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α-synuclein interaction with zero-valent iron

nanoparticles accelerates structural

rearrangement into amyloid-susceptible structure

with increased cytotoxic tendency
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Aim: It has been indicated that NPs may change the amyloidogenic steps of proteins and

relevant cytotoxicity. Therefore, this report assigned to explore the impact of ZVFe NPs on

the amyloidogenicity and cytotoxicity of α-synuclein as one of the many known amyloid

proteins.

Methods: The characterization of α-synuclein at amyloidogenic condition either alone or with

ZVFe NPs was carried out by fluorescence, CD, UV-visible spectroscopic methods, TEM study,

docking, and molecular modeling. The cytotoxicity assay of α-synuclein amyloid in the absence

and presence of ZVFe NPs was also done by MTT, LDH, and flow cytometry analysis.

Results: ThT fluorescence spectroscopy revealed that ZVFe NPs shorten the lag phase and

accelerate the fibrillation rate of α-synuclein. Nile red and intrinsic fluorescence spectro-

scopy, CD, Congo red adsorption, and TEM studies indicated that ZVFe NP increased the

propensity of α-synuclein into the amyloid fibrillation. Molecular docking study revealed that

hydrophilic residues, such as Ser-9 and Lys-12 provide proper sites for hydrogen bonding

and electrostatic interactions with adsorbed water molecules on ZVFe NPs, respectively.

Molecular dynamics study determined that the interacted protein shifted from a natively

discorded conformation toward a more packed structure. Cellular assay displayed that the

cytotoxicity of α-synuclein amyloid against SH-SY5Y cells in the presence of ZVFe NPs is

greater than the results obtained without ZVFe NPs.

Conclusion: In conclusion, the existence of ZVFe NPs promotes α-synuclein fibrillation at

amyloidogenic conditions by forming a potential template for nucleation, the growth of α-

synuclein fibrillation and induced cytotoxicity.
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Introduction
Humans are widely exposed to nanoparticles (NPs) as they are ever-present in

everyday life such as air pollutants1, applicable materials in cosmetic by-products2

and in nanomedicine.3 Besides their purposeful role, their adverse effects on

biochemical processes, such as cell integrity and protein conformational changes,

remain unknown. Thus, investigating the interaction between biological systems

and NPs, and the corresponding parameters influencing the cell viability and protein

aggregation should be explored. The protein corona formation, as well as protein

aggregation in the presence of NPs, may influence the NPs’ fate in vivo.4 Indeed,
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NPs can heavily change the nucleation and aggregation

phases of proteins.5 The induction of several neurodegen-

erative disorders, such as Alzheimer, Parkinson’s as well

as Hungtinton’s diseases is associated with the aggregation

of proteins into amyloid forms.6

Nevertheless, there is no comprehensive detail to spec-

ulate evident activation or inhibition of the aggregation

phases. For example, it was shown that the surface charges

of the superparamagnetic iron-oxide NPs (SPION) could

affect the fibrillation parameters of Aβ.7 Surface charges,

as well as the concentration of NPs, may play a dual effect

on protein aggregation. While, lower doses of SPION can

inhibit the Aβ aggregation, their higher doses accelerate the

kinetic of Aβ amyloid induction.7 In another study, it was

revealed that the SPION having positive moieties could

enhance protein aggregation at low NP doses in comparison

with negatively charged SPIONs.8 However, it was shown

that polymeric NPs with different hydrophobic groups could

inhibit the fibrillation of Aβ.9 It was demonstrated that

polymeric NPs delay essentially the nucleation and exten-

sion phases of Aβ fibrillation.9

Also, the interaction between NPs and proteins might

influence the systemic cytotoxicity of NPs.4 This induced

cytotoxicity by NPs is heavily dependent on the inherent

toxicity of NPs and the degree of protein aggregation

around the NP surface.10 Therefore, it is important to

explore the effect of NPs on protein aggregation and

induced cytotoxicity.

