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Abstract

Titanium dioxide (TiO,) nanoparticles (NPs) have been widely used in our daily lives
such as in the areas of sunscreens, cosmetics, toothpastes, food products, and
nanomedical reagents. Recently increasing concerns have been raised about their
neurotoxicity, but the mechanisms underlying such toxic effects are still unknown. In
this work, we employed a human neuroblastoma cell line (SH-SY5Y) to study the
effects of TiO, NPs on neurological system. Our results showed that TiO, NPs did not
affect cell viability but induced noticeable morphological changes until 100pug/ml.
Immunofluorescence detection showed disorder, disruption, retraction, and decreased
intensity of the microtubules after TiO, NPs treatment. Both o and B tubule
expression did not change in the TiO, NPs-treated group, but the percentage of
soluble tubule was increased. Microtubule dynamic study in living cells indicated that
TiO, NPs caused a lower growth rate and a higher shortening rate of microtubule as
well as shortened life time of de novo microtubules. TiO, NPs did not cause changes
in the expression and phosphorylation state of tau proteins, but tau-TiO, NPs
interaction was observed. TiO, NPs could interact with tubule heterodimers,
microtubules and tau proteins, which lead to the instability of microtubules, thus

contributing to the neurotoxicity of TiO, NPs.

Introduction

Owing to the excellent physicochemical properties, TiO, NPs were widely used in

aeronautical materials, implanted biomaterials, paints, paper, sunscreens, and food
2
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products. Current studies mainly focus on its new applications in biochemistry as well
as in other industry fields'™. Increasing concerns have been raised recently about the
safety of such NPs*>. It is urgent to gain more information about this material in this
regard, given that little mechanistic or theoretic studies were put forward in this field.

TiO, NPs enters human body via occupational inhalation, bio-medical ceramic
injection, biomaterials implantation and food exposure’. They could pass through
blood-brain barrier (BBB)*’ and induce oxidative damage, inflammatory responses
and impair spatial recognition memory in adult mice® °. Furthermore, they could
penetrate placental barrier to the fetal mice and affect their cranial nerve system'® '
A range of studies also showed their affects on neurons and glial cells'*"*, but no

mechanistic work was described in the literature. So our work carried out around TiO,

NPs’ bio-effects on nervous system.

Microtubule plays an important role in neuronal cells, including information
carrying'”, neurodevelopment'®, migration'” and so on. The GTP-tubule added to the
plus end of microtubule and GDP-tubule depolymerized from the minus end which is
called “dynamic instability”lg. This progress was affected by tubule concentration,
GTP, microtubule-associated proteins (MAPs) and so on'’, and it plays a crucial role
in neuronal morphogenesis™. TiO, NPs-microtubule interaction has been studied in
vitro previously’!, but whether TiO, NPs could interact with microtubules in living

cells is still unknown.
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NPs-protein interactions were mostly studied in vitro or by computational simulation
studyzz. In vivo studies are hard to be carried out due to the limitation of current
technologies and methods, so the safety evaluation of thousands of nanoparticles in
living things is a big problem. Though we usually analyze the interactions based on
co-localization, Xia et al*®> showed that fluorescence-labelled TiO, NPs localized in
late endosomal without eliciting any noticeable effects, which meant that
co-localization was not in agreement with interaction. Here we utilize human
neuroblastoma cell line (SH-SY5Y) as a proper model to study the behaviors of TiO,

NPs in living cells via the functional alteration of some proteins.

Results and Discussion
Characterization of TiO, NPs

The characteristics of TiO, NPs in cell culture medium were presented in Figure 1A.
Transmission electron microscope (TEM) demonstrated that TiO, NPs were nearly
spherical (Figure 1B), with a particle size of 20.90+£3.57 nm, which was similar to the
manufacturer reported size (~21nm). The particle size distribution (Figure 1C)
showed that TiO, NPs had a narrow particle-size distribution from 100-150 nm in
culture medium. And the dynamic light scattering (DLS) results exhibited that TiO,
NPs aggregated in the culture medium with a larger hydrodynamic diameter of
110.0+£72.9 nm, but had a better dispersion in medium than in water (Figure S1),

which might attribute to serum proteins for the better dispersion®*. The zeta potential
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of the TiO, NPs was -0.73+1.27 mV in cell culture medium, whereas it was lower in

water (-142.56+19.80 mV), which might also be the result of protein absorption™.
TiO; NPs enter SH-SYSY cells and change their morphology

