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ecause of the unique physicochemical

properties such as small size, large

surface area, high reactivity, and high
drug loading efficiency, silica nanoparticles
(SiO5-NPs) have been developed for me-
chanical polishing, additives to food and
cosmetics, and various applications in bio-
medical fields, including optical imaging,
cancer therapy, targeted drug delivery,
and controlled drug release for genes and
proteins.'™* Such wide applications have
also raised concerns with the safety of
SiO,-NPs when they are released into the
environment and in human tissues, espe-
cially occupational exposure at manufactur-
ing premises. This may pose a health threat
because studies have reported that SiO,-
NPs might adversely affect cell function
through producing a great amount of reac-
tive oxygen species (ROS) and triggering
apoptosis or proinflammatory responses in
different types of cultured cells such as hu-
man lung cancer cells,” mouse peritoneal
macrophages,® human lymphoblastoid
cells,” human umbilical vein endothelial
cells® and microglia.’ The evidence ob-
tained from animal models has concluded
that SiO,-NPs could elicit moderate to
severe pulmonary inflammation.'® Recent
in vivo studies from our laboratory using
radioactive iodine labeling and radioactiv-
ity counting found that SiO,-NPs were
accumulated mainly in the liver and
spleen and subsequently caused hepato-
cyte necrosis at the portal triads."' How-
ever, so far there is a lack of information
concerning the potential hazards of SiO,-
NPs to the brain.

Existing research has shown that quan-
tum dots,'® single-walled carbon nano-
tubes,'® and other nanomaterials were capable
of crossing the blood-brain barrier (BBB)
and entered the brain. It has been reported
that titanium dioxide'* and manganese
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ABSTRACT Silica nanoparticles (Si0,-NPs) are being used increasingly in diagnosis, imaging, and
drug delivery for the central nervous system. However, to date, little is known concerning the
potential adverse effects on the brain associated with exposure to Si0,-NPs. The present study was
conducted to trace, locate, and quantify Si0,-NPs in the brain by a radiolabeling approach after
intranasal instillation with Si0,-NPs. The oxidative stress, inflammatory response, and levels of
neurochemicals in the brain were also analyzed. Furthermore, in vitro studies were carried out to
elucidate the pathway and mechanism of in vivo damage with a co-incubation model of
dopaminergic neuron PC12 and Si0,-NPs. The results indicated that Si0,-NPs via intranasal
instillation entered into the brain and especially deposited in the striatum. Exposure to Si0,-NPs
also induced oxidative damage and an increased inflammatory response in the striatum. Meanwhile,
results of in vitro studies demonstrated that exposure to Si0,-NPs decreased cell viability, increased
levels of lactate dehydrogenase, triggered oxidative stress, disturbed cell cycle, induced apoptosis,
and activated the p53-mediated signaling pathway. In addition, the in vivo injury of neurochemicals
occurred as the Si0,-NPs appeared to induce depleted dopamine in the striatum, and the down-
regulation of tyrosine hydroxylase protein was the main contribution. These data demonstrate that
Si0,-NPs possibly have a negative impact on the striatum and dopaminergic neurons as well as a
potential risk for neurodegenerative diseases. There is potential concern with Si0,-NPs' neurotoxicity
in biomedical applications and occupational exposure in large-scale production.

KEYWORDS: silica nanoparticles - neurotoxicity - biodistribution - oxidative stress -
dopamine - neurons

oxide'® nanoparticles were capable of trans-
locating along the olfactory nerve pathway
to the brain after intranasal instillation ex-
posure, accumulating in the olfactory bulb,
cortex, and cerebellum. Moreover, the de-
position in the brain of nanoparticles such
as ferrous oxide'® and carbon black'” can
stimulate oxidative stress, inflammatory
responses, and pathological changes.
These observations have provided the
evidence that nanoparticles can not only
reach the brain but also cause a certain
degree of brain tissue damage. Therefore,
it is of interest whether SiO,-NPs translo-
cate to the brain and induce consequen-
tial side effects in the brain.

Brain tissue is composed of two main cell
types: neurons and glial cells. Neurons are
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Figure 1. Experimental design for in vivo and in vitro experiments.

the core components of the brain and are critical for the
maintenance of brain function. The damage of neurons
such as loss of structure or function was considered to
play essential roles in the etiology of certain neurode-
generative diseases including Hallervorden—Spatz syn-
drome, Parkinson's disease, and Alzheimer's diseases.'®
There have been a limited number of studies that
observed the potential neurotoxicity of nanoparticles
on neurons. For instance, Pisanic et al.'® showed that the
exposure to anionic magnetic nanoparticles (MNPs)
induced a dose-dependent decease in the viability of
PC12 cells (a paradigm for dopaminergic neuron) and
the capacity to extend neurites in response to nerve
growth factor (NGF). Hussain et al.?° reported that the
increased production of ROS caused by manganese
oxide (Mn-40 nm) particles was attributed to the deple-
tion of dopamine (DA) in PC12 cells; however, precise
neuron damage pathways and mechanisms induced by
nanoparticles remain ill-defined.

In the present study, we utilized a stable isotopic
tracing approach based on our published method'' to
detect the distribution, localization, and accumulation
of SiO,-NPs in the brain after intranasal instillation and
consequently to estimate the potential particle-in-
duced injuries and function alterations in the brain.
According to the outcomes of localization in vivo, we
conducted in vitro studies wherein SiO,-NPs were
incubated with dopaminergic neuron PC12.2' Through
the changes in cell viability, oxidative stress, cell cycle,
apoptosis, dopamine content, and cell signaling path-
way, we further investigated the pathways and me-
chanism of in vivo and in vitro damage.
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RESULTS AND DISCUSSION

While the beneficial aspects of SiO,-NPs are widely
publicized, some new concerns have arisen including
the negative impact of SiO,-NPs on living cells and lung
tissue. However, there are still many unknowns such as
whether SiO,-NPs enter the brain and exert adverse
effects on the brain and how SiO,-NPs interact with the
brain tissues and neurons. The present study attempts
to answer some of these questions using the experi-
mental protocol illustrated in Figure 1.

