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Aims: Different kinds of vitamins can be used as promising candidates to mitigate the

structural changes of proteins and associated cytotoxicity stimulated by NPs. Therefore, the

structural changes of α-syn molecules and their associated cytotoxicity in the presence of

SWCNTs either alone or co-incubated with vitamin K1 were studied by spectroscopic,

bioinformatical, and cellular assays.

Methods: Intrinsic and ThT fluorescence, CD, and Congo red absorption spectroscopic

approaches as well as TEM investigation, molecular docking, and molecular dynamics were

used to explore the protective effect of vitamin K1 on the structural changes of α-syn induced

by SWCNTs. The cytotoxicity of α-syn/SWCNTs co-incubated with vitamin K1 against SH-

SY5Y cells was also carried out by MTT, LDH, and caspase-3 assays.

Results: Fluorescence spectroscopy showed that vitamin K1 has a significant effect in

reducing SWCNT-induced fluorescence quenching and aggregation of α- syn. CD, Congo

red adsorption, and TEM investigations determined that co-incubation of α- syn with vitamin

K1 inhibited the propensity of α-syn into the structural changes and amorphous aggregation

in the presence of SWCNT. Docking studies determined the occupation of preferred docked

site of SWCNT by vitamin K1 on α- syn conformation. A molecular dynamics study also

showed that vitamin K1 reduced the structural changes of α- syn induced by SWCNT.

Cellular data exhibited that the cytotoxicity of α- syn co-incubated with vitamin K1 in the

presence of SWCNTs is less than the outcomes obtained in the absence of the vitamin K1.

Conclusion: It may be concluded that vitamin K1 decreases the propensity of α- syn

aggregation in the presence of SWCNTs and induction of cytotoxicity.

Keywords: α- Syn, single-walled carbon nanotube, aggregation, vitamin K1, cytotoxicity

Introduction
Due to the unique and extraordinary mechanical, electronic, optical, geometric, and

biological properties of CNTs,1 they have been widely used in biological activities

such as drug delivery, tissue engineering, cancer treatment, and gene therapy,2

recently. In general, CNTs are one-dimensional molecules with one or more walls

of graphene that in the form of SWCNTs with a diameter of 0.4 to 3.5 nm can cross

the lipid membrane.3 Despite considerable attention in both fields of

pharmacological4 and toxicological5,6 profiles, it is still vital to study the critical

effects of CNTs on bimolecular structures and cell integrity. Several reports have

shown that CNT causes chronic brain inflammation, multiple sclerosis, an increase

of autism risk, a decrease of the IQ in children, neurodegenerative diseases, and
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microglia activation.7–10 Despite the mentioned reports,

dynamic and atomic interactions between SWCNTs and

biomolecules are still unknown.10 Because it has been

reported that SWCNTs alter the secondary structure of

specific proteins in various forms11,12 and accelerate their

aggregation based on the conditions of each assay.13 The

fibrillation of some proteins including Aβ, α-syn, and tau

proteins is linked to a group of neurological diseases such

as Alzheimer’s and Parkinson’s,1,14 which have been

affected by CNTs.13 Generally, CNTs specifically

SWCNTs affect protein aggregation by stimulating nuclea-

tion and polymerization growth.15 However, surface

changes such as functionalization of SWCNTs can reduce

their cytotoxicity.16 In this regard, Liu et al.16 revealed that

the use of hydroxylating agents on SWCNTs could sig-

nificantly reduce the amyloid and amorphous protein

aggregation, which are very suitable for Alzheimer’s

treatment.