α-Synuclein shows a native disorder structure with 140

amino acid residues in the central nervous system with

several bioactivities, such as microtubule-associated

activity,11 regulation of dopamine biosynthesis,12 and neu-

ronal plasticity.13 It is believed, that conformational

changes of the α-synuclein upon interaction with ligands

like NPs may cause association of α-synuclein molecules

into amyloid fibrils which is the major component of

pathological disorder in neurodegenerative diseases.14,15

However, the processes underlying the α-synuclein amy-

loid formation and its pathological effects in the presence

of NPs are presently not well-explored.

Zero valent iron (ZVFe) NPs are widely used in envir-

onmental and water remediation,16 antibacterial17 and clin-

ical systems18 due to their unique properties and low

toxicity. However, ZVFe NPs utilization can enhance the

quantity of Fe ions to a great extent at a local dose in

a short period of time. ZVFe NPs oxidation can also cause

the generation of free radicals in biological systems which

induce oxidative stress.19 These outcomes can interrupt

protein structures and cell membranes integrity and lead

to protein aggregation and cell mortality.20

Also, an increase in Fe concentration and subsequent

free radicals has been reported in the cortex and cerebel-

lum of patients having neurodegenerative diseases like

Alzheimer.21

Therefore, in the present study, the amyloid fibril for-

mation and cytotoxicity of α-synuclein incubated with

ZVFe NPs will be explored by different spectroscopic,

theoretical and cellular methodologies.

Materials and methods
Materials
α-Synuclein, thioflavinT (ThT), nile red, Congo red,

Dulbecco’s minimum essential medium and Ham’s F12

[DMEM: F12 (1:1)], fetal bovine serum (FBS),

L-glutamine, penicillin, streptomycin, nerve growth factor

(NGF) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) were purchased from Sigma

(St. Louis, MO, USA). Lactate dehydrogenase (LDH)

assay kit (Colorimetric) (ab102526) and Annexin V-FITC

apoptosis staining/detection kit (ab14085) were purchased

from Abcam Co. (Kendall Square, Suite B2304

Cambridge, MA 02139–1517 USA).

NP preparation
ZVFe NP was freshly dissolved in 1% (v/v) ethanol/water

and was stored at room temperature until use. The concen-

tration of ethanol did not exceed 1% in the prepared samples.

Fibrils formation
α-Synuclein solution (100 µM, with a molar absorptivity

of 5960 cm−1 M−1 at 280 nm) was dissolved in 20 mM

HEPES, 150 mM NaCl, pH 7.4 and agitated at 700 rev/

min at 37 °C in the the presence of ZVFe NPs adapted

from a previous study.22 ZVFe NPs concentration was also

set to 50 µg/mL.

ThT assay
Fibril formation was determined using ThT fluorescence

by a Cary Eclipse VARIAN fluorescence spectrophot-

ometer. The formation of α-synuclein fibrils incubated

with ZVFe NPs (50 µg/mL) was investigated by detecting

the fluorescence intensity of ThT in a diluted mixture of

2 µM protein and 15 μM ThT solution. Excitation and

emission wavelengths were fixed at 440 and 485 nm,
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respectively. The obtained results were fitted to a sigmoid

curve according to the reported paper.23

Nile red fluorescence assay
α-Synuclein solution (100 µM) in the absence and pre-

sence of ZVFe NPs (50 µg/mL) were left for 45 h, then

diluted to 2 µM in the presence of 15 μM nile red solou-

tion. Samples were then excited at 530 nm and fluores-

cence intensssity was measured in the range of 610–

740 nm.

Tyrosine fluorescence assay
α-Synuclein solution (100 µM) were incubated for 45 h

with ZVFe NPs (50 µg/mL) and then diluted to 2 µM. α-
Synuclein solutions were excited at 280 nm, and fluores-

cence intensssity was measured in the range of

290–370 nm.

Congo red binding assay
α-Synuclein solution (100 µM) incubated with ZVFe NPs

(50 µg/mL) for 45 h were diluted to 5 µM and defined

amount of Congo red was added to the samples. After 2 h

of incubation at an ambient temperature in the dark, absor-

bance spectra were recorded in the range of 450–615 nm.