Characterization, Identification, and Stability of Si0,-NPs and
1251.5i0,-NPs. The SiO,-NPs employed in this study were
15 nm in size measured by TEM (Figure 2A). To under-
stand the state of dispersion of SiO,-NPs when put into
physiological saline and high-glucose DMEM contain-
ing 10% FBS, the SiO,-NPs samples were analyzed by
dynamic light scattering (DLS). The DLS results showed
agglomeration of the SiO,-NPs approximately 10 times
their primary particle size at 156 nm in physiological
saline and 6 times greater than their primary size at
92 nm in DMEM cell culture medium (Figure 2Q).
Current evidence implied that agglomeration of nano-
particles is likely to affect their toxicity in biological
systems in a variety of ways, such as cellular uptake,
distribution in vivo, sedimentation rate, and even ROS
production.?? The findings of several studies indicated
that the nanotoxicity is depressed by the agglomera-
tion of nanoparticles,>*** whereas results of others
suggested that the agglomeration of nanoparticles
could pose a greater hazard than the well-dispersed
samples. Therefore, it is necessary to systematically and
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Figure 2. Characterization of SiO,-NPs and '?>|-SiO,-NPs. (A) TEM analysis of SiO,-NPs. (B) TEM analysis of '>*I-SiO,-NPs. (C)
Particle size, hydrodynamic diameter, and zeta potential. (D) Amount of rat serum protein adsorbed on the SiO,-NP and '*°I-
SiO,-NP surfaces. Inset plots in A and B demonstrate the particle size distribution from TEM observations of samples A and B,

respectively. FBS: fetal bovine serum.

accurately define particle characteristics in order
to understand the potential toxicity of nanopar-
ticles to biological systems to ensure that results are
reproducible.?? There is also a need to take into
account the roles of properties other than size such
as pH or surface charge in the toxicity of the SiO,-NPs in
future studies.

To answer the question of whether the SiO,-NPs
could exert toxic effects on the brain, we needed first to
know the distribution of SiO,-NPs in the brain. Unfor-
tunately, at present there is no ideal method for tracing
and quantifying SiO,-NPs in the brain. To date, in vivo
distribution studies have used the methods of
fluorescence,®* ICP-MS,"* and ICP-AES.?> Fluorescence
detection provides the advantage of visual evaluation;
however, it reflects only a semiquantitative assessment
and is easy to quench. Although the method of ICP-MS
has been used for quantitation studies, the detection of
nanoparticles would be hampered by the natural pre-
sence of endogenous elements in the tissues. Isotope
tracer technique has been widely applied in the areas
of drug metabolism and medical diagnosis. It offers
many advantages for monitoring purposes in the
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nanotoxicology field including (a) quantitative data;
(b) long-term evaluation; (c) fully reflecting the exis-
tence of nanoparticles; and (d) avoiding influence of
the element background in the brain. A recent study in
our laboratory labeled the SiO,-NPs with radioactive
iodine ('*I) and used a y-counter to assess quantita-
tively the tissue distribution of SiO,-NPs in mice up to
30 days."" The results revealed that the analytical
method of radioactive counting was appropriate and
adequate for the detection and localization of nano-
particles in vivo.

In order to accomplish the radiolabeling, the SiO,-
NPs were first required to be modified with aminopro-
pyltriethoxysilane (APTS) to introduce amino groups
on their surface. As shown in Figure 3A, after surface
modification with APTS, the characteristic absorption
peaks of both SiO,-NPs (1080 cm™') and APTS (785,
1630, and 2886 cm ') emerged in the SiO,-NPs sam-
ples, indicating that the APTS had successfully mod-
ified the surface of SiO,-NPs and did not influence the
particles' structure. The presence of the "I tag might
alter the original characteristic of the nanoparticles,
subsequently changing the biodistribution and
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Figure 3. Identification and stability of '2*I-5i0,-NPs: (A)
FTIR spectra of '2°I-Si0,-NPs; (B) identification of '2°|-SiO,-
NPs by ITLC-SG; (C) stability of '>°I-SiO,-NPs.

clearance.?® However, our results demonstrated that
the shape of SiO,-NPs labeled with '%°| was spherical,
consistent with the original shape (Figure 2B). No
significant increase in size occurred in the labeled
particles (Figure 2C). The results of zeta potential
determination showed that '?°I-SiO,-NPs still main-
tained a negative surface charge (Figure 2Q). Figure 2E
presents the amount of adsorbed proteins on
the SiO,-NPs and '*°I-Si0,-NPs from rat serum. The
group of '*°-5i0,-NPs showed a slightly higher protein
adsorption than that of the SiO,-NPs group, but there
were no significant differences. The serum proteins
binding on the nanoparticle surface would influence
the biobehavior of particles in the body, through being
recognized by the scavenger receptors on the phago-
cyte cell surface and internalized, leading to an obvious
loss of nanoparticles from the circulation.?” Due to the
negatively charged serum proteins, a tendency was
observed that the lower zeta potential obtained, the
lower amount of adsorbed protein. Our results found
that the adsorption of protein onto the native and
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Figure 4. SiO,-NP content in the rat brains (n = 6) after
intranasal instillation with SiO,-NPs at time points of 1 day
and 7 days. *p < 0.05 when compared with the 1-day group.

radiolabeled nanoparticles had no effect, implying that
the '#| tag did not significantly alter the biological
reaction of SiO,-NPs in the body.

Radiochemical purity and an excellent stability of
radiolabeling are important for the accuracy of the
results. In our study, the labeling yield and purity of the
1251.5j0,-NPs were determined by paper chromatog-
raphy using instant thin-layer chromatography—silica
gel (ITLC-SG). As shown in Figure 3B, "I moved toward
the solvent front (R;= 0.8) faster than '?°I-BH (R;= 0.7),
but the '2°I-5i0,-NPs remained at the point of spotting
(Rs= 0) with the labeling yield reaching 95%. Addition-
ally, as shown in Figure 3C the '*°I-5i0,-NPs were
stable for 30 days in vitro, and the purity was consis-
tently greater than 95% at all times. Therefore, the
above results indicated that the product obtained from
radioactive iodine labeling was of high purity and good
stability, which laid the foundation for the in vivo
tracing research.

