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Background: Most of nanoparticles are nontoxic and have high absorption capability. Therefore, 

nanoparticles binding can effectively restrain fibrillation of β-amyloid and α-synuclein proteins 

and eventually prevent the toxicity of pathogenesis peptide of Alzheimer. Super paramagnetic 

iron oxide nanoparticles (SPIONs) contain iron oxide core which can be connected to a special 

part through magnetic coating. 

Materials and methods: In this study, the effect of SPIONs with different charges was 

simultaneously examined on the fibrillation of both β-amyloid and α-synuclein proteins by 

applying Thioflavin-T assay.

Results: According to the results of the investigation on amyloid-fibrillation mechanism in both 

β-amyloids and α-synucleins, it was revealed that negatively-charged nanoparticles encoded to 

-COOH by dextran-coating were able to have a considerable absorption decrease from 17,000–12,000 

after 320  minutes delay to lag phase and decrease in binding level of thioflavin-T particles to β-sheets. 

Conclusion: The different concentrations of these nanoparticles and special coating of each 

particle had an effect on the kinetics of β-amyloid and α-synuclein fibrillations.

Keywords: SPION, α-synuclein, β-amyloid, fibrillation, Alzheimer’s disease, Parkinson’s disease

Introduction
In neurodegenerative diseases, abnormal proteins are accumulated inside and outside 

of nerve cells, interfere with neural-network associations, and finally destroy particular 

neurons. Alzheimer’s disease (AD) is known by the accumulation of two proteins, 

namely, Aβ-protein and tau protein which are aggregated outside and inside of the 

neurons. Larger aggregation of Aβ which are called amyloid plaques (A-plaques), are 

very toxic and interfere with neuron function and association. Abnormally high levels 

of tau protein exist in the neurons in AD which are known as neurofibrillary tangles.1

Aβ is a peptide with a weight of 4 kD and in normal condition, only some of these 

segments exist in the cells and they are rapidly dialyzed; however, if the proteome of 

neuronal cells of this condition is disrupted and their levels increase, then spherical 

protein structures are formed and therefore AD is developed.2

The formation of intracellular pathogenesis inclusions in which α-synuclein protein 

is the main member, is the reason for the inclusion of such diseases in this group. 

These inclusions are recognized as Lewy bodies and Lewy neurites in case they are 

localized in cell body of the neurons and neural cell walls of axons. The latter case 

can be observed in multiple system atrophy.3

α-Synuclein is the most frequent brain-protein containing 140 amino acids and 

the gene of which contains seven exons. This protein lacks cysteine and tryptophan 
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amino acids and is found in presynaptic terminals with high 

concentration in the form of a solution and membrane-bound. 

It is estimated that α-synuclein forms 1% of the total proteins 

in soluble cytosolic region of the brain. This protein was 

first described by Maroteaux et al,27 as the special nerve cell 

protein which is localized at presynaptic terminals and the 

nucleus and was named “synuclein”. It was found that there 

is a relationship between a mutation in α-synuclein gene and 

Parkinson’s disease (PD) and that the aggregations of this 

protein form the main composition of Lewy bodies which 

is the hallmark of PD.4

Some researchers believe that the pharmaceutical facto-

ries and companies and their research sections, using these 

studies and hypotheses, seriously begin to seek out medicines 

to prohibit the Aβs binding to their receptors in individuals 

who are susceptible of affliction with AD. They also expect 

that the results obtained from these studies pave the way for 

the onset of a revolution in AD treatment.4

Some factors are important in fibrillation such as struc-

tural factors including hydrophilic and hydrophobic model, 

the localization of charged region propensity for β-sheet 

generation, the presence of aromatic amino acids, mem-

branous structure and environmental factors including pH, 

temperature, high protein concentration, oxidative stress, and 

mutation in peptide chain.5

The normal synthetic form of amyloid formation includes 

three phases. The first phase is related to nucleation which is 

sensitive and an inhibition phase in the amyloid process and 

is thermodynamically improper. The next phase is elongation 

and an increase in fibril size.6 This phase is the fastest one 

in which fibril structures are rapidly formed and the level 

of fluorescence or absorption of indicators like thioflavin T 

(ThT) and Congo red are severely changed. The final phase 

is the balance phase through which the level of fluorescence 

or absorption of amyloid-special indicators does not usually 

have a severe change and the system apparently has a steady 

state. However, researchers have demonstrated that fibrils are 

also active in this state and monomers are exchanged in them. 

