium with DAPI (100 µL, 

5 µg/mL) for 5 min at 37 °C. Then, the cells were photographed by a 

Nikon laser scanning confocal microscopy (A1R-CF, Nikon, Japan).

3. Results and discussion
3.1 Fabrication of DA-, L-Phe- and L-Tyr-functionalized USGNPs

So far, several kinds of nanomaterials have presented the capability of 

regulating Aβ peptide fibrillation in vitro by either influencing the  
26conformation of the monomer or delaying the nucleation process.  The 

size is typically tens of nanometer. Since AD takes place inside the 

brain, the potential capability of crossing the BBB should be an 

essential requirement for the design of therapeutic agent. Earlier 

experimental results have verified that the BBB crossing efficiency can 
36, 37, 40be greatly improved when the size of nanoparticles is small enough.  

For instance, Huang et al. demonstrated that ultra-small-sized 

nanoparticles (<10 nm) exert certain advantages over larger ones in 
41terms of localization and penetration of brain tumors in mice.  On this 

basis, USGNPs were synthesized. The UV-Vis absorption spectrum of 

freshly synthesized USGNPs is shown in Fig. 1a (the left column). 

Characteristic single and narrow absorption peak at around 516 nm is 

readily observed. The TEM measurements (the right column in Fig. 1a) 

demonstrated that the size of these USGNPs is 4.1±0.7 nm, which is 

well in accordance with the hydrodynamic size distribution in solution 

(6.9±0.5 nm, the DLS measurements).

Generally, to confer functional molecules onto the surface of 

nanoparticles, physical adsorption and chemical conjugation are the 

commonly adopted two strategies. In contrast to physical association, 

covalent chemical conjugation is more attractive because of the good 
42stability under physiological surroundings.  In this regard, DA, L-Phe 

and L-Tyr were firstly crosslinked with thioglycolic acid through the 

linker of EDC/NHS. According to the gold/thiol chemistry, these 

compounds can be specifically functionalized onto the nanoparticle 

surface. The conjugation process was verified with FT-IR spectroscopy. 

As illustrated in Fig. 1e, the FT-IR spectra of DA-, L-Tyr- and L-Phe-

USGNPs were colored with blue, black and red respectively, while the 

spectrum of blank USGNPs was marked with green. For DA-USGNPs, 
-1 the peaks at 1646, 1558, and 1218 cm are attributed to the stretching 

vibrations of C=O (amide I), formation vibration of N-H (amide II) and 

stretching vibrations of C-N (amide III) respectively. These peaks 

manifest the presence of amide. To be specific, the appearance of these 
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Fig. 1 UV−Vis absorption spectra (left), hydrodynamic size distributions (middle) and TEM images of bare USGNPs (a), DA-USGNPs (b), L-Phe-

USGNPs (c) and L-Tyr-USGNPs (d). (e) The FT-IR spectra of bare USGNPs (green), DA-USGNPs (blue), L-Phe-USGNPs (red) and L-Tyr-USGNPs 

(black) respectively.
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peaks indicates the successful combination of HS-CH -COOH with DA, 2

while they cannot be found in blank USGNPs. In addition, the 

functionalized DA could be further modified onto the surface of 
-1USGNPs with the aid of Au-SH bond. The peak at 1712 cm  can be 

ascribed to the stretching vibrations of C=O from the carboxyl group 
−1and the broad absorption bands from 3150−3400 cm  indicate the 

presence of amino (−NH ) and hydroxyl (−OH) functional groups. 2

Similarly, the peaks noted above were also observed from the other two 

functionalized USGNPs, demonstrating the successful conjugation of 

functional molecules on the surface of USGNPs. In addition, zeta 

potential measurements were performed to confirm the conjugation 

process. As shown in Table 1, without the modification process, the 

freshly synthesized USGNPs exhibited strong negative charge. After 

that, the zeta potential of functionalized USGNPs was greatly increased 

but still exhibited slight negative charge, further confirming a successful 

conjugation process. As verified by the TEM and DLS measurements, 

the USGNPs are monodispersed in solution after the conjugation 

process as shown in Fig. 1. 