Biodistribution, Localization, and Accumulation Studies.
The first and most important step in assessing the
neurotoxicity of SiO,-NPs is to determine their fate in
the brain. In the present study, intranasal instillation of
SiO,-NPs for 1 day and 7 days resulted in a significant
increase in SiO,-NP content in the brain, and the
ranking of SiO,-NP levels in sub-brain regions was
olfactory bulb > striatum > hippocampus > brain stem >
cerebellum > frontal cortex (Figure 4). Several studies
have described that the olfactory nerve pathway is an
important route for translocating inhaled or intranasal
instilled nanoparticles to the brain bypassing the
BBB."*'® Except for the olfactory bulb, the striatum
appeared to be the major accumulation site of intra-
nasal instillation of SiO,-NPs (Figure 4). As a crucial
component of the brain, the striatum plays essential
roles in the modulation of movement pathways and
appears closely related to neurodegenerative disor-
ders such as Parkinson's disease.”® Moreover, we also
found that the SiO,-NP content in the hippocampus
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Figure 7. Histopathology of the rat brain tissue after intranasal instillation with SiO,-NPs and physiological saline at the time
point of 7 days. (A) Control group of striatum region. (B) SiO,-NP group of striatum region. (C) Control group of hippocampus
region. (D) SiO,-NP group of hippocampus region. Sections were stained with H&E and observed under a light microscope at

10x magnification.
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Figure 8. Changes of dopamine levels in the striatum (A) and glutamate levels in the hippocampus (B) after intranasal
instillation with physiological saline and SiO,-NPs at the time point of 1 day and 7 days. N = 6, *p < 0.05 when compared with

control, *p < 0.05 when compared with 1-day group.

SiO,-NPs produced no apparent changes in the histol-
ogy of the brain when compared with the physiological
saline-exposed controls (Figure 7). We speculate that
the weak reaction in oxidative stress and slightincrease
in cytokines, which are some of the biochemical mar-
kers of early brain damage, did not affect the cellular
integrity and tissue morphology. Wang et al*° also
found no abnormal pathology changes in the heart,

WU ET AL.

lung, testicle (ovary), and spleen tissues two weeks
after a single oral administration of TiO, nanoparticles
(25 and 80 nm), although some serum biochemical
parameters such as LDH were observed to be higher
than in the control group.

Influence on the Neurochemicals in the Brain. While we
discovered that SiO,-NPs caused oxidative stress and
inflammation in the striatum, it was still unclear
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Figure 9. Morphological characterization of PC12 cells and effects of SiO,-NPs on viability, LDH levels, and oxidative stress of
PC12 cells. (A) PC12 cells without any nanoparticle treatment (10x). (B) PC12 cells treated with SiO,-NPs (200 x.g/mL, 10x). (C)
Viability of PC12 cells treated with SiO,-NPs for 24 h as measured by the MTS assay. (D) LDH level of PC12 cells cultured in
media containing SiO,-NPs for 24 h. (E) ROS production (6 h incubation time) after treatment with SiO,-NPs. (F, G, and H)
Levels of GSH, SOD, and MDA (24 h incubation time) after treatment with SiO,-NPs. N = 3, *p < 0.05 when compared with
control, **p < 0.01 when compared with control. Arrow: cells with rounded shapes and reduced length of extended neurites.

whether the damage would affect the striatal function.
The release of neurotransmitters is critical for normal
brain functions. Dopamine (DA) is a major neurotrans-
mitter in neural systems innervating the striatum and is
thought to play an important role in motivation, by
attaching cognition of incentive significance to stimuli.
The results of the high-performance liquid chromatog-
raphy (HPLC) assay (Figure 8A) indicated that, with the
time prolonged, a significant reduction of DA activity in
the striatum was observed (p < 0.05). Animal models
revealed that the DA depletion in the striatum conse-
quently resulted in movement disorders that were
characterized by Parkinson's disease.3 Thus, the re-
duction of DA confirmed the changes of brain function
caused by SiO,-NPs, indicating potential risk factors for
developing Parkinson's disease. Glutamate (Glu) is the
most common excitatory neurotransmitter in the brain
and is considered to be involved in cognition, memory,
and learning. In the present study, the Glu content in the
hippocampus from the 7-day exposure groups was
slightly higher than that in the control group, but there
were no significant differences between them, indicat-
ing that SiO,-NPs may have minimal effect on the
secretion of Glu in the hippocamous. However, further
investigations on long-term exposure and other parts of
the brain are necessary, as memory and motivation are
complex neural pathways and processes that require
the coordination and cooperation of many different
regions and neurotransmitter systems of the brain.

Cell Morphology, Dose-Dependent Cytotoxicity, and Oxidative
Stress. To explicate the mechanism of striatum injury,
PC12 cells were selected as the model for the studies at
the cellular and molecular levels. The PC12 cell is a cell
line derived from rat adrenal medulla pheochromocy-
toma. Differentiated PC12 cells induced by NGF have

WU ET AL.

typical characteristics of dopaminergic neurons in form
and function and widely serve as a paradigm for
neurobiological studies.? PC12 cells were exposed to
SiO,-NPs for 24 h, and the morphological changes were
examined using a phase-contrast microscopy. Following
exposure to NGF, as shown in Figure 9A, PC12 cells
differentiated into neuronal type cells and began to
extend neurites into their periphery. However, as shown
in Figure 9B, after exposure with 200 ug/mL of SiO,-NPs
for 24 h, some PC12 cells appeared to become rounder
and have a reduction in their ability to generate neurites
following NGF induction. This could be caused by a
disorder in cytoskeletal structure as a consequence of
nanoparticle treatment. Similar results were reported in
other groups, such as PC12 cells treated with magnetic
nanoparticles'® and human glioblastoma cells (U251)
treated with silver nanoparticles.>*