In addition, lateral interactions are formed among fibrils and 

thus mature and thick fibrils are generated.7

The application of nanoparticles is described in the drug, 

protein and peptide transfer and cancer treatment. They 

transfer small molecules to the desired location. Usually, 

iron, gold and silver nanoparticles are used to study protein 

reactions. One of the best features of nanoparticles is that they 

can easily pass through the brain and blood–brain barrier. 

Most of them are nontoxic and also have a high free Gibbs 

energy in their surface which brings them a great absorption 

capability. In this case, the nanoparticles may influence the 

β-amyloid fibrillation process.8

Paramagnetic iron oxide nanoparticles have an iron oxide 

core, which can be attached to a specific part through the 

magnetic coating. They have features such as paramagnetic 

superpower, high saturation field, nontoxicity, biodegrad-

ability, and variable loops.9,10

Studies conducted on the effect of magnetically charged 

nanoparticles showed that the application of these nanopar-

ticles as a carrier can be appropriate in treatment of many 

diseases. In addition, these nanoparticles, in fibrillation 

process, can have a crucial role in decreasing or delaying the 

plaque formation mechanism in A-proteins.11,12

The purpose of this study was to investigate the effect 

of paramagnetic iron oxide nanoparticles with different 

charges on the α-synuclein and β-amyloid protein fibrilla-

tion process. The main focus of this study is on the effect of 

the physicochemical properties of the nanoparticles used, 

along with their charges, concentrations and the coating, on 

the fibrillation of β-amyloid and α-synuclein.

Material and methods
super paramagnetic iron oxide 
nanoparticles
For this study, nanoparticles were purchased from Micromod 

Particle Technology GmbH., Rostock, Germany. These parti-

cles contained bonding between dextran coatings with three dif-

ferent molecules including carboxyl, amino, and neutral groups 

that had negative, positive, and plain charges, respectively. In 

addition, such nanoparticles contained different concentrations 

which were applied for the investigation of their inhibition effect 

in Aβ and α-synuclein fibrillation. Each of the nanoparticles 

had concentrations of 25, 50, and 100 mg/mL. The charges of 

all nanoparticles were measured using zeta potential (ZP) set 

and the diameter of all nanoparticles was 20 nm.

Properties of trivalent and charged iron 
oxide nanoparticles (NanoFe3O4)
·	 Purity of magnetite iron nano-oxide: 98%

·	 Average size of iron oxide nanoparticles: 20 nm

·	 Surface area of iron oxide nanomaterials: 40–60 m5mg

·	 Trivalent nano-iron dye: black

·	 Shape of iron nano-oxide particles: spherical

·	 Density of iron oxide nanoparticles: 0.84 g/cm3

·	 Real density of magnetite nano-iron oxide: 1–4.8 g/cm.

Considering that SPIONs were commercially purchased 

for this study, their diameters as well as chemical properties 
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are presented according to the data provided by the produc-

tion company.

Magnetic charges diagrams (ZP) of iron nanoparticles 

are shown in Figure 1.

aβ-protein or aβ-peptide (aβ 1-42)
The Aβ and α-synuclein proteins as well as ThT fluorescence 

assay were purchased from Sigma (Sigma-Aldrich Co., 

St Louis, MO, USA). The ThT is a type of dye which binds 

to α-synuclein through fluorescence at wavelengths in the 

range of 380–460 nm.

cell survival with MTT assay
MTT assay was used to evaluate the cellular effect of 

nanoparticles and to assess the cell survival ability. In the 

MTT test, the SY5Y neurons used were purchased from the 

Pasteur Institute of Iran (Tehran, Iran). Tetrazolium salt was 

used for measurement. To prepare a solution of MTT, 5 mg 

of this compound was dissolved in 1 mL of PBS. The cells 

were cultured in 96 wells microtiter plate with 10,000 cells 

per well and incubated at 37°C for 24 hours. Then differ-

ent charged nanoparticles with 2.5, 5 and 10 mg/mL were 

added to the culture medium, and the control well with a 

culture medium containing no effect of nanoparticles was 

considered. After incubation for 24, 48 and 72 hours in 5% 

CO
2
, 100 µL MTT was added and incubated for 2 hours 

and then the culture medium was discarded. The reaction 

was stopped by adding ZAAZDMSO. As this solution dis-

solves the purple colored formazan sediment in live cells, 

the absorption rate was measured by the ELISA device at 

570 nm. In this study, to analyze the data, SPSS software 

(IBM Corporation, Armonk, NY, USA) was applied and the 

results were analyzed by ANOVA test and the significance 

level was measured on P,0.05.