3.2 Modulation of Aβ  fibrillation by DA-, L-Phe- and L-Tyr-1-40

functionalized USGNPs

Prior to modulate the self-assembly process, we firstly explored the 

growth kinetics of Aβ in PB solution at 37 °C. Under this condition, 1-40 

the monomer peptide could gradually self-assemble into oligomers and 

Name USGNPs DA-USGNPs  L-Phe-USGNPs L-Tyr-USGNPs  

Zeta 

potential/mV
 

-58.4±3.5 -14.9±2.1 -16.5±1.9 -18.9±2.5 

Table 1 The Zeta potential measurements.

Fig. 2 (a-e) Time-lapse (0-12 h) fluorescence microscopic images of the amyloid peptide fibrillation process in PB at 37 °C, scale bar 8 μm. (f) The plot 

of the fibril length as a function of the incubation time.

then form fibrils. By labeling these aggregated peptides with ThT 

(which can specifically bind to β-sheet structure of Aβ fibril and then  

result in intense fluorescence from the aggregations), the oligomers, 

seeds and fibrils can be measured by fluorescence spectroscopy or 
24, 43directly observed by fluorescence microscopy.  As shown in Fig. 2, 

initially, only individual diffraction-limited bright spots appeared in 

the fluorescence microscopic image, which are basically ascribed to 

aggregated oligomers in the stock solution. As time goes on, the 

peptides were gradually assembled together and some elongated fibrils 

appeared in the fluorescence microscopic image. The majorities of 

them were dispersed separately and exhibited in a rod shape. Further 

extending the incubation time, the length of the fibrils was increased 

gradually and followed with slight bending along the longitudinal 

direction. 

To explore the effect of functionalized USGNPs on the Aβ  1-40

self-assembly process, these particles were mixed with Aβ  monomer 1-40

solution together under the same culture condition respectively. As 

shown in Fig. 3, only few diffraction-limited bright spots appeared in 

the fluorescence microscopic image in the beginning. This is due to 

the pre-formed oligomers or proto-fibrils in the peptide stock solution. 

2 h later, elongated fibril was not observed in the sample treated with 

DA-USGNPs in contrast to the control without the addition of 

functionalized USGNPs. Even 4 h later, only few seed fibrils appeared 

in the fluorescence microscopic image with length comparable to the 

Research PaperEngineered Science

© Engineered Science Publisher LLC 2019  Eng. Sci., 2019, 6, 53–63 | 57



diffraction-limit of optical microscope. These results clearly 

demonstrated that DA-USGNPs with the final concentration of 43.6 nM 

could effectively disturb the Aβ  aggregation. In addition to the 1-40

microscopic characterizations, the inhibition process can be confirmed 

by the spectroscopic measurements as shown in Fig. 4a. Interestingly, 

L-Phe- and L-Tyr-USGNPs also exhibited comparable inhibition effect 

on the fibrillation process, as shown in Fig. 4b-c. Some studies have 

demonstrated that the dosage of particles in the solution can influence 
26, 44the modulation mode in the Aβ aggregation process.  For instance,  

Cabaleirolago et al. observed the striking bifacial effect of the amine-
24modified polystyrene nanoparticles on Aβ fibrillation kinetics.  

Specifically, the fibrillation process is accelerated by nanoparticles at 

low particle concentration, while it is retarded at high particle 

concentration. Based on these considerations, different concentrations of 

functionalized USGNPs (14.6, 29.0 and 43.6 nM) were used to explore 

the effect on the Aβ  fibrillation process. From the spectroscopic 1-40

results, Fig. 4a-c, no acceleration effect was observed when the 

concentration of the nanoparticles is far below the point with noticeable 

inhibition effect. As the concentration of the particles gradually 

Fig. 3 Fluorescence microscopic images and the length distributions (bottom row) of the resulted amyloid fibrils at different incubation time: 0, 2, 4, 5 

and 12 h after adding DA-USGNPs, L-Phe-USGNPs, L-Tyr-USGNPs, USGNPs, DA, L-Phe and L-Tyr (from left to right) to the Aβ  growth solution 1-40

(with monomer concentration of 50 μm), scale bar 8 μm.