Cytotoxicity is a vital step in toxicology that detects
cellular responses to a toxicant. In the current study,
cytotoxicity in response to different concentrations of
SiO,-NPs presented in the culture medium was eval-
uated by MTS and LDH assays, which reflect the
mitochondrial function in living cells and membrane
integrity, respectively. Figure 9C shows that, after
exposing PC12 cells to SiO»-NPs for 24 h, cell viability
decreased to 86.72% at the highest concentration (200
ug/mL), which was significantly lower than that of the
control (p < 0.05). Furthermore, when incubated at the
lower concentration of 50 #g/mL, the LDH release was
obviously elevated (Figure 9D). We speculate that SiO,-
NP-induced membrane damage is more severe than
the changes in mitochondrial enzyme activity. Cell-
membrane disruption can lead to irreversible cell
degeneration, ultimately resulting in cell swelling and
death.

VOL.5 = NO.6 = 4476-4489 = 2011 A@M\V()

WWww.acsnhano.org

J1D]Le

4483



Event (%)

control 25ug/mi Sougimi  100ugiml  200ug/mi

control 25pg/ml 50ug/ml 100pg/ml 200ug/ml
e

E

P53
p-p53
p21

Gadd45
bax
bel-2

B-actin

control

10!

I B O

Relative indensity
(% of control )

Em

] ‘. o "E#W‘“—f 7 QET)'"Q“ ‘cawﬁ”‘;"'a‘auiu. 4
0] * 10% 10" 10 10”1 107 107 107 10° 1 100 107 107 10° 10! 10 10" 10 10 w0® Taa® 0l 10 0”
80+
70
60+ . s
50| i =
40 .
304
20 :
104 N

ol

Annexin-V FITC

Apoploss|
Neciosi

C

Dead cals (%)

1804

160 4

1404

1204

100

Figure 10. Analysis of cell cycle, apoptosis, and molecular mechanism of SiO,-NP-treated PC12 cells. (A) Cell cycle distribution
of PC12 cells cultured with SiO,-NPs. (B and C) Apoptosis and cell death induced by SiO,-NP treatment in PC12 cells double-
stained with PI- and FITC-labeled annexin V. (D) Western blot analysis of p53, p-p53, p21, Gadd45, bax, and bcl-2 expression in
PC12 cells induced by SiO,-NPs. (E) Densitometry showing data from three experiments. N = 3, *p < 0.05 when compared with

control, **p < 0.01 when compared with control.

To further interpret the injury process, as shown in
Figure 9 (E—H), the cytotoxicity was examined in
accordance with the intracellular oxidative stress levels
measured by GSH depletion, MDA production, SOD
inhibition, and ROS generation. The findings confirmed
the in vivo results and also indicated that oxidative
stress might be a key route in the cytotoxicity of SiO,-
NPs. The literature has documented that ROS and
oxidative stress are valid criteria for evaluating the
toxicity of nanoparticles, as both play important roles
in the induction of nanoparticle-associated injuries.>® It
is noteworthy that SiO,-NPs can easily induce oxidative
stress in the brain in vivo and in PC12 cells in vitro. It is
well-documented that the brain tissue is vulnerable to
oxidative damage because of its high metabolic rate,
cellular content of lipids and proteins, low levels of
endogenous scavengers, and extensive axonal and
dendritic networks.3® Studies conducted by our team
have found that, at a dose of 100 ug/mL, SiO,-NPs can
induce significant generation of ROS in human umbi-
lical vein endothelial cells® whereas in the present
study, at the lower concentration of 50 ug/mL, the
neuron cells show obvious ROS production (Figure 9E).
The results demonstrate that very small doses of SiO,-
NPs may cause significant oxidative stress in brain
tissues. There has been an increase in biochemical,
clinical, and epidemiological data that indicate the
association of excessive ROS generation with various
diseases, such as cancer, aging, and most neurodegen-
erative disorders.>”*® OQur findings reveal the potential

WU ET AL.

risk for the application of SiO,-NPs, especially for the
brain, which is susceptible to oxidization. Highly reac-
tive molecules such as ROS could also react unfavor-
ably with cellular macromolecules including DNA. ROS-
induced DNA damage is typified by single- and double-
stranded DNA breaks and base modifications, resulting
in cell cycle arrest and even mutations.>® In order to
determine whether the SiO,-NPs exert the same effect
on neurons, we further investigated changes in the cell
cycle in PC12 cells, as described below.

Effect of Si0,-NPs on Cell Cycle and Apoptosis and the
Involved Mechanism. Cell cycle analyses of PC12 cells
with SiO,-NP treatment are shown in Figure 10A.
SiO,-NPs induced significant accumulation in the G2/
M phase at a concentration of 100 and 200 ug/mL
compared to the control (p < 0.05). Excessive genera-
tion of ROS can adversely affect the permeability of the
mitochondrial membrane, damage the respiratory
chain, and cause DNA damage, where early effects
become evident in the cell cycle progression.*° In our
study, G2/M cell cycle arrest could inhibit cell prolifera-
tion, while it could also provide enough time for the
cells to repair the damaged DNA; however, if a cell is no
longer capable of effectively repairing the damage
incurred to its DNA, it may enter a state of apoptosis,
evoking arrested cells irreversibly in the G2/M phase.
This assumption is supported by the results presented
in Figure 10 (B and C). When the cells were treated with
SiO,-NPs, the numbers of apoptosis cells increased
markedly from the dose of 50 ug/mL.
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Figure 11. Analysis of DA content and molecular mechanism of SiO,-NPs-treated PC12 cells. (A) DA content of PC12 cells
cultured with SiO,-NPs. (B) Western blot analysis of TH, DAT and VMAT2 expression in PC12 cells induced by SiO,-NPs. (C)
Densitometry showing data from three experiments. N = 3, *p < 0.05 when compared with control, **p < 0.01 when compared

with control.