Far-UV circular dichroism (CD)

measurement
α-Synuclein solution (100 µM) in the absence and pre-

sence of ZVFe NPs (50 µg/mL) were diluted to 3 µM and

the CD spectra were determined after 45 h in the wave-

lengths of 190–260 nm, using an AVIV 215 spectropolari-

meter (Aviv Associates, Lakewood, NJ, USA). The

secondary structural changes of α-synuclein were then

determined based on the change in ellipticity [θ]. The

change in [θ] was corrected for contribution from NPs

and buffer solutions.

Transmission electron microcopy (TEM)

study
Amyloid fibrils after 45 h, were dissolved in ethanol, soni-

cated and placed on copper grids at room temperature for

30 min. Electron micrographs of samples were then captured

using a TEM EM10C – Zeiss (100KV, Germany).

Simulation methods
A spherical cluster (1nm) and a slab (8 nm ×8 nm

×1.3 nm) were developed based on the Fe unit cell and

used as a model for the ZVFe NPs in the simulations.24

A docking investigation was carried out by using HEX 6.3

as the protein docking software which is equipped with

spherical polar Fourier correlations.25 Hex is defined as an

interactive molecular graphics program for calculating

protein-ligand interaction, presuming a ligand like NP is

inflexible.25 The slab models of ZVFe NPs were sur-

rounded by 1000 water molecules at 298 K.

Microcanonical (NVE) ensembles, the time step of 1 fs,

and a total simulation time of 200 ps were used in the

molding investigation. The molecular dynamics (MD)

simulations were conducted using the Forcite code and

Universal force field (UFF).26

Cell culture
SH-SY5Y cell line (obtained from Rouyn institute,

Tehran, Iran) was used for cytotoxicity assay of ZVFe

NPs, α-synuclein monomers, α-synuclein amyloid aged

for 45 h, and ZVFe NPs/α-synuclein amyloid aged for 45

h. SH-SY5Y cells were cultured in DMEM: F12 (1:1) with

10% FBS, 2 mM L-glutamine, 1% penicillin, and 1%

streptomycin and differentiated by NGF at 37 °C with

95% air and 5% CO2.

MTT assay
The cellular viability treated with ZVFe NPs (10 µg/ml), α-
synuclein (20 µM) monomers, α-synuclein amyloied

(20 µM), and ZVFe NPs/α-synuclein amyloied (10 µg/ml/

20 µM) were determined using MTT assay. The cells were

exposed to the above-mentioned samples for 24 h. The trea-

ted cells with 20 mM HEPES, 150 mM NaCl, pH 7.4 were

considered as control samples. The mitochondrial function

was then investigated by 0.5mg/mL MTT for 4 h, and the

cell viability was quantified spectrophotometrically at 570

nm in Expert 96, Asys Hitch, Ec Austria.

LDH assay
LDH assay was done based on the manufacturer’s protocol

[(Colorimetric) (ab102526). The absorbance of formazan

was then detected spectrophotometrically at 450 nm in

ELISA reader (Expert 96, Asys Hitch, Ec Austria).

Flow cytometry analysis
Quantification of apoptosis using Annexin V/PI was done

based on Apoptosis Staining/Detection Kit (ab14085). The

stained cells were then collected and assayed by BD

FACSCalibur (Becton Dickinson, San Jose, CA, USA).
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Statistical analysis
The values obtained were shown as mean ± standard

deviation (SD). Student’s t-test was employed to explore

and compare the data between the NPs-treated cells and

the control samples, and the degree of significance was

reported as *P<0.05; **P<0.01; ***P<0.001.