SH-SYSY cells were treated with various concentrations of TiO, NPs (0.1, 1, 10, 100
pg/ml) for 24h, and cell viability was determined by MTT (Figure 2A). Cell viability
was not affected under the concentrations of TiO, NPs administered. As shown in
Figure 2B, at the highest concentration, the morphology of nearly 50% cells changed
from a flat polygon with synapses to a cobble stone-like morphology, and their axons
dispersed or drew back. Therefore, we used and focused on the highest dose group to

explore the mechanisms underlying the morphological changes.

To confirm the morphological changes were caused by TiO, NPs, the uptake of NPs
were assessed by Flow cytometry (FCM) and TEM. Figure 2C showed that the uptake
of TiO, was in a dose-dependent manner. With the increasing of TiO, NPs
concentrations, cell size and intracellular density increased accordingly. TEM
imaging of a SH-SYS5Y cell treated with TiO, NPs (Figure 2D) showed that most of
the TiO, NPs accumulated in the cytoplasm and lysosomes, not in the nucleus, which

was consistent with previous studies®.
ROS doesn’t play a key role in the morphology change caused by TiO, NPs

Many NPs exert their effects by producing reactive oxygen species(ROS)*’, which

could affect microtubules dynamics®®, and finally change cell morphology or remodel

5
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microtubule network® *°. This raised our interest whether ROS plays a key role in the
morphological changes. Our results showed that TiO, NPs could increase ROS
generation significantly in SH-SYSY cells at the highest concentration (Figure 2E).
Incubate with 20 uM ROS scavengers N-acetyl cysteine (NAC) for 24 h could abolish
the TiO, NPs induced elevation of ROS (Figure 2F). However, the morphological

changes were not reversed (Figure 2G), indicating that ROS was not a key factor here.
TiO, NPs change the microtubule network of SH-SYSY cells

Microtubule plays an important role in the shape maintenance of cells, so we wonder
whether TiO, NPs acted on microtubule network. Microtubules were examined by
immunofluorescence with a-tubule antibody and confocal microscope. Figure 3A
showed that, compared with the control group, microtubules of the treated cells were
noticeably drew back and winding, and their density decreased apparently. In addition,
the arrangement of microtubules was in disorder. They abrogated the formation of
long and extended microtubules, and microtubule network was significantly

remodeled
TiO, NPs do not affect the expression of a and  tubules.

The concentrations of available tubule heterodimers have an impact on growth speed
and persistence of microtubules, and eventually affect microtubule network®'.
Previous studies have reported that TiO, NPs reduced a-tubule and B-tubule levels in

Arabidopsis thaliana and disrupted microtubule’>. And an in vitro model also showed
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that TiO, NPs could interact with DNA?*. To examine whether the changes of cell
morphology and cytoskeleton were caused by the TiO, NPs-DNA interaction and
decreased levels of tubule heterodimers, we investigated the expression level of two
main microtubule proteins, a-tubule and B-tubule by Western blotting. We found that
neither a-tubule nor B-tubule expression level was changed (Figure 3B), indicating
that a-tubule and B-tubule expression was not related to the disrupted microtubule
networks. This result was consistent with the distribution of TiO, NPs, as TiO, NPs
were not identified in cell nucleus of SH-SY5Y. Therefore, it is warranted to study the

microtubule dynamics.

TiO; NPs change the ratio of polymerized to soluble tubule

The ratio of polymerized and depolymerized tubule changes when the microtubule
dynamics lose balance. So we studied the polymerized and depolymerized tubules
ratios in both control cells and TiO; NPs-treated cells. Figure 3C and 3D showed that,
the majority of tubules were found in the soluble form, and the ratio of polymerized
(P) to soluble (S) tubule was nearly 2:3 in control cells. In contrast, in TiO,
NPs-treated cells, although the majority of tubule was still in soluble form, the ratio of
polymerized to soluble tubule was decreased dramatically (1:5), indicating that TiO,
NPs changed the microtubule dynamics. But how does this change happen and which

procedure(s) of microtubule dynamics was(were) affected are still unknown.