To explore the possible molecular mechanisms of
SiO,-NP-mediated apoptosis and cell cycle arrest, we
measured the expression levels of regulators involved in
the apoptosis pathway and G2/M DNA damage check-
point. As shown in Figure 10 (D and E), p53 phosphor-
ylation increased in a dose—response manner in PC12
cells that had been exposed to SiO,-NPs for 24 h,
whereas the expression of total p53 was not changed.
Meanwhile, we also found that the SiO,-NPs lead to the
dose-dependent expression of p21 and Gadd45, which
were the downstream proteins of p53 in regulating the
cell cycle (Figure 10, D and E). It is generally believed that
oxidative stress activates multiple signaling pathways,
including the p53 signal transduction pathway.*° In
response to cellular damage, p53 is of importance in
genomic surveillance by monitoring the genomic
instability.' As a cell cycle checkpoint protein, the
activation of p53 might result in G2/M delay to allow
DNA repair before replication or mitosis, through the
expression of p21 and Gadd45. P53, bax, and bcl-2 are
also mostly thought to be involved in mitochondria-
dependent apoptosis. In the present study, PC12 cells
exposed to SiO,-NPs had an increased expression of bax,
while the expression of bcl-2 was equally decreased. A
number of studies indicated that the change of bax/bcl-2
ratio could result in significant activation of caspases and
then induce apoptosis.*? Based on the evidence from
our study, the following SiO,-NP-mediated signaling
pathway for cell cycle and apoptosis-related events is
proposed: exposure to SiO,-NPs—ROS production—p53
activation-p21, Gadd45, and bax upregulation/bcl-2
downregulation—G2/M phase arrest and apoptosis.

Itis noteworthy in our current study that there were
drastic effects on oxidative stress and protein analyses,
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but the cellular viability was only moderate. Ueda et
al.*® have reported that oxidative stress and changes in
proteins including JNK, p53, bcl-2, and bax are the early
and upstream events in apoptosis; therefore, we pos-
tulate that obvious changes in oxidative stress and
related proteins might not synchronize with cell death.

Effects of Si0,-NPs on DA Secretion and Expression Changes of
Dopaminergic System-Related Proteins in PC12 Cells. The re-
sults obtained from the in vivo study indicated that the
exposure to SiO,-NPs resulted in a DA decrease in the
striatum (Figure 8A). Consistent with the in vivo evi-
dence, the results of the in vitro study revealed an
obvious dose-dependent decrease in the levels of DA
as a result of exposure to SiO,-NPs (Figure 11A). The
decrease in the content of DA may be attributed to the
redundant ROS generation in the cells (Figure 9E). It has
been shown that the increased ROS levels caused by
manganese oxide (Mn-40 nm) particles may partici-
pate in the DA depletion in PC12 cells.?° Furthermore,
we selected three proteins [tyrosine hydroyxylase (TH),
dopamine transporter (DAT), and vesicular monoa-
mine transporter 2 (VMAT2)] as indicators for the DA
secretion status to investigate the mechanism of de-
crease in the DA production. TH is the step-limited
enzyme of DA synthesis and metabolism.** DAT is a
plasma membrane transporter and responsible for the
translocation of DA, and VMAT2 has been proposed to
be associated with DA storage in synaptic vesicles. The
levels of DA in the brain are under a tight and con-
certed control of DAT, which terminates DA action by
removing it from the synaptic cleft, and VMAT2, which
packages DA for subsequent release.*® The results of
the present study indicated that the SiO,-NPs up-
regulated the expression of TH in dose-dependent
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patterns (Figure 11, B and C). Surprisingly, the SiO,-NPs
did not alter the expression of VMAT2 or DAT after a 24
h treatment (Figure 11, B and C). These results suggest
that the synthesis of DA is the main target function
after exposure to SiO,-NPs. The dopamine transport
system, amazingly, was not significantly affected by
the treatment.

CONCLUSION

The results of the present study show a distinct
profile of the in vivo biodistribution of SiO,-NPs in
the brain, especially their deposition in the striatum
except the olfactory bulb. Such an accumulation could
result in oxidative stress, inflammation changes, and
functional damage of the striatum. The results of the in
vitro studies on dopaminergic neurons have demon-
strated that SiO,-NPs possess remarkable cytotoxic
effects and oxidative stress activity against PC12 cells.

MATERIALS AND METHODS

General Experimental Design. As shown in Figure 1, a systematic
method was devised to assess the biodistribution and potential
toxicity of SiO,-NPs in the brain in vivo and in vitro. Accordingly,
for the implementation of in vivo studies, we have (1) assessed
the time-cumulation translocation of intranasal instillation with
SiO,-NPs into the rat brains and (2) evaluated the responses of
oxidative stress, inflammation, and function of rat brain tissues.
The results were used as a reference for cell selection in the in
vitro research. The biological end points displayed in Figure 1 for
the in vitro work were (1) cell morphology and cytotoxicity; (2)
oxidative stress; (3) apoptosis and cell cycle; (4) DA content; and
(5) relative molecular mechanisms.

In Vivo Studies

Characterization and Dispersion of Si0,-NPs. SiO,-NPs were pur-
chased from Sigma Chemical Company (Saint Louis, MO, USA) at
>99.0% purity. The diameter of the particles was confirmed by
transmission electron microscopy (TEM, JEM-2010, JEOL Ltd.,
Tokyo, Japan), and the average particle size was analyzed for
100 particles by Image-pro-plus 5.0 software. For the in vivo
studies, a SiO,-NP stock solution was prepared at a concentra-
tion of 1 mg/mL in physiological saline; for the in vitro studies,
SiO,-NPs were suspended at doses ranging from 25 to 200 ug/
mL in high-glucose DMEM (Gibco-Invitrogen Company, Paisley,
UK) containing 10% FBS (Gibco-Invitrogen Co.), 100 U/mL
penicillin  (Gibco-Invitrogen Co.), 100 ug/mL streptomycin
(Gibco-Invitrogen Co.), and 50 ng/mL nerve growth factor
(NGF-2.5S, Sigma Chemical Company, Saint Louis, MO, USA).
In order to improve the dispersion of nanoparticles in these
fluids, the nanoparticle suspension was sonicated with a
Hilscher UP200S (Hilscher Ultrasonics GmbH, Teltow, Germany),
which generates ultrasonic pulses of 600 W at 20 kHz for 30 min.
The size of the nanoparticles and agglomerates and charge
measurements in physiological saline or high-glucose Dulbec-
co's modified Eagle's medium (DMEM) including 10% fetal
bovine serum (FBS) were determined with dynamic light scat-
tering and zeta potential measurements using ZetaSizer
(Malvern Instruments Ltd., Worcestershire, UK) at a concentra-
tion of 1 mg/mL. All the analyzed measurements were obtained
for at least three different spots or three times to provide
consistency of the data.