Results and discussion
ZVFe NP synthesis and characterization
ZVFe NPs were fabricated and fully characterized by

different methods as reported in our recent work.27

Briefly, it was displayed that the diameter, hydrodynamic

radius and zeta potential values of ZVFe NPs were around

30 nm, 83.88 nm and −31.91±6.24 mV, respectively.27

NPs have been recently introduced to induce aggregation

or disaggregation in proteinmolecules based on their chemical

compositions, functional groups and concentrations. In this

study, we explored the amyloidogenic impact of ZVFe NPs,

man-made occurring NPs commonly present in the cosmetic

products, water, and medicinal agents with no significant

toxicity. To investigate if ZVFe NPs affect α-synuclein fibril

formation, one concentration of this compound (50 µg/mL)

added to the incubation medium. This concentration has been

reported to be the maximum applied concentration of ZVFe

NPs with minimum toxicity.28 Also, for cellular assays, the

concentration of ZVFeNPwas diluted to 10 µg/mLwhich has

been also revealed to have no cytotoxicity against cells.28 The

amyloid fibrillation phase was then studied by using several

biophysical and cellular approaches.

ThT fluorescence assay
ThT fluorescence assay was prepared to determine the rate

of α-synuclein fibril formation in the presence of ZVFe

NPs. Kinetics of α-synuclein fibril formation either alone

or with ZVFe NPs are depicted in Figure 1. It can be

demonstrated a more significant increase of ThT fluores-

cence in α-synuclein with ZVFe NPs relative to α-
synuclein alone over time. According to previous

studies,29,30 α-synuclein fibril formation showed

a nucleated polymerization phase.

The ThT fluorescence kinetics analyses are reported in

Table 1. It was seen that the Kapp of α-synuclein fibrillation

dramatically enhanced in the presence of ZVFe NPs

(*P<0.05), whereas the lag time of α-synuclein fibrillation

decreased to a certain extent (*P<0.05) (Table 1).

The results reveal that the presence of ZVFe NPs

dramatically increased the α-synuclein fibril formation by

decreasing the lag time and increasing the fibrillation rate

constant which indicates that the ZVFe NPs provide

a suitable environment to interact with prefibrillar

molecules.

To assess the nile red fluorescence assay, tyrosine

fluorescence assay, Congo red assay, and CD assay, the

samples were read after 45 h of incubation (middle of the

growth phase), with or without ZVFe NPs in the amyloi-

dogenic condition. Also, the aliquots of amyloid samples

after 45 h were used to assess the cytotoxicity effect of

amyloid fibrils.

Nile red fluorescence assay
It has been well-documented that the structural changes of

a protein like α-synuclein under amyloidogenic environment

are assigned by the induction of hydrophobic patches on the

protein structure.31 For α-synuclein amyloid, a significant

increase in nile red fluorescence intensity accompanied by

a blue shift (from 673 to 656 nm) was observed when

samples were incubated with ZVFe NPs (Figure 2). In fact,
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Figure 1 Kinetics of α-synuclein amyloid fibrillation as detected by ThT fluores-

cence assay. Protein samples (100 μM in the absence (circle) and presence of zero

valent iron (ZVFe) NPs (square).

Table 1 Influence of zero valent iron (ZVFe) NPs on the kinetics

parameters of α-synuclein fibrillation calculated by ThT fluores-

cence assay.*P<0.05 relative to the control group

Kapp (h−1) Lag time
(h)

Intensity
(a.u.)

α-synuclein 0.071 16.91 631

α-synuclein/ZVFe

NPs

0.060

(*P<0.05)

12.08

(*P<0.05)

590
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the increase in the fluorescence signal and the blue shift were

more significant in the case of ZVFe NPs/α-synuclein amy-

loid, relative to those of α-synuclein amyloid alone. This data

may reveal the ability of ZVFe NPs to accelerate the induc-

tion of hydrophobic patches in the structure of α-synuclein.

Tyrosine fluorescence assay
Tyrosine fluorescence assay was also performed to explore the

microenvironmental changes around the tyrosine residues. As

shown in Figure 3, a blue-shift (from 305 to 303 nm) with

a decrease in intensity was detected for the tyrosine fluores-

cence in the presence of amyloid, indicating a structural altera-

tion in the microenvironment of the tyrosine residues and

a substantial alterations of the native structure of the protein.

