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Background: Nanoparticles (NPs) when injected into the body can reach target tissues like 

nervous system and interact with tau proteins and neurons. This can trigger conformational 

changes of tau and may affect NP toxicity.

Methods: In this study, we used several biophysical techniques (extrinsic and intrinsic fluores-

cence spectroscopy, circular dichroism (CD) spectroscopy, ultraviolet (UV)-visible spectroscopy), 

transmission electron microscopy (TEM) investigations, molecular docking and molecular 

dynamics studies, and cellular assays [3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 

Bromide (MTT) and flow cytometry) to reveal how structural changes of tau protein can change 

the cytotoxicity of titanium dioxide (TiO
2
) NPs against neuron-like cells (SH-SY5Y) cells.

Results: It was shown that TiO
2
 NPs result in hydrophilic interactions, secondary and tertiary 

structural changes, and the formation of amorphous tau aggregates. Conformational changes 

of tau increased the induced cytotoxicity by TiO
2
 NPs. These data revealed that the denatured 

adsorbed protein on the NP surface may enhance NP cytotoxicity. 

Conclusion: Therefore, this study provides useful insights on the NP–protein interactions and 

discusses how the protein corona can increase cytotoxicity to determine the efficacy of targeted 

delivery of nanosystems.

Keywords: titanium oxide nanoparticle, tau, amorphous aggregation, cytotoxicity, neuron- 

like cells

Introduction
Advancements in nanobiotechnology have resulted in the progress of a new area of 

nanomedicine, which incorporates the implementation of nanomaterials in diagnostic,1 

imaging,2 and therapeutic settings.3 Although, nano-based agents are presently being 

extensively utilized in biological and medicinal approaches, there is a momentous 

concern regarding human4 and environmental risk5 upon implications of fabricated 

nanomaterials. Recent in vivo6 and in vitro6,7 investigations have suggested that uti-

lization of some nanoparticles (NPs) may induce serious toxic health impacts and 

the application of nanomaterials-based medical agents may result in chronic or acute 

health problems.8 Thus, along with the development of unique NPs, simultaneous 

investigation of the impacts of NPs on the biological systems should be carried out. 

Once NPs interact with a biological system, they are exposed to corona formation 

around them. The biological responses of NPs coated with protein corona are totally 

different compared to bare NPs.9 The first investigation on the interactions between 

NPs and proteins was carried out in 1996.10 Studies are now based on NP–protein 

corona complexes as the working NPs in the biological fluids.9 During the interaction of 
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NPs and biomolecules, proteins are subjected to pronounced 

alterations in their structure and may change the fate of NPs.9 

Therefore, characterization of the proteins in the presence of 

NPs and cytotoxicity of NP–protein corona complexes have 

become crucial in experimental settings involving the appli-

cation of NPs. Several studies have been recently devoted to 

extrapolate general rules to investigate the biological effect 

of the NP–protein corona on human cells.11–13

Among different fabricated metal oxide NPs, titanium 

dioxide (TiO
2
) NPs have been extensively utilized for bio-

logical and medical applications like cancer ablation14–17 and 

as antibacterial agents.18 However, the fundamental demands 

for the potential application of NPs in biomedical settings 

include their good colloidal stability, marginal structural 

changes of protein coronas, and low adverse effects.

Application of NPs results in their interaction with tissues 

components like the nervous system and inducing tau aggrega-

tion and neuronal death accompanied by neurodegenerative 

diseases. The two major neurodegenerative diseases affecting the 

world population include Alzheimer and Parkinson: the major 

tauopathies and alpha-synucleopathies, respectively. Alzheimer’s 

disease has been described in populations highly exposed to NPs. 

In children and young adults, NPs are found to be associated with 

major abnormalities in subcellular organelles.19–21

Therefore, studies should be oriented toward investigating 

the interaction of TiO
2
 NPs with some biological systems such 

as the nervous system. Here, we tried to explore the interac-

tion of TiO
2
 NPs with tau and the cytotoxicity of TiO

2
 NPs/

tau complex against SH-SY5Y as models of nervous systems 

in vitro by biophysical, bioinformatic, and cellular assays.