Radiolabeling of Si0,-NPs with '*I. Radiolabeling of SiO,-NPs
with '?°| was based on a protocol adapted from Xie et al."
Briefly, in order to accomplish the radiolabeling, the SiO,-NPs
were modified with aminopropyltriethoxysilane to introduce
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Furthermore, the activation of the p53 pathway is
involved in mechanistic pathways of the SiO,-NP-
induced G2/M arrest and apoptosis. Additionally, the
decrease in DA levels is most likely attributable to the
reduction of DA synthesis. At the current research level
of toxicology, the extrapolation of the animals' doses to
a human exposure level remains a challenge, since
different species may respond differently to the same
substance. However, our results of the neurotoxic
effect on rat brains could be considered as a sugges-
tion for human exposure level. In summary, these
results of the present study imply that there is a the
potential neurotoxicity of SiO,-NPs and a possible risk
for neurodegenerative disorders, associated with the
exposure to a certain dosage and/or time period.
Further investigations are required to assess motor
and memory functions through open field tests and
the water maze test, respectively.

amino groups onto the surface. The modified SiO,-NPs were
then incubated with Bolton-Hunter (BH) reagent, dimethylfor-
mamide, and Na'?’lin chloramine. The reaction was terminated
by addition of borate buffer supplemented with glycine. Lastly,
the 2| labeled SiO,-NPs ('*°I-5i0,-NPs) were separated by a
column chromatography and were characterized respectively
by TEM (JEM-2010, JEOL Ltd., Tokyo, Japan) and Fourier trans-
form infrared (FTIR) spectroscopy (EQUINOX 55, Bruker Co.,
Germany). The characterization of size and zeta potential of
the nanoparticles in physiological saline was performed using
ZetaSizer (Malvern Instruments Ltd., Worcestershire, UK).

To identify 125I—Si02—NPs, the resulting solution was ex-
tracted and subjected to ITLC-SG and a y-counter (Shanghai
Institute of Nuclear Instrument Factory, China) to assess the
radioactive substance. Before the in vivo assay, the stability of
the '2°1-Si0,-NPs was analyzed in vitro. Briefly, the '2°-Si0,-NPs
were dissolved in physiological saline containing 10% (vol %) rat
serum and incubated at 37 °C. At five time points (1, 3,7, 15, and
30 days), 2 uL of '*°I-5i0,-NP suspension was extracted and
analyzed by paper chromatography using ITLC-SG. The stability
of the '%°I- 5i0,-NPs was expressed as the percentage of radio-
activity at the site of '*°I-SiO,-NPs compared with the total
radioactivity.

Protein Adsorption. Rat blood was collected from the orbital
venous plexus, under light anesthesia with ether. Serum samples
were separated by centrifugation at 8000 rpm for 15 min and
stored at —20 °C until assayed. One milligram of SiO,-NPs and
1251-5i0,-NPs was incubated in 1 mL of phosphate-buffered saline
(pH 7.4) with 10% rat serum at 37 °C for 2 h with continuous
shaking. After incubation, unbound proteins were separated by a
simple centrifugation process (Thermo Shandon, Pittsburgh, PA)
at 500009 for 40 min at 4 °C*’ Particle pellets were carefully
washed four times in the buffer, and the adsorbed protein on
each sample was eluted with 1.0 mL of 2% sodium dodecyl
sulfate (SDS) solution for 6 h.>%°! Afterward, the amount of
protein in the SDS solution was quantified by BCA protein assay
as described in the manual (Pierce, Rockford, IL, USA).

Animals and Treatment. The animal study was approved by the
Animal Ethics Committee of Shanghai Jiaotong University
(China). Male SD rats (4 weeks old), weighing approximately
200 g, were purchased from SLACCAS Laboratory Animal Co.,
Ltd. (Shanghai, China). One week prior to the beginning of the
experiment, the rats were housed in pairs under controlled
environmental conditions (temperature 23 + 0.5 °C, humidity
50 + 5%, lights on 07:00—19:00 h). Rodent diet and water were
provided ad libitum.
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We first evaluated the translocation and distribution of
intranasal instillation with '2°-5i0,-NPs in the rat brain; second
we evaluated the general behavior of rats, antioxidative and
immune responses, and neurotransmitter content. Conse-
quently, two separate animal experiments were carried out.
The animals (six rats per group for each time point) were used
for determining SiO,-NP content in different sub-brain regions
(olfactory bulb, striatum, hippocampus, frontal cortex, cerebel-
lum, and brain stem) after intranasal instilling with the SiO,-NPs
for different intervals. The second experiment (12 rats per
group) was designed for assessing the general behavior of the
rats and other end points described below in the striatum and
hippocampus. In the second experimets, the control groups
were exposed to the same light anestheasia and were instilled
with 10 uL of physiological saline.

Evaluation of Brain Localization. We divided the rats into two
groups: (1) intranasal instillation 1 time per day for 1 day; (2)
intranasal instillation 1 time per day for 7 days. Under light
sodium pentobarbital anesthesia, we instilled 10 xg (10 uL) of
125.50,-NPs intranasally to each nostril (a total of 20 ug) of the
rats held in supine position using a microsyringe once a day and
at postinstillation time points of 1 day and 7 days (i.e., 1 day after
1 and 7 times for instillation, respectively); six rats per group
were sacrificed. The samples of sub-brain regions were har-
vested, weighed, and counted for 10 min in a y-counter to
detect the samples' radioactivity.