α-Syn is a soluble protein with 140 amino acids, which

are found mainly in the nervous system and red blood

cells.17 Despite the initial recognition of α-syn in the pre-

synaptic nerve terminal, its natural role remains unknown.18

The most common functions for α-syn are the regulation of

soluble N-ethylmaleimide-sensitive factor (NSF) attach-

ment protein receptor, production of dopamine and control

of synaptic vesicle recycling.19 The fact is that increase in

α-syn aggregation, which can be due to gene amplification,

nucleotide polymorphism, and ageing,20 result in neuro-

pathology such as Parkinson’s and Alzheimer’s diseases.21

In this field, Alarcón-Arís et al22 exhibited that reducing the

level of α-syn and eliminating their aggregation increases

the potential treatment of Parkinson’s disease. However,

due to the effect of soluble α-syn on the function and

development of neurons, it is not possible to ultimately

decrease the level of these molecules.23 Nevertheless,

many compounds have been reported to reduce α-syn pro-

tein aggregation, including rifampicin,24 dopamine analog

compounds,25 quercetin,26 vitamin K,27 gallic acid,28 cathe-

psin D,29 and curcumin compounds.30

Different types of vitamins, specifically fat-soluble vita-

min (A, E, D, and K), have shown to reduce the aggregation

of the protein.31 In this line, experiments have determined

that vitamin K (1,4-naphthoquinones) has a wide range of

activities on neurological disorders such as Hsp90

inhibition,32 inhibition of monoamine oxidase activity,33

and inhibition of protein aggregation.31 In this regard, da

Silva et al27 reported an inhibitory effect of vitamin K

against α-syn fibrillation. Hence, in this paper, we examined

the effect of SWCNTs on structural changes and subsequent

aggregation of α-syn either alone or co-incubated with

vitamin K1. Also, the cytotoxicity of α-syn/SWCNT com-

plex co-incubated with or without vitamin K1 against neu-

ron-like cells (SH-SY5Y) was explored.

Materials And Methods
Materials
α-Syn, ThT, Congo red, vitamin K1, DMEM: F12, FBS,

L-glutamine, penicillin, streptomycin, NGF, and MTT were

purchased from Sigma (St. Louis, MO, USA). LDH Assay

Kit (ab102526) and Annexin V-FITC Apoptosis Staining Kit

(ab14085) were purchased from Abcam (Cambridge, CB4

0FL, UK). Caspase-3 activity kit (E13183) was obtained

from Thermo Fisher Scientific, Massachusetts, USA.

Sample Preparation
A stock solution of α-syn was prepared in 20 mM phos-

phate buffer pH 7.4, and protein concentration with an

extinction coefficient of 5120 M−1cm−1 was calculated

by a UV-visible (vis) spectrophotometer (Varian, Carry

100 Bio, Australia) at 280 nm. SWCNT was dissolved in

DMSO (0.5%, v/v) and sonicated for 20 min using a

sonicator probe (Misonix- S3000, USA). Vitamin K1 was

also dissolved in DMSO (0.5%, v/v). In the present study,

α-syn (50 µM) either alone or with SWCNT (10 µg/mL)

was co-incubated with a similar molar ratio of vitamin K1

for 24 hrs. In the future studies, the concentration-depen-

dent inhibition spectra of vitamin K1 against α-syn struc-

tural changes induced by nanomaterial can be investigated

by spectroscopic assays.

Intrinsic Fluorescence Assay
Intrinsic fluorescence assay was performed with a fluores-

cence spectrophotometer (Varian, Cary eclipse, Australia).

Aliquots of α-syn samples either alone or with vitamin K1

incubated with the single dose of SWCNT for 24 hrs were

then removed and diluted ten-fold with 20 mM phosphate

buffer pH 7.4 at final concentrations of 5 µM. The excita-

tion was fixed at 270 nm (slit width: 10 nm), and intensity

was recorded from 290 to 370 nm (slit width: 10 nm). The

resulting spectra were corrected against buffer blank,

SWCNT solution, vitamin solution, and inner filter effects.

ThT Fluorescence Assay
Protein samples (5 µM) mixed with ThT to achieve the

final ThT concentration of 10 μM. Samples were then
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incubated in the dark for 15 min. The excitation was fixed

at 440 nm (slit width: 10 nm), and intensity was recorded

from 450 to 550 nm (slit width: 10 nm). The resulting

spectra were corrected against the blanks.

Congo Red Binding Assay
The protein and Congo red concentrations were mixed at

5 and 20 μM, respectively, and incubated in the dark for

30 mins. The absorbance spectra (400–650 nm) were then

recorded with a UV-vis spectrophotometer (Varian, Carry

100 Bio, Australia).

Far-UV CD Assay
TheCD signals of α-synwith or without SWCNTeither alone

or co-incubated with vitamin K1 were reordered using an

AVIV 215 spectropolarimeter (Aviv, 215, Lakewood, NJ,

USA). Signals as ellipticity changes [θ] were scanned in the

range of 190–250 nm and their blanks (SWCNTand vitamin

K1) were subtracted from the protein spectrum.