TiO; NPs disturb microtubule dynamic in vivo
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To further investigate the effects of TiO, NPs on microtubule dynamics, we
transfected cells with virus carrying end-binding-protein 3 fused with green
fluorescent protein (EB3;-GFP), which facilitated the study of microtubule dynamics
with confocal microscope in living cells. We evaluated several indexes of microtubule
dynamics including microtubule growth speed, shortening speed, trajectory of
newborn microtubules, life time and length distribution of unbroken microtubules.
TiO, NPs decreased microtubules growth speed significantly, 343.6+82.8 nm/s in
control cells vs 223.2+69.5 nm/s in treated cells (P<<0.01). In vitro studies have
reported that TiO, NPs could bind to the tubule surface via forming hydrogen bond or
electrostatic interaction, which changes their 3D structures and finally affects
microtubule dynamics®" **. Also in the perspective of quantum biology, molecules
interact with each other via their surface electrons, this interaction finally change the
structures of both, such as the enzyme and substrate interaction. TiO, NPs possess
surface charge as measured with zeta potential, which gives them the ability to
interact with proteins. Previous study showed that the same nanoparticle cores with
the same hydrodynamic size led to big differences in protein absorption and cell
uptake35 by functionalization with opposite surface charge. This emphasizes the
importance of surface charge on the bio-effects of NPs, different charges gave them
different characteristics. Our results together with previous studies indicated that TiO,
NPs could and may absorb to tubule heterodimers in living cells, interact with their
protein corona, change their spatial structures and decrease the effective concentration

of tubule heterodimers, and contributed a lower growth speed.
8
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We next measured the shortening rate, the result showed that shortening rate also
changed significantly (81.9+30.2 nm/s in control cells, and 332.4£117.1 nm/s in
treated cells (P <<0.01)). This alteration meant that microtubules were under instability
conditions, indicating that TiO, NPs could also interact with assembled microtubules.
When TiO, NPs get close to assembled microtubules, their surface charge disturbed
the normal electronic environment needed to sustain microtubule structures, in turn,
microtubules were easy for degeneration. The normal electronic environment includes
hydrogen bonding, Van der Waals' force and so on. Our results are in agreement with
those by Ojeda-Lopez and his colleges’, who discovered that a highly charged small
molecule could cause shape transformation of taxinol stabilized microtubules over the
surface charge interaction. And a recent work in Science also announced the effect of
GTP-GDP transformation on microtubule depolymerization in quantum biology37,
which emphasised the effects of normal electronic environment changing on
maintaining the microtubules. According to these theories, microtubules are expected
to be hard for persistent growth and tend to be shorter in length in the presence of NPs.
We then recorded the trajectory of de novo microtubules in living cells by confocal
microscope during about 2 min. As presented in Figure 4A, most of the de novo
microtubules in control cells are found to be longer, successive and irradiate from
centrosome to cell margin. In contrast, nascent microtubules in TiO, NPs-treated cells
were obviously short and in disorder (supplementary Movies S1 and S2; S1: Control,
S2: TiO, treated). Figure 4B showed the histogram of the length distribution of

unbroken microtubules in two groups. Microtubules in control group with a length
9
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(3110.0+1586.5 nm) are significantly longer than that those in treated group
(1627.84£820.1 nm) (P <0.01), and their life times (duration from merging to
dismissing) were further calculated (Figure 4C). Life time decreased from 44.9+12.5 s
in control cells to 17.47+6.5 s in treated cells significantly (P <<0.01). All these results
showed that TiO, NPs affected not only existed microtubules, but also de novo

microtubules, and supported our hypothesis.