Materials and methods
Materials
Tau-441 human recombinant, expressed in Escherichia coli, 

thioflavin T (ThT), Nile red, 8-anilinonaphthalene-1-sulfonic 

acid (ANS), DMEM and Ham’s F-12 nutrient mixture (DMEM-

F12), FBS, penicillin, and streptomycin were purchased from 

Sigma-Aldrich Co (St Louis, MO, USA). The SH-SY5Y human 

neuroblastoma cell line was purchased from Pasteur Institute, 

Tehran, Iran. All other chemicals were of reagent grade.

sample preparation
Tau solution was prepared in phosphate buffer, with 

pH 7.4 and ionic strength of 10 mM. Tau concentration 

was estimated spectrophotometrically at 280 nm, using an 

extinction coefficient of 7,450 cm-1 m-1. Stock solution of 

TiO
2
 NP was freshly prepared at 10 mg/mL, using ethanol 

(0.5%) as a solvent.

Tryptophan fluorescence assay
Aliquots of the tau solutions (0.1 µg/mL) were incubated 

without or with different concentrations of TiO
2
 NPs (0.5, 1, 5, 

10, 20, 30, and 40 µg/mL) for 2 minutes. Fluorescence assays 

were then carried out by a Cary Eclipse VARIAN fluorescence 

spectrophotometer (Agilent, Mulgrave, VIC, Australia). 

Samples were excited at 270 nm, and the band intensity was 

determined between 275 and 400 nm, with 10-nm slit width 

for both excitation and emission wavelengths.

ANS fluorescence assay
The tertiary structural changes of tau were revealed by 

changes in the ANS fluorescence intensity of a mixture with 

0.1 µg/mL tau solutions and 10 µM ANS in the absence and 

presence of varying concentrations of TiO
2
 NPs (0.5, 1, 5, 10, 

20, 30, and 40 µg/mL) with the excitation wavelength fixed 

at 350 nm. Excitation and emission slit widths were both 

set to 5 nm. ANS fluorescence measurement was corrected 

against buffer and NP solutions.

ThT fluorescence assay
The formation of tau fibrils was detected by changes in the 

ThT fluorescence intensity of a mixture including 0.1 µg/mL 

tau solutions and 10 µM ThT in the presence of vary-

ing concentrations of TiO
2
 NPs (0.5, 1, 5, 10, 20, 30, and 

40 µg/mL). The excitation and emission wavelengths were 

set to 440 and 485 nm, respectively. The other fluorescence 

spectroscopy parameters were similar with the ANS and 

tryptophan fluorescence assay sections.

Ultraviolet (UV)-visible assay
Tau solution (0.5 µg/mL) was incubated with various 

concentrations of TiO
2
 NPs (0.5, 1, 5, 10, 20, 30, and 

40 µg/mL). After 2 minutes of incubation at room tempera-

ture, absorbance spectra were read at 360 nm. UV-visible 

assays were performed by a Cary Eclipse VARIAN spectro-

photometer. In this assay, the NP absorbance was subtracted 

from the protein signal and the calculated absorbance was 

also corrected against dilution.

Far-UV  circular dichroism (cD) 
measurement
CD spectra of tau samples (0.2 µg/mL) in the absence and 

presence of the highest studied concentration of TiO
2
 NPs 

(40 µg/mL) were recorded by an Aviv 215 spectropolar-

imeter (Aviv Biomedical Inc, Lakewood, NJ, USA). After 

2 minutes of incubation, the spectra were recorded in the 

range of 190–260 nm. The NP ellipticity was subtracted from 
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the protein ellipticity and the calculated ellipticity was also 

corrected against dilution.

Transmission electron microscopy (TeM) 
analysis
Tau solution with a concentration of 2 µM was incubated with 

the highest studied concentration of TiO
2
 NPs (40 µg/mL). 