TEM
TEM images were taken on a Zeiss microscope (EM10C, 100

kV, Germany). The aggregation formation was determined by

applying 10 μL of α-syn (50 μM) in the absence and presence

of vitamin K1with SWCNTon a 200-mesh copper grid. Girds

were then dried at room temperature for 30 mins.

Simulation Methods
A (6, 6) armchair CNT model of lengths of about 7 nm

was constructed and HEX 6.3 software was used to per-

form docking.34 The structure of the human α-syn protein

(PDB ID: 1XQ8) was downloaded from Brookhaven

Protein Data Bank. The structure of vitamin K1 was

obtained from Avogadro software (Libavogadro Library,

Pittsburgh, PA, USA).35 Water molecules and ions were

replaced with hydrogen atoms. The protein was fixed to be

rigid, and the effect of solvent molecules on docking was

ignored. The molecular dynamics simulations were done

using the Forcite code and the Dreiding force field.36 The

smaller CNT model and α-syn in the absence and presence

of vitamin K1 were surrounded by 1000 water molecules,

and the geometries were optimized. A time step of 1 fs and

a total simulation time of 500 ps were used in the

simulation.

Cell Culture
SH-SY5Y cells obtained from Royan institute (Tehran,

Iran) were cultured in DMEM: F12 medium in a humidified

atmosphere with 5% (v/v) CO2/air at 37°C containing 10%

(v/v) FBS and 100 U/mL penicillin and streptomycin.

Cell Viability Assay
MTT assay was explored to assay the cell viability in the

presence of different species of α-syn molecules. For cellu-

lar assays, the aliquots of α-syn either alone or co-incubated

with vitamin K1 in the presence or absence of SWCNT for

24 hrs were then removed and added to the cell culture

medium with a final concentration of 5µM in the 96-well

plates. Briefly, cells were seeded at 104 cells/well with the

differentiation medium, treated with an aliquot of α-syn/
SWCNT complex with or without vitamin K1 for 24 hrs,

followed by addition of MTT (concentration of 0.5 mg/mL),

incubated for 4 hrs at 37°C, and followed by removal of

supernatant and addition of DMSO (200 µL). Afterward,

the absorbance was read at 570 nm using an ELISA reader

(Expert 96, Asys Hitch, Ec Austria).

LDH Release Assay
LDH release assay was performed using the LDH

Cytotoxicity Detection kit (ab102526, UK). After treat-

ment, 50 μL of supernatant was added to the cell culture

medium and mixed with 50 μL reaction mixture (30 mins)

followed by the addition of 50 μL of stop solution. The

optical density was read at 470 nm using an ELISA reader

(Expert 96, Asys Hitch, Ec Austria).

Caspase-3 Activity Assay
Caspase-3 activity was carried out by employing the cas-

pase-3 activity kit (E13183, Thermo Fisher Scientific).

Briefly, cells after treatment were homogenized in reaction

buffer followed by determination of protein concentration

by Bradford assay. Then, 2mM caspase-3 substrate was

added and incubated for 2 hrs at 37°C. The absorbance

was finally read at 405 nm using an ELISA reader (Expert

96, Asys Hitch, Ec Austria).

Statistical Analysis
The statistical analysis was done by performing one-way

ANOVA for three independent experiments. The signifi-

cance of outcomes was explored as P≤ 0.05.

Results
CNT Characterization
SWCNT characterization was fully carried out in our pre-

vious study.14 Briefly, it was shown that SWCNT shows
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microns long with uniform outer diameters of around

1–2 nm.14 Also, the hydrodynamic radius of SWCNT

was around 40–60 nm.14

Intrinsic Fluorescence Study
To explore the structural changes of α-syn upon interaction

with SWCNT, tyrosine fluorescence emission spectrum

was acquired for the α-syn in the presence of a single

dose of SWCNT after 24 hrs incubation. It was detected

that SWCNT could interact with α-syn monomers, even-

tually causing a quenching impact on the intrinsic fluores-

cence of α-syn. However, when α-syn co-incubated with

vitamin K1 for 24 hrs, the quenching effect of SWCNT on

the intrinsic fluorescence of protein was reduced. Although

SWCNTs have induced some pronounces structural

change in α-syn, these effects were decreased in the pre-

sence of vitamin K1 (Figure 1). The higher quenching

effect of SWCNT in the absence of vitamin K1 may

indicate the better adsorption of α-syn on the surface of

SWCNT. It could be suggested that vitamin K1 binds α-
syn and mask the binding site of SWCNT on the protein

surface, which may explain the inhibiting effect of vitamin

K1 on α-syn structural changes induced by SWCNT.