We also monitored the average fluorescence intensity of both TiO, NPs-treated and
untreated cells for 24 h to evaluate microtubule steady state. With time, average
fluorescence intensity decreased in both groups, but the alternation of fluorescence
intensity in the two groups was different (P <<0.05). Average fluorescence intensity of
NPs-treated cells began to decrease from the 5th h, and kept decreasing until 12" h,
and then reached and maintained at a new stage (Figure 4D). Such results suggest that
TiO, NPs brought the microtubule dynamics to a new equilibrium, which may result
from decreased growth rate and increased shortening rate.

Now more researches indicated that nanoparticle could interact with microtubules,
and affected microtubule dynamics3 8 even inorganic nanoparticle could bind to
microtubules for cancer therapy”. Further study of TiO, NPs in the perspective of
quantum biology might help us to find the binding sites of on microtubules according
to their surface charges or modified surface someday, or predict the potential NPs
may target on microtubules.

Tau proteins are responsible for TiO; NPs-induced neurotoxicity

10

Page 10 of 29



Page 11 of 29

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

Nanoscale

Tau proteins are microtubule-associated proteins (MAPs) that are highly expressed in
neurons where they play an important role in microtubule polymerization, stable
maintenance, axon growth and function maintenance®’. We tested whether tau plays a
role in the microtubule dynamic disruption caused by TiO, NPs. In our study, neither
the mRNA or protein expression of tau changed after TiO, NPs exposure (Figure 5A).
The phosphorylation of tau at two sites, Ser202 and Ser396, which is considered to
modulate the ability of tau of binding and stabilizing microtubules*" ** didn’t show
any difference(Figure 5B) between control and treated cells. TiO, NPs showed strong
ability of protein adsorption in a range of NPs*. We wonder whether TiO, NPs
absorb tau proteins and prevent them from binding to the proper position of
microtubule to exert their functions. Examined by Western blotting, the result showed
that the level of total tau was significantly lower in TiO, NPs-treated group (Figure
5C), indicating the existence of tau-NPs interaction in living cells, which could
partially explain the specific neurotoxicity of TiO, NPs. Compared with GAPDH we
knew not every protein could interact with TiO, NPs. The interaction between NPs

and protein might be related to their surface charge or protein structures.

Conclusion

In this work, we explored the mechanisms of TiO, NPs induced morphological
changes in living cells, and for the first time tried to explain the bio-effects of TiO,
NPs from the point view of quantum biology. A brief summary of our research was

outlined in Figure 6A. TiO, NPs entered cells, interacted with tubule heterodimers,

11
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assembled microtubules and tau proteins, which led to the dysfunction of microtubule
dynamics. Above all, we proposed the TiO, NPs-microtubule-tau interaction model in
Figure 6B. In the normal condition, tubule heterodimers add to the plus end of
microtubule and depolymerize from the minus end. Tau proteins bind to the proper
sites of microtubules, promoting assemble and stabilizing nascent microtubules.
While in the presence of TiO, NPs, NPs interact with tubule heterodimers, change
their normal structure and prevent them from polymerization. Alternatively, they
could interact with assembled microtubules, change the normal electronic
environment via their surface charging, thus leading to instable microtubules and
shorten their life time. Moreover, tau proteins are absorbed by TiO, NPs, which might
prevent them from performing their functions and facilitate the aggravation of those
instable microtubules. TiO, NPs might be a contributing factor of tau or microtubule
disability disease. It is also possible that TiO, NPs may have potential therapeutic

value in curing neurologic tumors.

Experimental

The characteristics and dispersion of TiO;, NPs

TiO, NPs (Sigma-Aldrich, 13463-67-7, 21nm) were characterized in distilled and
deionized water and in complete cell culture medium supplemented with 10% fetal
bovine serum (FBS). For better dispersion, suspensions were vortex mixed at high
speed for 1 min, sonicated in ice water bath (100 W, 30 min) for two cycles. TEM

images of NPs were obtained by a JEOL JEM 2100 transmission electron microscope
12
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operating at 120 kV. Dynamic light scattering (DLS) analysis was performed to
determine size distributions and hydrodynamic diameters of NPs in water and cell
culture medium, respectively, and zeta potential was analyzed in a Zetasizer Nano

series model ZS (Brookhaven Instrument Corp).