After 2 minutes of incubation, the sample was prepared for 

TEM analysis. The morphology of the aggregated species 

was then determined using a TEM microscope (EM10C-

100 KV; Carl Zeiss Meditec AG, Jena, Germany).

computational study
(TiO

2
)

22
 and (TiO

2
)

38
 clusters were optimized as models of 

TiO
2
 NPs. The Cartesian coordinate of atoms was obtained 

from the study of Auvinen et al.22 HEX 6.3 software 

(http://hex.loria.fr/dist63/) was used to run the molecular 

docking study.23 The molecular dynamics simulations were 

performed using the Forcite code and universal force field.24

Viability assay
SH-SY5Y cells were cultured in DMEM-F12 supplemented 

with 12% (V/V) FBS, 100 U/mL penicillin, and 100 mg/mL 

streptomycin and incubated at 37°C with 95% humidified air 

and 5% CO
2
. The cells (1×104 per well) were then cultured 

in 96-well plates, and the TiO
2
 NP-induced cell viability was 

calculated by the MTT assay. Briefly, after 24-hour exposure 

to different doses (0.01, 0.1, 1, 10, 50, and 100 µg/mL) of TiO
2
 

NPs and a single dose of TiO
2
 NP/tau complex sample (100 

µg/mL), 40 µL of MTT (2 mg/mL in PBS) was added to each 

sample for 4 hours. The supernatants were then gently removed 

and 100 µL of dimethyl sulfoxide was added to each well. The 

absorbance was then read at 570 nm using a microplate reader 

(model 3550; Bio-Rad Laboratories Inc, Hercules, CA, USA).

Quantification of apoptosis
Cells with a density of 3×105 cells per well were seeded 

into 6-well plates. Following the incubation of cells with 

100 µg/mL of TiO
2
 NPs and 100 µg/mL of TiO

2
 NPs/tau com-

plex for 24 hours, the cells were washed, centrifuged (67×g 

for 5 minutes), washed again, resuspended in 5 µL propidium 

iodide and 5 µL Annexin V, and incubated for 30 minutes 

in the dark. The cells were then assayed by flow cytometry 

(BD FACSCalibur™; BD Biosciences, San Jose, CA, USA).

statistical analyses
All assays were done in triplicate. Data are presented as mean ± 

SE of three independent experiments. Statistical significance 

was estimated by one-way ANOVA followed by Dunnett’s post 

hoc test. Values of *P,0.05 were reported to be significant.

Results
characterization of NPs
TiO

2
 NPs were synthesized by the sol-gel route and were fully 

characterized by dynamic light scattering, TEM, and X-ray 

diffraction techniques.25 It was observed that fabricated TiO
2
 

NPs have a narrow nano-sized diameter of around 30 nm and 

good colloidal stability. The X-ray diffraction pattern of the 

fabricated NPs also confirmed that the synthesized TiO
2
 NPs 

are in the anatase phase.25

Tryptophan fluorescence assay
Intrinsic tau fluorescence originated from tyrosine residues, 

which can be selectively excited at 270 nm.26 Changes in the 

emission signal of tyrosine residues are due to the protein 

structural changes induced by NPs influencing local micro-

environment changes surrounding the indole ring.26 In this 

assay, the intrinsic fluorescence of tyrosine was read follow-

ing excitation at 270 nm in the presence of increasing concen-

tration of TiO
2
 NPs by a spectrofluorometer. Figure 1 shows 

the TiO
2
 NPs-induced fluorescence quenching of tyrosine 

residues after incubation with tau for 2 minutes. The effect 

of reducing the intensity of tyrosine emission spectra in the 

presence of increasing doses of TiO
2
 NPs can be deduced by 

the interaction of NPs/drugs with the native proteins.