ThT Study
Aggregation of α-syn induced by SWCNT and the inhibi-

tory effect of vitamin K1 can be explored by using ThT

fluorescence study. The interaction of SWCNTs with α-syn
for 24 hrs substantially significantly enhanced α-syn
aggregation as determined by ThT fluorescence measure-

ments (Figure 2). However, ThT fluorescence intensity of

the α-syn/SWCNT complex was reduced when protein

samples were co-incubated with vitamin K1 for 24 hrs.

These data indicate that the SWCNTs can enhance the

aggregated formation of α-syn. This effect is dependent

on the presence of the inhibitor as checked by the presence

of vitamin K1 (Figure 2). Indeed, ThT fluorescence inten-

sity of α-syn was varied in a more significant manner by

SWCNT relative to α-syn/vitamin K1 complex.

Congo Red Absorption Study
Congo red is known as an important dye, which is vastly

employed to determine the presence of amyloid fibrils.37

Indeed, binding to amyloid fibrils results in an increased

absorbance and red-shift in the maximum optical density of

Congo red probe. As shown in the Congo red absorption

spectra of α-syn/SWCNT (Figure 3), a significant enhance-

ment in optical density is detected at 493 nm. However, this

increase is not accompanied by a detectable red-shift from

493 nm to higher wavelength, determining the formation of

non-ordered fibrillar species in the α-syn sample upon inter-

action with SWCNT. However, the Congo red absorbance

(493 nm) decreased after co-incubation of α-syn with vitamin

Figure 1 Tyrosine fluorescence signals of α-syn with or without vitamin K1 in the

presence of SWCNTs.

Figure 2 ThT fluorescence signal of α-syn with or vitamin K1 in the presence of

SWCNTs.

Figure 3 Congo red absorption band of α-syn with or vitamin K1 in the presence

of SWCNTs.
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K1 in the presence of SWCNT, revealing the reduction in

aggregation propensity of α-syn molecules. Therefore, ThT

fluorescence and Congo red absorbance outcomes revealed

that the formation of protein aggregates in the presence of

SWCNTs exhibited nonfibrillar features and vitamin K1

reduces the formation of these aggregated species.

CD Study
CD is considered a widely used spectroscopic technique to

explore the secondary structural changes of biomolecules.14,37

The CD spectra of α-syn monomer demonstrated the typical

band of predominantly randomcoil conformation.As shown in

Figure 4, the aggregation of α-syn while incubating with

SWCNT at 25°C for 24 hrs caused a reduction in random

coil structure.However, no considerable concomitant enhance-

ment in the β-sheet fraction was observed, indicating the

aggregation of protein into an amorphous morphology. Also,

we observed a less reduction in single minima around 195 nm

in α-syn samples co-incubated with K1 in the presence of

SWCNT compared to the samples without vitamin K1. These

data indicated that structural transition in α-syn by SWCNT

was decreased upon co-incubation with vitamin K1.

TEM Analysis
To further study the morphology of α-syn aggregation in the
presence of SWCNT and the efficacy of vitamin K1 on α-
syn aggregation inhibition, TEM study was done to detect

the morphological characteristics of α-syn/SWCNT samples

in the absence and presence of vitamin K1 after 24 hrs of

incubation. As displayed in Figure 5A, SWCNT shows an

outer diameter of around 1–2 nm with a worm-like shape.

The micrograph of α-syn in the presence of SWCNT shows

large quantities of branched nonfibrillar aggregates of ~5

nm in diameter and several µm in length, indicating amor-

phous aggregated species (Figure 5B). However, as com-

pared to the α-syn/SWCNT sample, α-syn sample

co-incubated with 50 µM vitamin K1 exhibits less aggre-

gated species and are sparsely populated in the presence of

SWCNT (Figure 5C). All in all, intrinsic and ThT fluores-

cence spectroscopy, Congo red binding spectroscopy, CD

spectroscopy, and TEM data indicated that SWCNTs

induced amorphous aggregation of α-syn, whereas co-incu-
bation of α-syn with vitamin K1 leads to suppression of

these nonfibrillar aggregates induced by SWCNT.