Also, the presence of ZVFe NPs in the amyloid sample

resulted in a more pronounced blue shift (301 nm) and

reduction in the fluorescence intensity of tyrosine (Figure 3)

compared to free protein, suggesting that the NPs accelerate

the α-synuclein structural alteration. The results indicate that

the ZVFe NPs demonstrate their amyloidogenic effect by

redirecting the α-synuclein aggregation pathway toward

induction of amyloid fibrils with increased hydrophobic

patches.

Congo red assay
As depicted in Figure 4, a significant increase in Congo red

absorbance was observed with a red-shift (from 478 nm to

495 nm) upon incubation of α-synuclein in the amyloido-

genic environment. Both absorbance and red-shift increase

(from 478 nm to 502 nm) for α-synuclein with ZVFe NPs,

indicating a strong interaction between Congo red and α-
synuclein/ ZVFe NPs complex. This suggests the formation

of α-synuclein amyloid fibrils is accelerated in the presence

of ZVFe NPs.

CD study
To reveal whether structural alterations of α-synuclein
induced by the amyloidogenic environment could be

accelerated by ZVFe NPs, far-UV CD spectra were

employed. As depicted in Figure 5, CD spectra of α-
synuclein monomer and α-synuclein amyloid aged for

45 h show a predominantly random coil structure (mini-

mum centered at 195 nm). However, in the presence of

ZVFe NPs, a shift was observed in the structure of α-
synuclein toward almost α-helix and β-sheet-rich struc-

tures (minimum appeared atf212 nm) in an amyloido-

genic environment. Therefore, ZVFe NPs with applied

concentration could accelerate amyloid formation deter-

mined by appearing a large minimum around 212 nm

(Figure 5).
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Figure 2 Effect of zero valent iron (ZVFe) NPs on surface hydrophobicity of α-
synuclein as detected by nile red fluorescence assay after 45 h.
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Figure 3 Effect of zero valent iron (ZVFe) NPs on conformational changes of α-
synuclein as detected by tyrosine fluorescence assay after 45 h.
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TEM study
Figure 6 displays the TEM images of α-synuclein incubated

for 45 h in an amyloidogenic buffer either alone or with ZVFe

NPs. As represented in Figure 6A, in the native α-synuclein
(no incubation time) as a control sample, no observable amy-

loid species were detected. However, after 45 h in an amyloi-

dogenic condition, some oligomer forms of α-synuclein were
observed (Figure 6B). In other side, in the presence of ZVFe

NPs, some fibrils with common amyloid morphology were

formed (Figure 6C). Indeed, we observed that the formation

of a large number of amyloid fibrils were promoted in the

presence of ZVFe NPs. This data further proves that ZVFe

NPs activated the formation of fibrillary structures.

Molecular docking study
The interaction between NPs and protein plays a pivotal role

in modulating protein structure and corresponding functions.

Molecular docking represents an effective tool to study the

interactions between molecules in complexes. Molecular

docking also plays a crucial role in investigating protein

conformation and functions. In the current study, the NMR

structure of human α-synuclein (PDB ID: 1XQ8) was used.

Molecular docking was executed with the ZVFe cluster

decorated by 12 water molecules as a model of hydrated

ZVFe NPs.24 The geometry of the hydrated cluster was

optimized using UFF implemented in the Avogadro software

(Libavogadro Library, Pittsburgh, PA, USA).32 The calcu-

lated interaction energy was estimated to be −104.76
E-value. Visualization of the interacting residues was

achieved by using CHIMERA (www.cgl.ucsf.edu/chimera)

tool. The docked complex is depicted in Figure 7.

The ZVFe NPs with the nearest active site (4Å) is

demonstrated in Figure 8. As can be seen, the hydrophilic

residues Ser-9 and Lys-12 provide proper sites for hydro-

gen bonding and electrostatic interaction, respectively,

with the adsorbed water molecules on ZVFe NPs.