increases, the inhibition effect is more obvious, manifesting the 

concentration dependent inhibition effect of functionalized USGNPs on 

Aβ fibril growth.1-40 

On the consideration of the excellent inhibition effect from the 

functionalized USGNPs, an essential question is that can USGNPs or 

DA (and its precursors) itself play analogous inhibition effect on the 

fibrillation process? In order to address this concern, we performed 

control experiments through incubating Aβ  with bare USGNPs (43.6 1-40

nM), DA, L-Phe and L-Tyr (1.53 μM, the concentration used to 

conjugate the USGNPs) respectively. As illustrated in Fig. 3, similar to 

the above observations, initially, only individual sub-diffraction-limited 

bright spots appeared in the fluorescence image. Distinct from 

functionalized USGNPs, 2 h latter, some short fibrils gradually appeared 

in these control experiments. Further extending the incubation time to 5 

h, noticeable fibrils were displayed. The length is slightly shorter than 

that of blank control. These control experiments demonstrated that DA, 

L-Phe, L-Tyr and bare USGNPs exhibit trivial inhibition effect on Aβ  1-40

aggregation at short time level. However, as time goes on, certain 

number of fibrils could still be formed. These phenomena were 
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Fig. 4 The solution sample fluorescence intensity measurements. The ThT fluorescence intensity of the Aβ growth solution in the presence of different 1-40 

concentrations (red 14.6 nM, green 29.0 nM, and blue 43.6 nM) of (a) DA-USGNPs, (b) L-Phe-USGNPs, and (c) L-Tyr-USGNPs as a function of 

incubation time. Black dotted line is the control without the addition of functionalized USGNPs. (d) The effect of bare USGNPs (43.6 nM, green), DA 

(1.53 µM, red), L-Phe (1.53 µM, blue), and L-Tyr (1.53 µM, black) on the fibrillation process of Aβ .1-40

Fig. 5 The fluorescence microscopic images (left), TEM images (middle) and the length distributions (right) of Aβ  fibrils determined from the 1-40

corresponding fluorescent microscopic images of Aβ  peptides growth solution after incubating at 37 °C for 12 h in the presence of (a) 0 nM, (b) 43.6 1-40

nM of DA-USGNPs. (c) The fluorescence microscopic and TEM characterizations of preformed Aβ fibrils stained by DA-USGNPs. The scale bar for 1-40 

TIRFM is 8 μm. (d) The CD spectroscopic characterizations of Aβ peptides growth solution at 0 h (red), at 24 h (black), the mixture of Aβ peptides 1-40 1-40 

growth solution with DA-USGNPs at 0 h (blue), and the mixture of Aβ peptides growth solution with DA-USGNPs at 24 h (green).1-40 
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confirmed by the ensemble spectroscopic measurements as shown in 

Fig. 4d. This kind of inhibition might be due to the delayed seed 

formation process.

3.3 Understanding the interactions between Aβ  and functionalized 1-40

USGNPs 

In order to understand the inhibition mechanism of functionalized 

USGNPs, we then performed TEM measurements to decipher the 

morphological information of the resulted Aβ aggregates. As 1-40 

illustrated in Fig. 5a, the Aβ fibrils in the blank control were 1-40 

characterized by long and rod structure. However, no fibril appeared 

after being incubated with DA-USGNPs even for 12 h. What should be 

mentioned is that only some short seeds with length around 10 nm were 

observed in the TEM image after co-incubation of DA-USGNPs with 

Aβ  for 12 h. On further inspection of the TEM image, it is worth to 1-40

point out that all of the seed fibrils are covered with DA-USGNPs 

selectively. No discernable free DA-USGNPs were noted in Fig. 5b, 

indicative of a high affinity of DA-USGNPs toward the seed fibrils. To 

further confirm this argument, we also co-incubated the pre-formed 

fibrils with DA-USGNPs together for 10 min and then imaged with 

TEM. As shown in Fig. 5c, the DA-USGNPs indeed attach on the 

backbone of the preformed fibrils. Because of the strong interaction 

with Aβ , it should be difficult for those monomers or oligomers to 1-40

assemble onto the growth point of seed fibrils, resulting in an efficient 

inhibition effect. 