Stern–Volmer equation was used to calculate the Stern–

Volmer constant (K
SV

) in the presence (F) and absence (F
o
) 

of NPs based on the following equation:26

 F
o
/F = K

SV
 [NP] + 1 (1)

Figure 1 Intrinsic fluorescence quenching of tau in the absence and presence of 
increasing doses of TiO2 NPs at room temperature.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.
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Table 1 KsV values of TiO2 NPs/tau complex and its comparison with other reported KsV values

Complex KSV value (mL/µg) R2 References

TiO2 NPs/tau 0.0086 0.91 –
single-walled carbon nanotube/tau 7.00 – 27
Multi-walled carbon nanotube/tau 5.06 – 27

Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

1.5

1.3

1.1

0.9
0 5 10 15 20 25 30 35 40 45

NP (µg/ml)

F 0/F

Figure 2 stern–Volmer plot for the interaction of tau with TiO2 NPs.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

Figure 2 shows the Stern–Volmer plot for the interaction 

of tau with TiO
2
 NPs. The K

SV
 value was found to be around 

0.0086 mL/µg.

The K
SV

 value of TiO
2
 NPs/tau complex was compared to 

the K
SV

 values of other tau complexes (Table 1). As can be 

seen from Table 1, the K
SV

 value of TiO
2
 NPs/tau complex is 

lower than the K
SV

 values of single-walled carbon nanotube/

tau and multi-walled carbon nanotube/tau complexes.27 

Therefore, it may be concluded that the size, length, shape, 

and composition of NPs may influence the quenching param-

eters and kind of interaction between NPs and proteins.

ANS fluorescence assay
ANS fluorescent probe can be used to monitor the confor-

mational changes of proteins in the presence of ligands like 

NPs.28 The ANS probe can bind to the hydrophobic portions of 

proteins by means of nonpolar–nonpolar interactions. The ANS 

fluorescence intensity increases sharply as hydrophobic patches 

of proteins are formed. The detected characteristics of ANS 

(Figure 3) in the presence of varying concentrations of TiO
2
 NPs 

(0, 0.5, 1, 5, 10, 20, 30, and 40 µg/mL), a blue shift (8 nm) of 

fluorescence emission maxima and fluorescence enhancement, 

are mainly attributed to the conformational changes and forma-

tion of hydrophobic patches in tau structure upon NP binding.

ThT fluorescence assay
ThT fluorescence spectroscopy can be used as an important 

method to detect the amyloid formation of tau proteins.29 

Conformational changes of proteins in the presence of ligands 

like NPs can result in protein aggregation. To monitor the 

morphology of the aggregated species of tau in the presence 

of TiO
2
 NPs, ThT fluorescence assay was carried out. Figure 4 

shows that by adding varying concentrations of TiO
2
 NPs, 

the ThT fluorescence intensities did not significantly change 

compared to the negative control sample. The ThT fluores-

cence intensities of tau samples were 19±0.63, 22±0.73, 

21±0.70, 23±0.76, 22±0.86, 24±1.14, 23±1.12, and 25±1.54 

in the presence of 0, 0.5, 1, 5, 10, 20, 30, and 40 µg/mL of 

TiO
2
 NPs, respectively. Therefore, this assay confirms that 

incubation of tau protein with TiO
2
 NPs for 2 minutes does 

not induce amyloid formation of tau proteins.

UV-visible assay
UV spectroscopy at 360 nm is widely used to detect the 

induction of protein aggregation by ligands.30 Figure 5 depicts 

that the absorbance of tau samples increases at 360 nm as 

the concentrations of NPs rise. The absorbance intensities 

of the tau sample were 0.09±0.01, 0.11±0.01, 0.15±0.02, 

0.19±0.03, 0.27±0.03, 0.33±0.03, 0.42±0.05, and 0.47±0.06 

in the presence of 0, 0.5, 1, 5, 10, 20, 30, and 40 µg/mL of 

TiO
2
 NPs, respectively. Therefore, these data indicate the 

induction of tau aggregate formation by TiO
2
 NPs after 

2 minutes of incubation.

circular dichroism assay
We speculated that TiO

2
 NPs might drive early structural 

changes in tau to initiate subsequent aggregation. To study 

this hypothesis, we carried out CD spectroscopy. Figure 6 

shows the CD spectra before and after incubation with TiO
2
 

NPs for 2 minutes. It was observed that the tau structure 

was largely unstructured in the presence of TiO
2
 NPs (40 

µg/mL) and did not adopt a random coil structure similar 

to the negative control tau. Therefore, it may be concluded 

that the natively disordered structure of tau shifted toward 

a more folded conformation in the presence of TiO
2
 NPs.