Molecular Docking Study
Molecular docking was run to determine the kind of inter-

actions involved between vitamin K1 and α-syn that control

the protein aggregation. The molecular docking was per-

formed with a model of CNT and α-syn in the absence or

presence of a stable conformer of vitamin K1. The resulting

binding energy for CNT and α-syn was −286.32 E-value. To
investigate the α-syn affinity to CNTs in the presence of

vitamin K1, a successive molecular docking was performed

with human α-syn as receptor and 30 molecules of vitamin

K1 as ligands. Then, a molecular docking study was per-

formed by the obtained complex and CNT model. The

obtained binding energy was −220.63 E-value which

reveals a lower affinity of CNT to interact with α-syn/
SWCNT complex relative to free α-syn. The docked site

was visualized by using CHIMERA (www.cgl.ucsf.edu/chi

mera) and PyMOL (http://pymol.sourceforge.net/) tools.

The docked complexes for α-syn with SWCNT either

alone or with K1 are shown in Figure 6A or B, respectively.

As can be seen in Figure 7A, in the absence of vitamin K1

the nearest residues are Lys-21, Ala-17, Ala-18, Gly-14,

Ala-11, Lys-10, while in the presence of vitamin K1, the

preferred sites of α-syn for CNT are occupied by vitamin

K1 molecules (Figure 6B) which can be the essential factor

in decreasing the affinity of CNT to protein/vitamin com-

plex. In this case, the CNT interacts with Val-63, Thr-64,

Gly-67 (Figure 7B). Therefore, it may be concluded that

vitamin K1 prevented aggregation of α-syn after interaction

with SWCNT through non-covalent interaction.

Molecular Dynamics Study
The conformation of α-syn either alone (Figure 8A) or

with vitamin K1 (Figure 8B) in the beginning and after

500 ps evolution without (Figure 8C) and with vitamin K1Figure 4 CD signals of α-syn with or vitamin K1 in the presence of SWCNTs.
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(Figure 8D) has been shown in Figure 8. As can be

observed, the α-syn upon interaction with CNT in the

absence of vitamin K1 tends to attach the CNT wall and

be crowded at the nanotube surface which leads to folding

in the protein chain. However, the presence of vitamin K1

inhibited the SWCNT-induced structural changes of α-syn

by interacting with residues involved in aggregation for-

mation. The molecular dynamics data is in good agree-

ment with experimental spectroscopy outcomes.

MTT Assay
As indicated by MTT assay, SWCNT (1µg/mL) or α-syn

(5µM) showed no cytotoxicity against SH-SY5Y cells

after 24 hrs (Figure 9). However, cell viability was mark-

edly decreased to 62.1% ±10.69% (*P<0.05) after a 24-hrs

exposure to 5µM α-syn/SWCNT complex. Afterward,

when cells were treated with an aliquot of α-syn/SWCNT

Figure 5 TEM images of SWCNT (A) α-syn/SWCNT (B) and α-syn/vitamin K1/SWCNT (C).

Figure 6 Binding mode of SWCNT to α-syn in the absence (A) and the presence

of vitamin K (B).

Figure 7 α-syn residues surrounding SWCNT in the absence (A) and presence of

vitamin K1 (B) are displayed with numbers within 4 Å.
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complex co-incubated with vitamin K1 for 24 hrs,

cell toxicity was dramatically attenuated (#P<0.05)

(Figure 9). Indeed, treatment of cells with α-syn/vitamin

K1/SWCNT complex for 24 hrs significantly elevated the

cell viability to 78.88±6.80. Vitamin K1 did not possess

remarkable SH-SY5Y cytotoxic capacities with a concen-

tration of 5µM (data not shown).

LDH Assay
To further investigate the cytotoxic effect of α-syn/

SWCNT complex with or without vitamin K1, the

release of LDH, another indicator of cytotoxicity, was

explored. As displayed in Figure 10, a remarkable

increase in LDH release (*P<0.05) was detected after

24 hrs exposures to 5 µM α-syn/SWCNT complex.