Earlier explorations have demonstrated that plenty of nanoparticles 

(NPs), as the efficient modulators, have displayed size and 

concentration dependent inhibition, acceleration and dual effects on the 

self-assembly process due to the case-specific interaction (hydrophobic, 

electrostatic, hydrogen bond, covalent bond and van der Waals forces) 

between the Aβ individual parts and NPs. In general, NPs possess 1-40 

enormous surface areas and powerful adsorption capacity will result in 

the high local concentration of Aβ  on the NPs surface and then 1-40

accelerate the Aβ aggregation. Nevertheless, the active sites located at 1-40 

the Aβ critical sequence which might be helpful for fibrillation could 1-40 

be blocked and the Aβ concentration in solution could also be reduced 1-40 

after the adsorption process, leading to the effective inhibition on the 

fibrillation. The competition between these two factors would ultimately 
23, 24, 27, 45, 46generate different effects on Aβ  aggregation.  1-40

Besides the morphological characterizations, it is also essential to 

understand the molecular interactions between functionalized USGNPs 

and Aβ . Previous works have reported that the fibrillation process of 1-40

Aβ  peptides is basically regulated by two major interaction modes. 1-40

One is the π-π interaction between aromatic amino acid residues. The 

other is the hydrophobic interaction between hydrophobic amino 
47-53acids.  In addition, some explorations have also indicated that the Aβ1-

 nucleation is driven by the hydrophobic interactions due to the fact 40

that hydrophobic nanoparticles can only interfere the species within the 

nucleation phase, and the succeeding elongation is propelled by 

electrostatic interactions and hydrogen bonding that can be interfered by 

the negatively charged nanoparticles or redirected due to the specific 
22-24interaction with the negatively charged nanoparticles.  As a control, 

functional molecules and pure USGNPs display analogous inhibitory 

ability on the Aβ  nucleation at the initial stage, while the latter 1-40

manifest more prominent inhibition effect on the elongation process. 

These results could be interpreted by the following two points: (a) the 

hydrophobic interaction between Aβ  and functional molecules due to 1-40

their hydrophobic nature of the benzyl side chain leads to their 

inhibitory effect on Aβ  nucleation. The adsorption of Aβ  monomer 1-40 1-40

and oligomer on the USGNPs surface can impede the Aβ  nucleation, 1-40

because the active sites located at the Aβ  monomer critical sequence 1-40

facilitating the fibrillation are blocked as well as the Aβ concentration 1-40 

in solution is reduced. (b) The superior inhibition effect of 

functionalized USGNPs on the elongation process should be ascribed to 

the interaction of short Aβ  seeds with the negatively charged 1-40

nanoparticles, which could be verified by the TEM image in Fig. 5b. In 

this case, the functionalized USGNPs effectively attach on the backbone 

of short Aβ  seeds. With respect to the functionalized USGNPs, their 1-40

higher inhibitory ability on Aβ  nucleation compared with the same 1-40

concentration molecules in the control experiment Fig. 4 should derive 

from the enhanced hydrophobic interaction by introducing the 

hydrophobic molecules onto the surface of USGNPs together with the 

adsorption of Aβ  monomer. However, these interactions should be 1-40

benefited from their enormous surface areas. Moreover, Fig. 5b displays 

that almost all the DA-USGNPs bind with Aβ  seeds, preventing the 1-40

formation of longer fibrils. 

Furthermore, these speculations were proved on the basis of the 

conformational switching of Aβ  secondary structure according to the 1-40

CD spectroscopy as shown in Fig. 5d. Well-defined β-sheet structures 

were formed with the characteristic positive peak at 198 nm and broad 

negative band at 215 nm after incubated the peptide in PB at 37 °C for 

24 h. However, when Aβ  was incubated with DA-USGNPs (43.6 nM) 1-40

at 37 °C for 24 h, those two typical peaks disappeared, indicative of the 

scrambling of folded peptide structure. These results confirm that the 

functionalized USGNPs could effectively disturb the oligomerization 

and fibrillation process of Aβ  under favorable concentration.1-40

3.4 Regulation of the cytotoxic effect of Aβ  with functionalized 1-40

USGNPs

In order to corroborate the potential applications of the functionalized 

USGNPs, their toxicities to the neuronal cells should be explored. On 

this basis, the cell viability MTT assays, as a colorimetric assay 

measuring the metabolic activities of mitochondria, were carried out by 

employing PC12 cells as a model (Fig. 6a). Negligible influence of 

functionalized USGNPs on the cell viability was noted in the particle 

concentration range of 14.6-43.6 nM, where efficient fibrillation 

inhibition effect was observed. Then the cytotoxic effect of Aβ fibrils 1-40 

was also explored. The Aβ monomer was firstly incubated in PB for 1-40 

12 h at 37 °C until noticeable fibrils were appeared (Fig. 2d). The cells 

were co-incubated with the end-point products of Aβ growth solution 1-40 

for another 24 h and analyzed by MTT assay as shown in Fig. 6b. 