For cell treatment, TiO, NPs were sterilized by ultraviolet and suspended in cell
culture medium at a concentration of 1 mg/ml, mixed and sonicated as described
above. A range of concentrations of TiO, NPs were diluted and sonicated for another

30 min before use.

Cell culture

SH-SY5Y cells (CRL-2266™) were purchased from American Type Culture
Collection (ATCC, Manassas VA, USA) and cultured in Dulbecco’s Modified Eagle’s
Medium (Hyclone, UT, USA) supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin at 37°C, 5% CO,. Medium was replaced every day. Nikon
light microscope (ECLIPSE, TS100, Japan) was used to observe cell morphology.

Images were obtained using a Leica DFC290 HD camera.

Cell viability

Cells were seeded on 96-multiwell plates and cultured with different concentrations
(0.1, 1, 10, 100 pg/ml) of TiO, NPs for 24h. After incubation, 20 pl of 5mg/ml
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution

was added per well and incubated for another 3 h. 200 ul of DMSO was added after

13
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the medium was removed, and incubated for another 10 min at 37°C. The supernatant
absorbance was measured at 490 nm on a UV/vis spectrometer (Ocean Optics,

HR4000). Each assay was repeated three times independently.

The uptake of TiO2 NPs

Cells were seeded in 10-cm dishes, treated with a range of concentrations of TiO, NPs.

After 24 h incubation, TiO, NPs uptake was evaluated by FCM (BD FACSCalibur,
USA) as previously reported** and by TEM. For FCM analysis, cells were washed
twice mildly with PBS and resuspended with 1 ml PBS after trypsin digestion.
Forward-scatter(ed) (FS) light and side scatter(ed) (SS) light were analyzed using
FCM. For TEM analysis, cells were collected and fixed with 1% glutaraldehyde in
0.12M phosphate buffer, washed with phosphate buffer. 1% buffered osmium
tetroxide was used for post-fixation, and dehydrated in a graded acetone series. After

embedded in Araldite, samples were stained with lead citrate and uranyl acetate.

Analysis of reactive oxygen species (ROS)

ROS was detected by Reactive Oxygen Species Assay Kit (Beyotime, China). The
cells were seeded in 10-cm dishes and treated with a range of concentrations of TiO,
NPs. After 24 h treatment, cells were collected and incubated with DCFH-DA for
another 20 min, then washed three times with PBS and measured with FCM at 488

nm excitation.

Confocal microscope examination

14
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Cells were seeded in glass bottom dishes (In vitro scientific), treated with 100pg/ml
TiO, NPs for 24 h, and fixed with 4% paraformaldehyde for 30 min. Cytoskeleton
was revealed by anti-o-tubule antibody (1:200, Beyotime), combined with a
secondary goat anti-mouse IgG antibody conjugated with FITC (1:200, Beyotime).
Nucleus was stained with DAPI (1:1000, Beyotime). Images were obtained by Nikon

E800 confocal microscope (Nikon, Japan).

Protein preparation and western blotting assay

Cells were resuspended in ice-cold RIPA buffer (Beyotime, China) containing 1%
PMSF (Beyotime, China) after 24 h incubation with TiO, NPs, and lysed on ice for 30
min. After centrifugation at 1000 rpm for 10 min, supernatant was collected as the
total proteins and the concentrations were determined using BCA Protein Assay Kit

(Beyotime, China).

For western blotting assay, 80ug of total proteins were loaded to 10% SDS
polyacrylamide gel electrophoresis (SDS-PAGE). Antibodies used were anti a-tubule
(Beyotime, 1:1000), anti B-tubule (Beyotime,1:1000), total tau (Epitomics, 1:1000),
anti GAPDH (Beyotime, 1:1000), anti-Tau (phospho Sjp) antibody (Epitomics,
1:1000), anti-Tau (phospho Sso¢) antibody (Epitomics, 1:1000), with the secondary
goat anti-mouse IgG conjugated with HRP and goat anti-rabbit IgG conjugated with

HRP. Each blot was repeated three times.