However, treatment of the cells with an aliquot of

α-syn/SWCNT complex co-incubated with vitamin K1

for 24 hrs attenuated this enhancement markedly

(#P<0.05). Our data clearly showed that α-syn/SWCNT

complex-induced membrane leakage in SH-SY5Y cells

was attenuated in the presence of vitamin K1.

Caspase-3 Assay
Caspase-3 as the key apoptotic executive protein can be

activated by both extrinsic and intrinsic pathways. Figure 11

exhibits that treatment of SH-SY5Y cells with α-syn/
SWCNT complex for 24 hrs significantly increased the

activity of caspase-3 (*P<0.05), and this enhancement was

remarkably reduced by an aliquot of α-syn/SWCNT com-

plex co-incubated with vitamin K1 for 24 hrs (#P<0.05).

Discussion
Although some reports have shown that oxidative stress or post-

translational changes can play a vital role in oligomerization and

α-syn aggregation,38,39 further investigationshavedemonstrated
that α-syn aggregation causing neurological problems such as

Alzheimer’s and Parkinson’s diseases are exacerbated by nano-

material such as CNTs.8 Therefore, understanding the role of

CNTs in α-syn aggregation and introduction of some protective
agents is crucial for the development of new therapies, which

this study examines the protective effect of vitamin K1 against

α-syn aggregation and their associated cytotoxicity in SH-

SY5Y cell model induced by SWCNT. CNTs are basically

insoluble in aqueous solutions and are not suitable for use in

Figure 8 The structure of α-syn/SWCNT in the initial (A), α-syn/SWCNT/vitamin K1 in the initial (B), α-syn/SWCNT after 500 ps evolution (C), and α-syn/SWCNT/

vitamin K1 after 500 ps evolution (D).
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medical programs due to biological activity at their surfaces,

such as increasing the aggregation of tau and α-syn proteins.15

Similar to our results, Cavallo et al,40 Avti et al,41 and Yu42

reported that the use of SWCNT at concentrations of below 10

μg/mL does not create cytotoxicity. Also, in agreement with our

results, Zeinabad et al14 described that the use of SWCNTs did

not affect LDH activity and cell membrane potential. Whereas,

Pichardo et al,43 Toyokuni et al,44 and Syama et al45 exhibited

that the use of SWCNTs could induce cytotoxicity even at a

concentration of 0.1 μg/mL. The difference in reports is due to

the variation in the SWCNTs productionmethod, the difference

in surface factors, the type of target cells, length and diameter of

the SWCNTs, the type of cytotoxicity assays, and even the

media used in cellular studies. However, when CNTs interact

with proteins, their effects on structural changes of proteins and

associated cytotoxicity are not comprehensively understood. In

this regard, the results of Ge et al,46 Ebrahim-Habibi et al,47 and

Raghavendra et al48 displayed that the interaction of proteins

with SWCNTs would be dictated by functional groups on

nanotube surface, which will be very effective in controlling

the cytotoxicity of SWCNTs. On the other hand, the results of

Du et al49 demonstrated that SWCNTs caused the aggregation

of lysozymeproteinwith a change in the protein structure. Itwas

also found that lysozyme aggregation in multiwall CNTs was

more severe than SWCNTs. However, changing surface factors

from hydroxylates to carboxylates reduces the cytotoxicity of

SWCNTs by reducing the accumulation of proteins. Also,

SWCNTs result in more lysozyme aggregation (300-fold) com-

pared to albumin protein corona based on multilayer accumula-

tion at theCNTsurface.49Analogously,Xie et al50 demonstrated

that in the presence of the hydroxylating agents on the SWCNT

surface, they could significantly reduce the level of protein

aggregation in the solution. It was determined that the reduction

in protein aggregation is due to increased solubility of SWCNTs

in the presence of the hydroxyl groups. Previously using mole-

cular simulations, Li et al51 and Jana et al52 estimated that the

hydrophobic interactions between SWCNTs and soluble pro-

teins are considered as main sources in the initiation of protein

aggregation. In line with the impact of carbon nanomaterial on

the protein aggregation, it has been reported that graphene

accelerates the α-syn aggregation and increases the cytotoxicity

caused by the tendency of protein to aggregation.53 The pre-

sence of some small molecules like vitamins also can play a

potential role in the interactionof proteins andNPs. In this study,
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Figure 9 SH-SY5Y cell viability after being exposed to aliquots of α-syn (5 µM), SWCNT (1µgml−1), α-syn/SWCNT complex formed in the absence and presence of vitamin