TeM observation
To visualize amorphous tau aggregate species, we carried out 

TEM on TiO
2
 NPs samples incubated without (Figure 7A) or 
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Figure 3 ANS fluorescence of tau in the absence and presence of increasing doses 
of TiO2 NPs at room temperature.
Abbreviations: aNs, 8-anilinonaphthalene- 1-sulfonic acid; NPs, nanoparticles; 
TiO2, titanium dioxide.

Figure 5 The absorbance intensity of tau at 360 nm in the absence and presence of 
increasing doses of TiO2 NPs at room temperature.
Note: *P,0.05, **P,0.01, and ***P,0.001 vs control group.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

Figure 4 ThT fluorescence intensity of tau in the absence and presence of increasing 
doses of TiO2 NPs at room temperature.
Abbreviations: NPs, nanoparticles; ThT, thioflavin T; TiO2, titanium dioxide. 
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Figure 6 cD signals of tau in the absence and presence of TiO2 NPs at room 
temperature.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

with (Figure 7B) tau. We observed that tau forms amorphous 

aggregates (Figure 7B) when incubated with TiO
2
 NPs. It can 

be concluded that incubation of tau with NPs for 2 minutes 

results in the formation of amorphous tau aggregates. These 

amorphous aggregates then should be examined to explore if 

they act as a nucleus to initiate the formation and elongation 

of amyloid aggregates over time.

Molecular docking study
Molecular docking is considered to be a leading tool in 

biophysical and pharmaceutical sciences.31,32 The aim of NP–

protein docking is to complete the experimental data and esti-

mate the predominant binding site(s) of an NP to a protein.  

Molecular docking was performed with two clusters of TiO
2
 

NPs with different sizes (Figure 8). The crystallographic 

fragments of human tau protein (PDB IDs: 2MZ7, 4E0N, 

5O3T) were downloaded from the online Protein Data 

Bank, RCSB PDB (http://www.pdb.org). Visualization of 

the docked sites was carried out by Chimera (www.cgl.ucsf.

edu/chimera) and PyMOL (http://pymol.sourceforge.net/) 

tools. The docked complexes of (TiO
2
)

22
 cluster-tau segments 

and (TiO
2
)

38
-tau segments are shown in Figures 9 and 10, 

respectively. The TiO
2
 cluster with the closest residues 

(4 Å) is demonstrated in Figure 11. The resulting binding 

energies and the interacting residues for (TiO
2
)

22
 cluster-

tau segments and (TiO
2
)

38
-tau segments are summarized in 

Tables 2 and 3, respectively.

Data clearly indicated that the applications of different 

clusters with different sizes resulted in changing the bind-

ing site location on tau segments. Data also showed that the 

(TiO
2
)

38
 cluster provides more affinity to interact with tau seg-

ments than the (TiO
2
)

22
 cluster. The affinity of the larger cluster 

to 5O3T segments (aggregated segment) was highest among 

other segments (with the lowest binding energy of -451.53). 

The important interactive residues of 5O3T segment with 

(TiO
2
)

38
 cluster were Arg-349.J, Arg-349.H, Gln-351.J, Gln-

351.F, Lys-369.D, Ile-371.H, Ile-371.F, Ile-371.D, Ile-371.B, 

Thr-373.B, Thr-373.H, Thr-373.F, and Thr-373.D. It can be 

suggested that hydrophilic residues on the 5O3T segment are 

predominant active sites interacting with the (TiO
2
)

38
 cluster.
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Figure 7 TeM observation of TiO2 NPs samples incubated without (A) or with 
(B) tau. Black and white arrows show TiO2 NPs and amorphous tau aggregates, 
respectively.
Abbreviations: NPs, nanoparticles; TeM, transmission electron microscopy;  
TiO2, titanium dioxide.