Figure 1 Magnetic charge of iron nanoparticles.
Notes: (A) Neutrally charged. (B) Positively charged. (C) Negatively charged.
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Investigating the structure modification 
level of aβ-protein at the presence of 
sPIONs
To investigate the effect of various concentrations of iron 

oxide nanoparticles on the secondary structure of Aβ and 

α-synuclein proteins, nanoparticles’ different concentra-

tions of 2.5, 5, and 10 µg/L were first incubated with 

Aβ-protein at 37°C for 1 hour and then circular dichroism 

(CD) set was used to analyze the second structure of this 

protein using an Aviv Model 202 CD spectrometer (Aviv 

biomedical, Inc., Lakewood, NJ, USA). CD spectra were 

recorded at room temperature; the wavelength was 1 nm, 

three scans were taken per sample in the range from 190 

to 300 nm, and the average time was 1 second at each 

wavelength. It is notable that the SPIONs, themselves, 

induce scattering in CD which must be considered in the 

interpretation of the CD data.

ThT fluorescence assay
A common method for investigation of protein fibrillation 

process is the fluorescence technique through ThT. For this 

test, 0.6 mg of ThT was dissolved in 2 mL of deionized water 

so as to reach the final concentration of 1 mM. This solution 

was used as the stock.

To perform ThT fluorescence assay, 10 µL of ThT stock 

solution in addition to 20 µL of Aβ-protein using PBS with 

concentrations of 2.5, 5, and 10 µL of various charged 

nanoparticles were blended together (all the steps carried 

out in an ice cold medium) and were measured through 

fluorimeter set along with three negative and three positive 

controls at each run. The wavelength of the set was in the 

range of 380–460 nm.

It is worth mentioning that ThT fluorescence assay 

was repeated 3 times for each nanoparticle with a certain 

concentration and charge. Therefore, the effect of each 

nanoparticle on Aβ fibril formation was investigated and 

recorded by fluorimeter set, nine times and every 10 minutes 

for 600 minutes at 37°C. The curve related to fibril formation 

was depicted according to positive and negative controls 

and certain points and times in which the inhibition effect 

occurred were identified. 

Results
Magnetic power investigation and 
physicochemical properties of nanoparticle
Considering that SPIONs were commercially purchased 

for this study, diameters as well as chemical properties of 

these nanoparticles were presented according to the data 

provided by the production company. Physicochemical 

data for each of the three nanoparticles are attached to 

this article.

The dextran coated nanoparticle samples commercially 

provided contained plain, positive, and negative magnetic 

charges and the diameter of all was 20 nm. Positive as well 

as negative nanoparticles were provided by NH
2
 and COOH 

ions, respectively and neutral sample was plain.

Magnetic charges calculated using ZP set include -4.15, 

22.8, and -13.4 C for plain, positive, and negative charges, 

respectively.

Investigation of the structure modification 
level of aβ-protein at the presence of 
sPIONs
The results obtained from the investigation of the secondary 

structure of Aβ indicated that an increase in nanoparticle 

concentration led to a decrease in level of α-helix structure 

showing that the interaction of Aβ-protein with iron oxide 

nanoparticles resulted in a severe change in the secondary 

structure of the proteins. Furthermore, the results also showed 

that increasing iron oxide concentration would slightly 

decrease the level of α-helix structure but this structure 

change was not very noticeable. Therefore, it can be con-

cluded that the secondary structure of Aβ-proteins did not 

have a considerable change through interaction with iron 

oxide (Figure 2).