K1. *P ≤ 0.05 statistically different from the control group, #P ≤ 0.05 statistically different from the α-syn/SWCNT complex group.
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the protective effects of vitamin K1 against α-syn aggregation

stimulated by SWCNTs were explored by fluorescence, CD,

UV-vis, TEM, and bioinformatical investigations. It was shown

that minor changes occur in the content of the α-syn structure

co-incubated with vitamin K1 after interaction with SWCNTs,

while the α-syn structure without vitamin K1 showed a signifi-

cant structural change and subsequent aggregation after addition

of SWCNT. Increasing absorption of α-syn on the SWCNT

surface results in high levels of disorder in protein structure

and function compared to the control group. More data are

needed to evaluate the inhibitory effects of vitamin K1 against

aggregation triggered by SWCNTs. Besides, the cytotoxicity of

α-syn co-incubatedwith vitaminK1 in the presence of SWCNT

on SH-SY5Y cells was also determined by MTT, LDH, and

caspase-3 assays. Our results are consistent with reports by da

Silva et al,27 Xie et al,50 Du et al,49 and Pang54 which showed

that by controlling carbon nanomaterial with auxiliary com-

pounds, it is possible to inhibit the protein aggregation and

associated cytotoxicity induced by CNTs.

Despite minimal information on the use of vitamins to

control the toxicity of CNTs against protein aggregation,

similar to our finding, da Silva et al27 illustrated that vitamin

K not only prevented the α-syn aggregation, but also reduced

the population of formed oligomers. In addition, they

reported that vitamin K, by attaching to the lysine residues

of α-syn, causes the formation of amorphous aggregation

from the oligomer species.27 Likewise, it was determined

that the use of vitamin E along with SWCNTs can prevent

the reduction of intracellular protein content and significantly

reduce the cytotoxicity of SWCNTs.55,56 It has been revealed

that the connection between SWCNTs and proteins can

increase the active sites for fibril formation and decrease

the soluble protein content. The deposition and changing

the intracellular protein activity by SWCNTs resulted in

increased cell death or apoptosis and exacerbation of pul-

monary inflammation in vivo. In another form, Alam et al31

reported that the presence of vitamin K could prevent the

aggregation of lysozyme and Aβ peptide which improves
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Figure 10 SH-SY5Y cell LDH release after being exposed to aliquots of α-syn (5 µM), SWCNT (1 µg mL−1), α-syn/SWCNT complex formed in the absence and presence of

vitamin K1. *P ≤ 0.05 statistically different from the control group, #P ≤ 0.05 statistically different from the α-syn/SWCNT complex group.
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cellular viability in the SH-SY5Y cell line. In addition to

vitamin E and K, vitamin A has also been reported as a

potential inhibitory molecule against α-syn aggregation.57

However, the biological properties of α-syn in the presence

of vitamin A are not fully investigated and may be related to

the high hydrophobicity of these molecules.

In general, it should be emphasized that intensive

care should be considered to apply CNTs in medical

applications,58–63 especially for the treatment of neuro-

logical diseases.

Conclusion
Herein, vitamin K1 was revealed to considerably prevent

the formation of amorphous aggregation of α-syn in the

presence of SWCNT and its relevant cytotoxicity. Our data

suggested that vitamin K1 binds to α-syn monomer and

mask the binding site of SWCNT. Furthermore, cytotoxi-

city experiments revealed that the amorphous aggregates

formed by SWCNT in the absence of vitamin K1 are more

toxic compared to non-aggregated species produced in the

presence of vitamin K1. The data obtained may provide in-

depth insight into probable mechanisms of aggregation

inhibition by vitamins and an applicable suggestion about

designing unique inhibitors.
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of vitamin K1. *P ≤ 0.05 statistically different from the control group, #P ≤ 0.05 statistically different from the α-syn/SWCNT complex group.
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