Figure 8 Two clusters of TiO2 NPs with different sizes.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

Figure 9 Docking site of interaction between (TiO2)22 cluster and tau segments.
Note: (A) 2MZ7, (B) 4e0N, (C) 5O3T.
Abbreviation: TiO2, titanium dioxide.

Figure 10 Docking site of interaction between (TiO2)38 cluster and tau segments.
Note: (A) 2MZ7, (B) 4e0N, (C) 5O3T.
Abbreviation: TiO2, titanium dioxide.

Molecular simulation
For molecular dynamics simulations, the NP cluster and 

2MZ7 segment were surrounded by 500 water molecules. 

Also, the annealing process was set to the equilibrium tem-

perature of 298 K. The NVE ensemble with a time step of 

1 fs, and a simulation time of 300 ps, was run. The structural 

changes of the 2MZ7 segment in the presence (Figure 12A) 

and absence (Figure 12B) of the TiO
2
 NP cluster after 300 ps 

evolution are shown in Figure 12. As shown in Figure 12, the 

adsorbed protein tends to shift from a disordered structure 

toward a more folded structure.

MTT assay
MTT assay was performed to explore the TiO

2
 NP- and TiO

2
 

NP/tau complex-induced cytotoxicity against SH-SY5Y 

cells. Figure 13 shows that after addition of different con-

centrations of TiO
2
 NP, the cell viability reduced in a dose-

dependent manner. In the next phase, cells were incubated 

with TiO
2
 NP (100 µg/mL)/tau (100 µg/mL) complex for 

24 hours to assess the effect of amorphous tau aggregates on 

the TiO
2
 NPs-induced cytotoxicity. As shown in Figure 13, 

a significant difference was observed between TiO
2
 NPs and 

TiO
2
 NPs/tau samples in the induced cytotoxicity against 

SH-SY5Y cells (#P,0.05). It can be suggested that incu-

bation of TiO
2
 NPs with tau and formation of amorphous 

tau aggregates on the NP surface may increase the induced 

cytotoxicity by TiO
2
 NPs.
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Figure 11 The closest interacting residues of (TiO2)22 and (TiO2)38 clusters after interaction with tau segments.
Abbreviations: NPs, nanoparticles; TiO2, titanium dioxide.

Table 2 Docking results of (TiO2)22 with tau segments

NP PDB ID of 
receptor

Docking score 
(E-value)

Residue interacted

(TiO2)22 2MZ7 -333.52 cys-291, lys-290, ser-289, gln-286, gln-269, his-268
(TiO2)22 4e0N -364.70 ser-1, gln-3, lys-13, Val-5
(TiO2)22 5O3T -335.66 gln-307.J, gln-307.h, gln-307.F, Val-309.J, Val-309.h, Val-309.F, lys-311.J, lys-311.h, 

lys-311.F, lys-311.D, asn-327.g, gly-326.g, asn-327.e, gly-326.e, asn-327.c, asn-327.a

Abbreviations: NP, nanoparticle; PDB, Protein Data Bank; TiO2, titanium dioxide.

Quantification of apoptosis
Flow cytometry analysis was also employed to quantify 

the induction of apoptosis by TiO
2
 NPs and TiO

2
 NPs/tau 

samples. Figure 14 shows that 94% of the control cells are in 

the viable cells quadrant (Q1) (Figure 14A). However, incu-

bation of cells with 100 µg/mL of TiO
2
 NPs (Figure 14B) and 

100 µg/mL of TiO
2
 NPs/tau (Figure 14C) samples resulted 

in 55.66% (**P,0.01) and 95.42% (**P,0.01) apoptosis 
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Table 3 Docking results of (TiO2)38 with tau segments

NP PDB ID of 
receptor

Docking score 
(E-value)

Residue interacted

(TiO2)38 2MZ7 -377.22 Pro-270, gln-269, his-268, gly-271, gly-272, asp-283, ser-285, asn-286, gln-288, 
ser-289, lys-290, cys-291

(TiO2)38 4e0N -434.02 gln-3, Val-5, lys-13, lys-7
(TiO2)38 5O3T -451.53 arg-349.J, arg-349.h, gln-351.J, gln-351.F, lys-369.D, Ile-371.h, Ile-371.F, 

Ile-371.D, Ile-371.B, Thr-373.B, Thr-373.h, Thr-373.F, Thr-373.D

Abbreviations: NP, nanoparticle; PDB, Protein Data Bank; TiO2, titanium dioxide.