Isolation of polymerized and depolymerized microtubules

15
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Proteins were exacted as previously described®. Briefly, after treated with TiO, NPs,
cells were washed three times with PBS. 100 pl of hypotonic buffer (1ImM MgCl,,
2mM EGTA, 0.5% NP-40, 1.3% cocktail, ImM orthovanadate and 20mM Tris—HCI,
pH6.8) was added, and cells were scraped and collected into a 1.5ml tube, and lysed
at 37°C for 5 min protected from light. After vortex, samples were centrifuged at
14000g for 10 min. The supernatants containing depolymerized tubule were
transferred to another tube and equivalent amount of buffer was added to resuspend
the pellets. Equal volumes of the lysates in each group were used for Western analysis

with anti a-tubule antibody. Densitometry was performed using image-J software.

In vivo microtubule dynamics study

Microtubule dynamics are visualized in living cells via a series of proteins***. In this
work, we used end-binding-protein 3 fused with GFP (EB;-GFP) to study the
microtubule dynamics as previous described”’. Lentiviral vectors express EB3-GFP
proteins were purchased from GENECHEM (shanghai, China) and operated following
the protocol. Briefly, cells were seeded in a proper density; virus and enhanced
infection solution were added. Medium was refreshed after 12 h infection, and cells
were continuously cultured until the third day. The transfected cells can highly
express EB3;-GFP proteins at least two weeks. The microtubule dynamics were
analyzed in control cells (20 cells) and NPs-treated cells (20 cells) as previously
reported®’. Tmages (512x512) were collected every 1.96 sec without interval and

totally 100 pictures were collected. Growth speed and shortening speed were

16
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measured as displacement of the microtubule end divided by the time between
successive images (3-5 sec) in a time-lapse series. Trajectory, life time and length

distribution were performed on the projection images.

24 h dynamic monitoring

After transfected with EB3;-GFP vectors, cells were seeded in 96 multi-well plates,
administrated with TiO, NPs and the average fluorescence intensity was monitored
successively for 24 h with high content screening assay’'. Simply, 36 random insights
were chosen, signals and images were collected per hour for 24 h using a x20
microscope objective. Cells were located by nuclei stained with Hoechst 33342
(Beyotime, China). Images and data were automatically obtained from KineticScan™
Reader (KSR; Cellomics, Pittsburgh, USA). Cell counts were utilized to control the
effect of cell proliferation. The Cell Health Profiling BioApplication (Cellomics,
Pittsburgh, USA) was used to acquire and analyze the images. These experiments

were carried out three times independently.

RNA isolation and quantitative real-time PCR assay

Cells were treated and collected, total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the instructions. RNA concentration was
determined by measuring the absorbency at 260 nm. cDNA was prepared according to
the regent kits (Takara, Tokyo, Japan). Real-time PCR reactions were carried out on

ABI7900 Fast Real-Time System (Applied Bio systems, Foster city, CA, USA).

17



Nanoscale Page 18 of 29

347  Primers for tau were synthesized by Invitrogen (Shanghai) as follows, Forward primer:
348 GGAGAAGTGGTCTAGCAAGATCG, Reverse primer:

349 AGAAACGCACCTCCACCATTC.

350 TiO; NPs and tau proteins interaction assay

351  To ensure that TiO, NPs interact with tau proteins in living cells, cells were seeded in
352  10-cm dishes, and when reached 80% confluences, they were treated with TiO, NPs
353  for 24 h. Both the treated and control cells were lyzed and centrifugated at 1000g for
354 10 min. The supernatant was analyzed by the BCA Protein Assay Kit as total fraction
355 (Beyotime, China), and adjusted to the same content. Equal volumes of the samples
356  were centrifugated at 16000g for 20 min®. Supernatants were collected and loaded for

357  Western assay.
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Figure 1. (A) Characteristic of TiO2 NPs in water and in medium. (B) TEM image of TiO2 NPs, bar=50 nm.
(C) Particle-size distribution of TiO2 NPs prepared in cell culture medium.
121x79mm (300 x 300 DPI)



Page 25 of 29

Nanoscale

A 1
Ti0,(pe/mi)