Investigation of aβ-protein fibrillation 
process using the modifications in ThT 
fluorescence emission
To perform this test, each of these different charged nanopar-

ticles with concentrations of 2.5, 5, and 10 µL were added 

to Aβ-protein and together with ThT (Table 1). The fluores-

cence emission was separately estimated through fluorimeter 

set, pH=7.4 at 37°C. Fluorescence microplates were read 

every 10 minutes for 10 hours (Figures 3–5).

Investigation of α-synuclein protein 
fibrillation using ThT fluorescence 
emission modifications
To perform this test, variously charged nanoparticles with 

concentrations of 2.5 (Figure 6), 5 (Figure 7), and 10 (Figure 8) 

µL were added to α-synuclein protein and their fluorescence 

emissions were estimated separately by ThT at 37°C 

(pH=7.4) using fluorimeter set (Table 1).
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According to the diagram of α-synuclein protein fibrilla-

tion mechanism, the required time period for fibril diagram 

formation of α-synuclein protein was 10 hours which was 

obtained according to fibrillation investigation of Aβ-protein 

at each 10-minute run of ThT fluorescence. Microplate fluo-

rescence was read every 10 minutes for 10 hours.

Discussion
Recent studies using different methods demonstrated that 

multiple-shaped α-synuclein fibrils show a certain structure. 

These structural differences were probably due to a differ-

ence in β-sheet folding, molecular aggregation among joint 

levels of the sheets or the interaction of side-chains in the 

medium.7 In fact, slight difference in buffer condition such 

as pH, temperature, ion concentration, and external variables 

like stirring with toxics and medicines can severely affect 

α-synuclein aggregation and folding processes.13,14

Various studies have been carried out regarding the 

mechanism of the onset and ending of fibril formation and 

their behavioral model, fibril formation and growth diagram 

have been demonstrated. Fibril formation is started by a slow 

phase named lag phase and is followed by an increase in fibril 

formation severity in nucleation phase. Based on studies 

conducted on AD and PD, factors like salt concentration, 

temperature, and pH of the medium can inhibit or excite 

fibril formation level.11,28,29

In a study, it was revealed that normal concentration of salt 

in vitro would inhibit fibril formation far more than high salt 

concentration and this may be the reason for the interaction 

between amino group of proteins and salt of the medium which 

inhibits or delays the formation of β-sheet structure.12 A suitable 

temperature for the formation of protein structures according 

to previous studies is 37°C and the most suitable temperature 

was found to range between 34°C and 37°C. Of course, tem-

peratures above 40°C disrupt the structure of the proteins.15

In our study, in order to consider the proper conditions for 

the application of iron oxide nanoparticles, the temperature 

for performing the test was considered as 37°C, that is accord-

ing to body temperature, and a plain pH was also observed 

for the investigation of protein fibril formation.

Nowadays, the gold, silica, silver and iron nanoparticles 

are widely used in pharmaceutical industry across the world. 

Medical consumption of these nanoparticles has always 

been focused on their different structures as well as the 

ratio of level to volume and influx power into live tissues 

which are regarded as the main properties of nanoparticles.16 

Another important factor is the detection ability of different 

magnetic nanoparticles, for instance, gold or trivalent iron 

oxide nanoparticles. The reason of why we used SPIONs in 

our study was the traceability of the nanoparticles.17 As it is 

known, SPIONs have the highest magnetic property.8

Table 1 The ThT nanoparticles’ concentrations and proteins 
applied

Sample ThT β-amyloid
α-synuclein

FBS 1% Nanoparticle
(SPION)

Negative control 10 µl – 90 µl –

Positive control 10 µl 20 µl 70 µl –

25 µl/+ 10 µl 20 µl 675 µl 25 µl

25 µl/- 10 µl 20 µl 675 µl 25 µl

25 µl/plain 10 µl 20 µl 675 µl 25 µl

5 µl/+ 10 µl 20 µl 65 µl 5 µl

5 µl/- 10 µl 20 µl 65 µl 5 µl

5 µl/plain 10 µl 20 µl 65 µl 5 µl

10 µl/+ 10 µl 20 µl 60 µl 10 µl

10 µl/- 10 µl 20 µl 60 µl 10 µl

10 µl/plain 10 µl 20 µl 60 µl 10 µl

Abbreviations: SPION, superparamagnetic iron-oxide nanoparticle; ThT, thioflavin T.