Figure 12 The molecular dynamic study of 2MZ7 segment in the presence (A) and 
absence (B) of TiO2 cluster after 300 ps evolution.
Abbreviation: TiO2, titanium dioxide.

Figure 13 effect of tau (100 µg/ml), TiO2 NPs (0.01–100 µg/ml), and TiO2 NPs/tau 
complex (100 µg/ml/100 µg/ml) on viability of sh-sY5Y cells.
Notes: cell viability was studied using the MTT assay. Data are shown as mean ± 
se of three independent experiments. *P,0.05 and **P,0.01 vs negative control 
group (0 µg/ml of TiO2 NP). #P,0.05 vs TiO2 NP (100 µg/ml of TiO2 NP) group.
Abbreviations: NPs, nanoparticles; se, standard error of mean; TiO2, titanium dioxide.

induction in SH-SY5Y cells. It was also observed that the 

induction of apoptosis was more pronounced (##P,0.01) for 

TiO
2
 NPs/tau than TiO

2
 NPs sample (Figure 14D). Therefore, 

it may be concluded that the TiO
2
 NPs induced the formation 

of amorphous tau aggregates and these species can enhance 

the derived cytotoxicity of TiO
2
 NPs.

Discussion
Neurodegenerative diseases are characterized by tau 

aggregation.33 While several studies have focused on explain-

ing the mechanisms of tau polymerization and a large body 

of data is available with information regarding the toxic 

effect of tau oligomers in the pathology of neurodegenera-

tive diseases,34,35 studies exploring the aggregation of tau in 

the presence of NPs and induced cytotoxicity of NP/protein 

complex have been less numerous. Therefore, the aim of 

this study was to explore more detailed data regarding the 

structural changes of tau in the presence of TiO
2
 NPs and 

the subsequent cytotoxicity of the TiO
2
 NP/tau complex.

Intrinsic fluorescence spectroscopy revealed that TiO
2
 

NPs quench the tyrosine fluorescence signal of protein and 

may form a complex with the protein. ANS fluorescence 

spectroscopy and CD spectroscopy investigations showed 

that the tertiary and secondary structure of tau was changed, 

respectively, in the presence of TiO
2
 NPs toward a more 

packed structure. UV-visible spectroscopy data indicated 

that increasing doses of TiO
2
 NPs accelerate the formation 

of amorphous tau aggregates. We found that TiO
2
 NPs 

strongly increase the formation of amorphous tau aggregates 

only after 2 minutes of incubation, suggesting that the NPs 

may induce an aggregation nucleus that appears early in the 

amyloid formation pathway. ThT fluorescence was almost 

constant after addition of increasing concentrations of TiO
2
 

NPs which could be a reliable marker for the formation of 

amorphous aggregated structures.29 In the presence of TiO
2
 

NPs, tau aggregation was oriented toward a distinct aggregate 

species that shows no affinity for ThT.

It has been also reported that copolymer NPs, cerium 

oxide NPs, quantum dots, and carbon nanotubes may increase 

the probability of induction of an early nucleus for protein 

aggregation.36 The nucleation phase is strongly modulated 

by the physicochemical properties of NPs. NPs may change 

the structure of proteins and extend the formation of aggre-

gated species. It was also reported that Aβ fibril formation 

increases in the presence of TiO
2
 NPs.37 NPs due to their 

unique properties could shorten the lag phase, which is the 
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Figure 14 Probing the apoptosis induction of TiO2 NPs (0 µg/ml) (A), TiO2 NPs (100 µg/ml) (B), and TiO2 NPs/tau complex (100 µg/ml/100 µg/ml) (C) in sh-sY5Y cells 
by flow cytometry assay; the column graph represents the statistical analysis of apoptosis induction in SH-SY5Y cells by TiO2 NPs (D).
Notes: Data are shown as mean ± se of three independent experiments. **P,0.01 and ***P,0.001 vs negative control group (0 µg/ml of TiO2 NP). ##P,0.01 vs TiO2 NP 
(100 µg/ml of TiO2 NP) group.
Abbreviations: NPs, nanoparticles; PI, propidium iodide; se, standard error of mean; TiO2, titanium dioxide.