Evidently, around 30% of the cells were dead after this treatment in 

contrast to the control without the addition of Aβ  growth solution. On 1-40

the addition of functionalized USGNPs (with a final concentration of 

43.6 nM), interestingly, around 90% of the cells still survive even 

treated the cells with the same dosage of Aβ  growth solution, 1-40

indicating excellent cell protection effect from the functionalized 

USGNPs. It is worth to point out that, on the aspect of Aβ  fibrillation 1-40

inhibition effect in solution, there is no evident difference among those 

particles. However, on the consideration of the cell protection effect, 

slightly improved cell viability was noted from the DA-USGNPs over 

L-Phe-USGNPs and L-Tyr-USGNPs.

Besides the MTT assay, fluorescence confocal microscopic 

characterizations were further performed to characterize the cytotoxicity 

of Aβ  fibrils as well as the cell protection effect from the 1-40

functionalized USGNPs. In this experiment, propidium iodide (PI, red) 

was adopted as the indicator for cell apoptosis, which can pass through 

the damaged cell membrane and stain the nucleus while cannot pass 

through the living cell membrane, making it is useful to differentiate 

necrotic, apoptotic and healthy cells. As shown in Fig. 6c, without Aβ  1-40

growth solution treatment, the PI cannot pass through the living cell 

membrane. No co-localization was observed from the blue channel 
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Fig. 6 The cellular cytotoxicity assays (MTT) of (a) different concentrations of functionalized USGNPs, (b) the end-point products (12 h) of Aβ1-40 

growth solution alone and the mixture of functionalized USGNPs and Aβ growth solution toward PC12 cells. (c) The fluorescence confocal 1-40 

microscopic characterizations of the cytotoxic effect of Aβ growth solution without and with functionalized USGNPs toward PC12 cells. From left to 1-40 

right are the bright-field, blue fluorescence channel stained by DAPI, red fluorescence channel stained by PI, and the merged microscopic image.
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stained with 4',6-diamidino-2-phenylindole, (DAPI, blue, nucleus stain) 

and red channel, demonstrating the good cell viability in the control. In 

the case of the cells treated by Aβ  growth solution for 24 h, even 1-40

though the morphology of the cells were still intact, some of the cells 

were evidently stained by PI in the nucleus as confirmed by the DAPI 

channel, indicative of the apoptosis induced by the Aβ fibrils. In 1-40 

agreement with the MTT assay, on the addition of DA-, L-Phe- or L-

Tyr-USGNPs, the cells (treated by Aβ  growth solution) were only 1-40

stained on nucleus by DAPI. Analogous to the blank control, no co-

localization was noted from the blue and red channels, demonstrating 

the good cell viability after the addition of functionalized USGNPs.

4. Conclusions
In conclusion, in this work, USGNPs with diameter of ~4 nm were 

synthesized and covalently crosslinked with neurotransmitter DA and 

its synthetic precursor L-Phe and L-Tyr. The real-time fluorescence 

spectroscopic and optical microscopic characterizations demonstrated 

that the Aβ  fibrillation process in biological milieu can be effectively 1-40

inhibited by these functionalized USGNPs. The strong and specific 

interaction with Aβ seed fibrils was demonstrated to be the essential 1-40 

mechanism to regulate the fibrillation process, which is corroborated by 

the TEM and CD spectroscopic characterizations. More importantly, 

these USGNPs exhibit excellent cell biocompatibility and protection 

effect toward the cells treated by Aβ  growth solution as confirmed by 1-40

the ensemble MTT assay and confocal microscopic imaging results. In 

contrast to previous works, one of the essential merits of these 

USGNPs is the small size dimension, which might be more suitable for 

the potential in vivo application. As a consequence, these functionalized 

USGNPs would shed new light on the exploration of robust strategy for 

the treatment of AD in the future.
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