Molecular dynamics study
MD simulation is an in silico modelling method for

exploring conformational alteration of protein. The struc-

ture of α-synuclein with or without of ZVFe NP is dis-

played in Figure 9. It is clear that the interacted part of

the protein is shifted from a natively disordered confor-

mation toward a more packed structure. Indeed, as shown

in Figure 9, in the beginning of running molecular mod-

eling, the α-synuclein structure shows a random coil

structure with very low helical content. However, after

200 PS and relevant interactions between ZVFe NP sur-

face and α-synuclein, it was shown a tendency towards

a higher α-helical conformation in the α-synuclein struc-

ture relative to the absence of interaction. This data

indicated that interaction of ZVFe NPs with α-synuclein
results in formation of more helical structure in protein

structure. These findings are in good agreement with

spectroscopy outcomes which showed that interaction of

ZVFe NPs with α-synuclein led to structural changes of
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Figure 5 Effect of zero valent iron (ZVFe) NPs on the secondary structure of α-
synuclein in the absence and presence of ZVFe NPs as detected by CD spectro-

scopy after 45 h.

Figure 6 Transmission electron microscopy (TEM) images of α-synuclein incubated in the absence and presence of ZVFe NPs. (A) α-synuclein monomer, (B) α-synuclein
amyloid, (C) α-synuclein amyloid/ZVFe NPs.
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α-synuclein toward a more hydrophobic and packed

structure.

MTT assay
To assess the toxicity of amyloid species either alone or

with ZVFe NPs, MTT assay was carried out. SH-SY5Y

cells were incubated with ZVFe NPs, amyloid α-synuclein,
and amyloid α-synuclein/ZVFe NPs for 24 h. While, no

cytotoxicity was determined for negative control ZVFe NP

(Figure 10) and α-synuclein monomer (data not shown),

cell viability is markedly reduced after 24 h exposure to α-
synuclein amyloid, and α-synuclein amyloid/ZVFe NPs

(Figure 10). In other words, in the present of α-synuclein
amyloid and α-synuclein amyloid/ZVFe NPs, the cell via-

bility was reduced to 73% ±16.27 (*P<0.05) and 37%

±4.84 (**P<0.01), respectively. The enhancement in cyto-

toxicity was more pronounced (##P<0.01) in α-synuclein
amyloid/ZVFe NPs-treated cells than α-synuclein amy-

loid-treated cells. Therefore, in the presence of ZVFe

NPs, α-synuclein amyloid is significantly more toxic com-

pared to that in the absence of ZVFe NPs. As protein

conformational changes and formation of the hydrophobic

microenvironment in the course of during protein aggrega-

tion is a pivotal and usual characteristic of misfolded toxic

samples.23, we may propose that ZVFe NPs increases the

formation of hydrophobic patches, as determined by spec-

troscopy assays, causing the formation of toxic aggregate

samples.

Figure 7 Molecular docking results are showing the binding mode of zero valent

iron (ZVFe) NPs to α-synuclein. ZVFe NPs are depicted in ball model. Protein

backbone of α-synuclein is demonstrated in the cartoon model.

Figure 8 α-synuclein residues surrounding azero valent iron ( ZVFe) NP are

displayed. Hydrogen bond within 4 Å is shown as a blue line between the hydrated

ZVFe NP and Ser-9, and electrostatic interaction within 4 Å is depicted as red line

with Lys-12.
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LDH assay
LDH assaywas done to explore the integrity of cell membrane

in the presence of α-synuclein amyloid and α-synuclein amy-

loid/ZVFe NPs. α-Synuclein amyloid either alone or with

ZVFe NPs aged for 45 h were diluted to the specified con-

centrations, and their related cytotoxicity against SH-SY5Y

cells was evaluated by LDH assay. It was observed that ZVFe

NPs (Figure 11) and α-synuclein monomer (data not shown)

induced no significant LDH release in the SH-SY5Y cells

compared to the negative control sample. Nevertheless, LDH

releases significantly increased after 24 h exposure to α-
synuclein amyloid and α-synuclein amyloid/ZVFe NPs to

131% ±17.62(*P<0.05) and 168% ±19.51(**P<0.01)

(Figure 11), respectively. In fact, it was detected that the

presence of ZVFe NPs induced more pronounced LDH

release (#P<0.05) by α-synuclein amyloid in comparison

with α-synuclein amyloid in the absence of ZVFe NP.