key path of aggregation.37 However, some conflicting results 

regarding NPs and aggregation have been reported. NPs have 

been investigated in several studies as a drug candidate that 

reduces the aggregation of proteins involved in neurodegen-

erative disorders.38–40 For example, an NP–chelator conjugate 

was developed as a therapeutic approach for Alzheimer 

disease to reduce the formation of fibril and neurotoxicity.38 

Liao et al also reported that negatively charged gold NPs 

reduce the induction of amyloid β fibrillization and decrease 

neurotoxicity.39 Mahmoudi et al showed that physiochemical 

features of superparamagnetic iron oxide NPs can change 

the amyloid β fibrillation in solution. Concentration, surface 

groups, and diameter of NPs can provide a “dual” effect on 

protein fibrillation.40 Therefore, the impact of NP on protein 

aggregation or disaggregation should be well investigated.

Cellular assays revealed that the TiO
2
 NP/tau sample is 

more toxic than free TiO
2
 NPs. As the NP–protein interaction 

results in denaturation of proteins, it is crucial to explore the 

NP–protein complex interaction with cells. Here, we showed 

that the TiO
2
 NPs folded the tertiary structure of tau which 

in turn increases the cytotoxicity of TiO
2
 NPs.

The formed hydrophobic patches of tau in the presence 

of TiO
2
 NPs can result in increased cytotoxicity of the TiO

2
 

NPs/tau complex compared to pure TiO
2
 NPs. Rapid corona 

formation and the structural changes of proteins are revealed 

to influence cell death at a fixed exposure time.

TiO
2
 NPs41 and gold NPs42 were demonstrated to trigger 

structural changes of tubulin and serum albumin, respec-

tively. It was hypothesized that the mechanism of cytotox-

icity is the increased immunogenicity induced by exposing 

protein hydrophobic cores on their surface in a denatured 

conformation.41–43 For example, it was shown that the pres-

ence of some moieties on the surface of gold NPs caused 

unfolding of fibrinogen that, in turn, resulted in an interaction 

with the leukocyte receptor, thereby inducing inflammation.44

Disaggregation of proteins may result in mitigating 

the aggregated species of protein-induced cytotoxicity. 

For example, Meng et al revealed that polyphenols inhibit 
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amyloid formation, disaggregate protein aggregation, 

and protect cells against amyloid polypeptide-induced 

cytotoxicity.45 Sheynis et al also reported that aggrega-

tion modulators can interfere with cellular interactions of 

aggregated species of proteins.46 Also, it was suggested that 

the surface charge,47 NP distribution,48 adsorbed proteins,49 

and physicochemical properties of NPs50 may affect the 

NP-induced cytotoxicity. Protein adsorption on the NP sur-

face may influence all these features and result in increasing 

or decreasing the cytotoxicity of NPs.

Conclusion
Biomacromolecules like proteins can be denatured in the 

presence of NPs and subsequently may change the fate of NPs 

in biological systems. Since, protein corona modifies the NP 

surface, protein structural changes thus affecting the adverse 

effects of NPs. In this study, we showed that TiO
2
 led to the 

formation of hydrophilic interactions with TiO
2
 NPs and 

altered the secondary and tertiary structure of the tau protein. 

These structural changes finally resulted in the formation of 

amorphous tau aggregates. Afterwards, it was shown that the 

conformational changes of tau enhance the derived cytotoxic-

ity from TiO
2
 NPs. These data determined the adverse effects 

of NPs on protein structure and the role of the protein corona 

in NP-induced cytotoxicity. Therefore, this study can be used 

in the development of new approaches to modulate adsorbed 

proteins to more efficiently apply NPs for medical settings.
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