E 0 pg/m1

FITC-Amean

10
Ti0, NP(ug/mL)

FITC-Amean

Control

NPS+NAC  TiO;NPs

Figure 2. (A) Cell viability after treated with different concentrations of TiO2 NPs for 24 h. Values were
expressed as means £ SE from three separate experiments. (B) SH-SY5Y cells treated with range
concentrations of TiO2 NPs. Images were collected in X100 magnification with light microscope. bar=10 pm.
(C) The uptake of TiO2 NPs analyzed by Flow cytometry (FCM). Forward-scatter(ed) (FS) light and side
scatter(ed) (SS) light were analyzed of each group treated with NPs. (D) TEM image showed a section of a
SY5Y cell treated with NPs. TiO2 NPs were accumulated in lysosomes and cytoplasm as indicated. (E) Cells
reactive oxygen species (ROS) formation measured by FCM after TiO2 NPs treatment. Each FITC-mean was
compared with control group (P<0.05). Values were expressed as means + SE from at least three separate
experiments. (F) ROS formation measured by FCM after ROS blocking. Control: untreated cells; TiO2 NPs:
cells treated with 100 pug/ml TiO2 NPs for 24 h; NPs+NAC: cells treated with TiO2 NPs and incubated with
ROS scavenger-NAC. Values were collected and presented as above. (G) Morphology changes after NPs
treatment and NAC rescue, bar=10 um.
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Figure 3. (A) Cytoskeleton of SY5Y cells revealed by immunofluorescence and confocal microscope
examination. Nucleus was stained blue with DAPI and microtubule was stained green. Control cells showed
well organized and extended microtubules, while decreased microtubule density, disorganization, and
disruption of microtubules can be observed (white arrow) in TiO2 NPs treated cells. (B) Western blot
analysis of the expression of two main microtubule proteins (a-tubule and B-tubule) between control group
and NPs treated group. GAPDH was invited as loading control. (C) Western blot analysis of soluble and
polymerized tubules in control and treated cells separately, S: soluble, P: polymerized. (D) Quantitative
analysis of soluble and polymerized tubules by densitometry with image-J] software. Total tubule of each
group was considered as 100%.
192x156mm (300 x 300 DPI)
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Figure 4. (A) Trajectory of EB3-GFP labeled de novo microtubules in living cells during about 2 min time
lapse. Nascent microtubules were marked with black lines and cellular contours were outlined. (B)
Histogram of the length distribution of unbroken microtubules in both groups (n=200 in control cells, n=100
in TiO2 NPs treated cells). (C) Time of each microtubule from merging to disappearance during about 2 min
time lapse (n=100) was presented in Boxplot (P<0.01). (D) Dynamic monitoring of steady state of
microtubules via the changing of average fluorescence intensity during 24 h continuous observation of the
monitored cells (P<0.05). The first time-point fluorescence intensity of each group was standardized as”1”.
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Figure 5. (A) Relative expression of total tau proteins in both mRNA and protein levels between two groups,
values were expressed as means + SE. (B) Phosphorylation status of tau proteins at ser202 and ser396. (C)
Western blot analysis of tau in the supernatant after high speed of centrifugation in both control cells and

Nanoscale

 Ti0a( grmy '

C

0 100

p-tau-202
p-tau-396
GAPDH

TiO,(pg/ml)

Tau
GAPDH

TiO,(pg/ml)

e —

0 100

-—

0 100

NPs treated cells. GAPDH was invited as mRNA and protein loading control.
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Figure 6. (A) A simple structure chart to describe our study. Possible passageway are indicated in line with
arrow, and excluded passages are marked with fork. (B) Nanoparticles-microtubule-tau interaction model.
Microtubule polarity is indicated with the (+) and (-) signs. In normal condition, tubules add to the plus end
and depolymerized from minus end at proper speed, Tau proteins bind to the proper site to promote
polymerization and stable microtubules. In the presence of TiO2 NPs, tubule heterodimers absorbs to TiO2
NPs, decreases the effective concentration of tubule, TiO2 NPs can also bind to assembled microtubules,
affect the electronic environment to sustain microtubule structures. They can absorb tau proteins, which
may disturb the normal function of tau and promote the instability of microtubules.
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