Hence, it may be concluded that amyloid α-synuclein forma-

tion in the presence of ZVFe NPs is significantly accelerated

and ZVFe NPs induced the formation of more toxic aggre-

gated species in comparison with the results obtained without

ZVFe NPs.

Flow cytometry analysis
Flow cytometry assay was also performed in order to quan-

tify the induction of apoptosis and necrosis in SH-SY5Y

cells by α-synuclein amyloid and α-synuclein amyloid/

ZVFe NPs samples. It was observed that 88.5% of cells

are in viable cells quadrant (Q4) in the negative control

samples (Figure 12A). Samples treated with α-synuclein
monomer and ZVFe NPs showed almost the same results
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Figure 10 Cytotoxicity of α-synuclein aggregates formed with or without zero

valent iron (ZVFe) NPs. *P<0.05 and **P<0.01, significantly different from control

cells. ##P<0.01, significantly different from cells exposed only to α-synuclein
amyloid.
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Figure 9 The structure of α-synuclein in the beginning (top) and after 200 ps

evolution (bottom) with (zero valent iron) ZVFe NP. Interacted protein shifted from

a natively disordered conformation toward a more packed arrangement.
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with negative control samples (data not shown). However,

the rate of apoptosis (Q2 and Q3, 8.7%) and necrosis (Q4,

2.8%) in control cells increased to 19.79% (**P<0.01,

different from cells exposed only to control) (Figure 12B),

53.9% (***P<0.001, different from cells exposed only to

control) (Figure 12C), 4.8% (Fig. 12B), and 11%

(**P<0.01, different from cells exposed only to control)

(Figure 12C) in α-synuclein amyloid- and α-synuclein amy-

loid/ZVFe NPs-treated samples, respectively. Also, it can

be observed that the degree of apoptosis (##P<0.01, differ-

ent from cells exposed only to α-synuclein amyloid) and

necrosis (##P<0.01, different from cells exposed only to α-
synuclein amyloid) in ZVFe NPs/α-synuclein amyloid-

treated cells is more severe when compared to the data

resulted from the α-synuclein amyloid-treated cells without

ZVFe NPs.

Discussion
NPs are almost spontaneously covered with proteins when

they reach a biological system, followed by conformational

and/or functional changes of the surface-adsorbed state of the

protein. Proteins may be adsorbed in a non-destructive or

denatured form based on protein compositionand the NP

features. The high concentration of bound proteins and the

low dimensionality of the NP curvature can increase the

possibility of interaction between denatured proteins and

subsequent faster fibrillation.33,34 These features of NPs can

affect protein self-assembly mechanisms which may result in

distrubtion of crucial biological systems. Increase in disor-

ders due to protein misfolding and fibrillation may also

happen after interaction of proteins with NPs. It has been

suggested that interactions with different surfaces could

accelerate protein aggregation into amyloid fibrils and

increase protein structural alterations associated with other

protein misfolding disorders.35,36

Several studies show that NPs catalyze protein fibril for-

mation through influencing the structure of the amyloidogenic

species formed during fibrillation. For instance, Linse et al.,

showed that some NPs such as copolymers, cerium, quantum

dots, and carbon nanostructures increase the possibility of

formation of a censorious site for nucleation of amyloid

from human β2-microglobulin.33 The authors claimed that

the determined shorter nucleation process and an increase in

the rate of fibrillation are heavily linked to the dose and

chemical composition of NPs. As a matter of fact, when

proteins are adsorbed on the NP surface, locally enhanced

protein doses induce fibril formation. Also, shortened nuclea-

tion process may define a mechanism involving NP-derived

nucleation, enhancing the risk of destructive and unsafe clus-

ters and fibrillation.33 Wu et al., also found that Aβ fibril

formation occurs in the presence of titanium dioxide (TiO2)