Figure 2 Electronic microscope image of the effect of nanoparticles on fibrillation of Aβ-proteins.
Notes: (A) fibrillation with no nanoparticle and (B) fibrillation with nanoparticle.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

804

Javdani et al

Figure 3 Diagram of sPIONs effect with a concentration of 2.5 µl and different charges on aβ-protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.

Figure 4 Diagram of sPIONs effect with a concentration of 5 µl and different charges on aβ-protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.

Another issue is the nontoxicity property of these 

nanoparticles. As it is reported, in various studies utiliza-

tion of nanoparticles has led to the cytotoxicity in live 

cells.18 As a result, the application of toxicity evaluation 

tests and techniques has been recommended for medicinal 

and medical consumption of nanoparticles. The iron, gold, 

and silica nanoparticles have the least levels of toxicity for 

the live cells.19 Trivalent iron oxide nanoparticles used in 

our study were confirmed by the US FDA (Food and Drug 

Administration).

In a study carried out on different nanoparticles (consider-

ing that the nanoparticles had charge), Mahmoodi et al found 

that negatively charged nanoparticles were the most effective 

ones in inhibition of A-fibril formation.6
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In the current study, the least concentration of the 

nanoparticles applied that had negative charge encoded 

with -COOH ion was 2.5 µL and it was investigated at 600 

10-minute runs and the obtained diagram was considerably 

longer in lag phase, in other words, it was delayed or inhibited 

and the nucleation phase was shortened. What does shorten-

ing or decreasing of nucleation phase mean in the fibrillation 

process? It implies that the number of β-sheets formed by 

the process of mature fibril formation of the protein has been 

decreased so that  lower level of ThT has been connected to 

these sheets compared to positive control and other charges. 

Therefore, it shows less fluorescence absorption compared 

to other diagrams. The inhibition of fibril formation was 

investigated at all three concentrations.20,21

Figure 5 Diagram of sPIONs effect with a concentration of 10 µl and different charges on aβ-protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.

Figure 6 Diagram of sPIONs effect with concentration of 2.5 µl and various charges on α-synuclein protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.
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The diameter of nanoparticles used in our study was 

20 nm which showed a proper influx power for medicinal 

consumption. Finally, based on the results obtained from 

the investigation of A-fibril formation mechanism in two 

Aβ and α-synuclein proteins, it was revealed that negatively 

charged dextran-coated nanoparticles encoded to -COOH 

could have a considerable decrease from 17,000 to 12,000 

after 320 minutes of lag phase delaying and decreasing the 

level of ThT binding to β-sheets. In the study conducted on 

nanoparticles and their inhibition effect in A-fibril formation, 

the ratio of surface to volume and their high influence power 

on interaction of fibril formation have been reported as the 

reason for inhibition effect.

Medicinal consumption as a binding factor or carrier has 

been recommended in various scientific articles. The reason 

for this was reported as the proper coating of nanoparticles 

Figure 7 Diagram of sPIONs effect with concentration of 5 µl and various charges on α-synuclein protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.

Figure 8 Diagram of sPIONs effect with concentration of 10 µl and various charges on α-synuclein protein fibrillation.
Abbreviation: sPION, superparamagnetic iron-oxide nanoparticle.
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on interaction with adjacent materials and of course more 

and better binding with these materials.22–24 Trivalent iron 

oxide nanoparticles are spherical, thus they can have the 

best surface contact with their environment compared to 

nanoparticles which are not spherical.25,26

In this research, following the investigation of toxicity 

property of nanoparticles and toxicity level of nanoparticles 

with respect to various concentrations and charges applied, 

it can be stated that the best outcome of the application and 

selection of trivalent iron oxide super paramagnetic nanopar-

ticle is that it can be used as a medicinal carrier, which 

according to the confirmation of FDA, this certainty was 

obtained for the purchased nanoparticles in the present study.

According to Figure 4 which shows the difference of fibril 

formation mechanism with positive control in which only 

α-synuclein protein is used, it can be concluded that the best 

alternative for inhibition of A-fibril formation in α-synuclein 

proteins is the application of negatively, positively, and 

neutrally charged nanoparticles, respectively. The properties 

of commercially purchased super paramagnetic iron oxide 

nanoparticles are provided according to the physicochemical 

nature, charge, and ZP in the appendix.
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