Animal Behavior Observation. The individual behavioral reac-
tion to administration of SiO,-NPs or vehicle was assessed. Every
animal was monitored for general behavior including gait,
posture, and locomotor activity during the experimental period
under free behavior conditions.

Oxidative-Stress-Related Biomarker Assay. As the striatum and
hippocampus are the major accumulation areas besides the
olfactory bulb, we focused the study on injuries occurred in
these two regions. The six striatum and hippocampus tissues
per group (including the SiO,-NPs instilled group and the
control group) were weighed, and cold protein lysis buffer
(50 mM Tris pH 7.4, 150 mM NacCl, 1 mM EDTA, 1 mM EGTA,
5% 2-mercaptoethanol, 1% NP-40, 0.25% sodium deoxycholate,
5 ug/mL leupeptin, 5 ug/mL aprotinin, 10 ug/mL soybean
trypsin inhibitor, and 0.2 mM phenylmethyl sulfonylfluoride)
was added at the ratio of 1:9 (w/v); the mixtures were homo-
genized by a ultrasonic cell disruptor (Sonics vibra cell, VCX105)
four times, each for 5 s, at 4 °C. The solution was then
centrifuged at 14000g at 4 °C for 15 min. The supernatants
were collected for analyzing oxidative biomarkers. The activities
of GSH and SOD and levels of H,0, and MDA in the striatum and
hippocampus extracts were examined. All commercial colori-
metric assay kits were purchased from Beyotime Biotech
(Nantong, China), and the assays were performed according
to manufacturers' instructions.

Measurement of Cytokines. TNF-, IL-153, and IL-8 in the stria-
tum and hippocampus after treatment with SiO,-NPs and
physiological saline for different intervals were measured by
an enzyme linked immunosorbent assay (ELISA) kit that is
specific for rats (R&D Systems, Oxford, UK). The assays were
performed following the manufacturer's instructions. Photo-
metric measurements were conducted at 450 nm using an
ELISA reader (Labsystems Dragon Wellscan MK3, Finland).

Histopathological Examination. After exposure for 7 d, the brains
were harvested and immediately fixed in a 10% formalin
solution. The histopathological tests were performed using
standard laboratory procedures. Briefly, the tissues were em-
bedded in paraffin blocks, sectioned into 5 um slices, and then
mounted onto glass slides. After hematoxylin-eosin (HE) stain-
ing, the sections were evaluated and photos were taken using
an optical microscope. The identity and analysis of the pathol-
ogy sections were blind to the pathologist.

Assay for Neurotransmitters by a High-Performance Liquid Chroma-
tography System. DA levels in the striatum and Glu levels in the
hippocampus were measured by a Waters Alliance HPLC 2695
System (Waters Alliance, Milford, MA). Briefly, the stock solu-
tions of DA and Glu were diluted to appropriate concentrations
for the construction of calibration curves, which was established
by plotting the mean peak areas versus the concentration of

WU ET AL.

standards. The striatum and hippocampus tissues from rat
brains were removed, respectively, weighed, and pooled in
1.5 mL of chilled homogenization buffer (0.1 M citric acid, 0.1
M sodium dihydrogen phosphate monohydrate, 5.6 mM octane
sulfonic acid, 10 #um EDTA in 10% (v/v) methanol solution, pH 2.8
with 4 M NAOH). Each sample was sonicated for 20 s (Sonoplus,
Bandelin) and centrifuged at 12 000 rpm for 20 min at 4 °C, and
the supernatant was analyzed by HPLC.

In Vitro Studies

PC12 Cell Culture Treatment with Si0,-NPs. The PC12 cell line was
obtained from the Cell Bank of Type Culture Collection of
Chinese Academy of Sciences in Shanghai. The cells were grown
in high-glucose DMEM containing 10% FBS, 100 U/mL penicillin,
100 ug/mL streptomycin, and 50 ng/mL nerve growth factor at
37 °Cin an atmosphere of 5% CO,

The SiO,-NPs were sterilized by heating to 120 °Cfor 2 hand
suspended in the culture medium. The stock solution was then
diluted serially to yield doses ranging from 25 to 200 ug/mL.
These samples were sonicated for at least 30 min before
exposure to the cells to produce a less-aggregated and uniform
suspension. After cells had been attached for 24 h in the full
medium, the freshly dispersed SiO,-NP suspensions were im-
mediately applied to the cells. Cells free of SiO,-NPs were used
as the control throughout each in vitro assay.

Cell Morphology. PC12 cells were seeded into a six-well plate
at a density of 5.0 x 10° cells per well, and different concentra-
tions of SiO,-NPs were added to the cultures. After 24 h
incubation, the cells were washed in ice-cold phosphate-buf-
fered saline (PBS), and cell morphology was assessed with a
phase-contrast microscope.

MTS Assay and LDH Measurement. Mitochondrial function and
cell viability of the PC12 cells cultured in the media containing
different concentrations of SiO,-NPs (25, 50, 100, and 200 ug/
mL) were measured by the MTS assay (CellTiter 96 Assay kit,
Promega, Madison, WI, USA). The mechanism is that metaboli-
cally active cells will react with a tetrazolium salt in the MTS
reagent to produce a soluble formazan dye that can be
absorbed at 490 nm. Briefly, cells were plated into a 96-well
plate at a density of 2 x 10* cells per well and treated with
culture media containing different concentrations of SiO,-NPs
for 24 h. After being incubated with the MTS reagent for 4 h, the
plate was read at 490 nm using an ELISA reader (Labsystems
Dragon Wellscan MK3, Finland) for optical density. The survival
rate of each dose was calculated from the relative absorbance at
490 nm and expressed as the percentage of the control.