NPs with a dose of 10 µg/ml.36 They revealed that TiO2 NPs

could accelerate Aβ fibrillation by shortening the assembly

phase as the critical rate-controlling phase of

amyloidogenesis.36 It has also been reported that physico-

chemical features of NPs can influence the fibrillation steps

of proteins like Aβ 8,.37–39 In the current study, we observed

that ZVFe NPs with a dose of 50 µg/ml could shorten the lag

phase of α-synuclein fibrillation and increase the rate of fibril-
lation. However, it should be noted that there are several

studies which indicate that NPs can serve as potential inhibi-

tors of amyloid fibrillation.40–43 Therefore, it may be

Figure 12 Flow cytometry analysis of α-synuclein aggregates formed with or without ZVFe NPs. SH-SY5Y cells were treated with the negative control group (A), α-
synuclein fibrils aged for 45 h alone (B) or in the presence of ZVFe for 24 h (C).
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suggested that the physicochemical properties and chemical

composition of NPs play pivotal roles in modulating protein

aggregation.

Regarding the cytotoxicity effect of NPs alone or in the

presence of amyloid fibril, several investigations have also

been reported.44,45 Our cellular results suggest that NPs can

show substantial impact on protein conformation which may

influence the mortality of host/neighbor cells. Actually, we

found that ZVFe NPs binds α-synuclein, promoting protein

aggregation and assosiated cytotoxicity.

Indeed, the effects depend on the physicochemical charac-

teristics of protein andNPs.44NPswith different physicochem-

ical properties can increase or decrease the fibrillation and

corresponding cytotoxicity. For example, Asthana et al.,

demonstrated that insulin interaction with zinc oxide NPs

causes structural rearrangement into amyloid-prone clusters

with increased cytotoxic characteristics.44 Also, Rawat et al.,

reported that cell membranes can act as modulators of amyloid

fibrillation and can target cytotoxicity.45 In accordance with

these reports, we showed that the membrane leakage or necro-

sis is increased in the presence of α-synuclein amyloid and α-
synuclein amyloid/ZVFe NPs. For the cellular assay, some

conflicting results havebeen reported. For example,Liu et al.,46

Zhang et al.,47 Yadav et al.,48 and Malishev et al.,49 reported

that NPs could modulate amyloid-beta fibrillation and relevant

cytotoxicity.

The biological system due to the variations in pH and

ionic strength can influence on the metal ion release from

the NPs and alters the bio-functionality and the side impacts

of the NPs-metal ion multiplex.50 Although, there has been

clearly reported adverse impacts from dissolved Fe ions in

development of neurodegenerative diseases,51,52 the ZVFe

NPs may exhibit extra adverse effects due to their tendency

to agglomeration. It is likely that the ZVFe NPs attach to

protein and cell membrane and induce some structural

changes and cytotoxicity by transferring electrons to var-

ious compounds, causing unwanted interactions.

Therefore, the NPs morphology, composition, dia-

meter, surface charge, and concentration should be opti-

mized in order to moderate the impacts of NPs on proteins

and the induced cytotoxicity by protein aggregation. In

this regard, the current paper may open new doors for

modulating assembly of proteins, detection53,54 and treat-

ing neurodegenerative diseases by novel NPs.

Conclusion
Exploring structural changes of protein incubated with NPs

and production of α-synuclein amyloid may provide useful

information about treating neurodegenerative diseases.

Herein, the effect of ZVFe NPs on the structure and fibrilla-

tion of α-synuclein was investigated by different experimen-

tal and theoretical studies. Native α-synuclein was

demonstrated to aggregate, albeit with a slower rate than in

the presence of ZVFe NPs. The presence of ZVFe NPs

markedly accelerates the rate of fibrillation phase by short-

ening the aggregation step and increasing the growth rate.

This leads to the production of amyloid fibrils which show

more adverse effects against SH-SY5Y cells relative to the

data resulted from the absence of the ZVFe NPs. Our data

may suggest that bare NPs cannot be used to inhibit the rate

of protein fibrillation with unique biotechnological propen-

sities as agents with therapeutic functions. Therefore, NPs

should be combined with other potential moieties to induce

the necessarymolecular forces that control protein nucleation

mechanisms.
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