The LDH leakage is based on the measurement of LDH
activity in the extracellular medium. Following the exposure to
SiO,-NPs for 24 h, the culture medium was aspirated and
centrifuged at 3000 rpm for 5 min in order to obtain a cell-free
supernatant. The activity of LDH in the medium was determined
using a commercial LDH kit (Jiancheng, Nanjing, China) accord-
ing to the manufacturer's protocols, and the absorption was
measured using a UV—visible spectrophotometer (TianMei UV-
8500, Shanghai, China) at 440 nm.

Intracellular ROS Measurement and Oxidative Damage. The produc-
tion of intracellular ROS was measured using the fluorescent
probe 2',7'-dichlorofluorescein diacetate (DCFH-DA). DCFH-DA
enters the cells passively, where it reacts with ROS to form a
highly fluorescent compound, dichlorofluorescein (DCF). Briefly, a
DCFH-DA stock solution (10 mM in methanol, Beyotime Biotech,
Nantong, China) was diluted 1000-fold in DMEM without serum to
yield a 10 uM working solution. PC12 cells were seeded at a
density of 5.0 x 10° cells per well in six-well plates. After 6 h
exposure to SiO,-NPs at concentrations of 25, 50, 100, and 200 ug/
mL, the cells were incubated in 2 mL of working solution of DCFH-
DA at 37 °C for 30 min. The fluorescence was then determined ina
flow cytometer (Becton Dickinson, San Jose, CA, USA).

The levels of GSH, SOD, and MDA were respectively mea-
sured using the reagent kits (Beyotime Biotech, Nantong,
China). Briefly, PC12 cells were plated into six-well plates at a
density of 5.0 x 10° cells per well and treated with the SiO,-NP
suspensions. After a 24-h treatment with the SiO,-NPs, the
intracellular levels of GSH, SOD, and MDA were measured,
respectively, using the reagent kits according to the manufac-
turers' instructions.
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Measurements of Apoptosis and Cell Cycle. Apoptosis in the PC12
cells was measured using an annexin V-FITC/propidium iodide
(P1) apoptosis detection kit (BD PharMingen, San Jose, CA,
USA). Briefly, PC12 cells were plated into a six-well culture plate
at a density of 5.0 x 10° cells per well. After exposure to SiO,-
NPs for 24 h, the cells were washed with PBS three times,
trypsinized, and then centrifuged at 1000 rpm. The cell pellet
were resuspended in 1x binding buffer and stained with
annexin V-FITC as recommended by the manufacturer. Sub-
sequently, these samples were diluted with 1x binding buffer
and analyzed with a FACScan flow cytometer (Becton Dick-
inson, San Jose, CA).

For the cell cycle analysis, PC12 cells were plated into a six-
well plate at a density of 5.0 x 10° cells per well. After a 24 h
exposure to the SiO,—NPs, the cells were collected, fixed,
permeabilized with 75% ice-cold ethanol, and stored at 20 °C.
The cells were then resuspended in 1 mL of lysis buffer (0.1%
Triton X-100, 0.05 mg/mL propidium iodide, and 1 mg/mL
RNase A), and after incubation for 30 min at 37 °C, the samples
were analyzed using the flow cytometer.

Determination of DA by HPLC. Following the SiO,-NP treatment,
the PC12 cells were homogenized in 0.2 N perchloric acid (20 wt
%/vol) containing an internal standard (3,4-dihydroxybenzyla-
mine; 100 ng/mL). The homogenates were centrifuged at
3000 rpm for 20 min at 4 °C, and the supernatant was removed
and filtered through a 0.2 um filter. Aliquots of 25 ulL were
inserted into the HPLC system (Waters Alliance HPLC 2695
System, Waters Alliance, Milford, MA). The amount of DA was
calculated using the standard curves that were generated in
triplicate.

Western Blot Analysis. The PC12 cells were stimulated with 25,
50, 100, and 200 ug/mL of SiO,-NPs for 24 h. After incubation,
cells were lysed in ice-cold protein lysis buffer [50 mM Tris pH
7.4, 150 mM NadCl, 1 mM EDTA, 1 mM EGTA, 5% 2-mercap-
toethanol, 1% NP-40, 0.1% sodium dodecyl sulfate, 5 ug/mL
leupeptin, 5 ug/mL aprotinin, 10 ug/mL soybean trypsin inhi-
bitor, and 0.2 mM phenylmethyl sulfonylfluoride] for 30 min. For
the evaluation of protein phosphorylation, the same buffer plus
phosphatase inhibitor cocktail (Sigma, St. Louis, MO, USA) was
used. After centrifuging the lysates at 12000 rpm at 4 °C for 10
min, the supernatants were collected and stored at —80 °C until
used. The protein concentrations were determined with the
BCA method (Pierce, Rockford, IL, USA). Proteins of 30 to 50 ug
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and electrophoretically transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore, U.S.).
After blocking with 5% nonfat milk in Tris-buffered saline (TBS)
containing 0.05% Tween-20 (TBST) for 1 h at room temperature,
the membranes were incubated with anti p53, p21, Gadd45,
f-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), p-p53
(Cell Signaling Technology, Beverly, MA, USA), bax, bcl-2
(Bioworld Technology Inc., USA), TH, DAT, and VMAT2 (Sigma
Chemical Company, Saint Louis, MO, USA) overnight at4 °C. The
membranes were then washed with TBST and incubated with a
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
IgG (Cell Signaling Technology, Beverly, MA, USA) secondary
antibody for 1 h at 37 °C, using an enhanced chemilumines-
cence kit (Millipore, USA). Bio-Rad Quantity One software (Bio-
Rad, Richmond, CA, USA) was used to perform the densitometric
scanning.

Data Analysis. Data were expressed as mean and standard
deviation. Statistical analyses were performed by SPSS 12.0
software, and statistical comparisons were analyzed using the
t test and one way ANOVA followed by Tukey's HSD post hoc
test. Differences were considered statistically significant when
the p-value was less than 0.05.
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