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Abstract

Nanotechnology is developing rapidly and the production of novel man-made
nanoparticles is increasing. However, the effects of these particles on human
health are unevaluated. Depending on particle size and the surface properties,
nanoparticles may have the potential to affect human health. In recent studies,
several silica nanoparticles (<100 nm) were shown to be penetrating into the
brain. Thus, it is important to understand the influence of these nanoparticles
on the central nervous system. In this study, we investigated the toxicological
influence of nanoparticles on cortical cultured neurons isolated from embryo-
nic day 18 Wister rats. Cortical cultured neurons at 21 days in vitro (DIV)
were treated with 30 nm silica nanoparticles for 1 hr. Many neurons were
damaged immediately more than at 0.01 mg/ml concentration of silica. Cell
damage was also assessed using the lactate dehydrogenase (LDH) assay and
the reactive oxygen species (ROS) assay. We revealed that the Neu-
ro-toxicological mechanisms were due to membrane permeability. It was sug-
gested that cell membrane permeability was enhanced because of ROS genera-
tion. Given these results, it will be important to determine the effect of na-
no-silica particles 7n vivo and identify the extent of neuronal damage.
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1. Introduction

Nanotechnology is developing rapidly and the production of novel manufac-
tured nanoparticles is increasing. Depending on the particle size and the surface
properties, nanoparticles have the potential to affect human health. Some nano-
particles have received considerable attention, because of their useful properties,
such as high conductivity [1], biocompatibility [2] [3], and stability [3]. These
nanoparticles can be used in various application fields including bioelectronics
and biomedical applications [4]-[9]. However, the effects of these particles on
human health are not elucidated.

Silica nanoparticles have also been formulated for medications and foods,
however, the potential for ROS generation may lead to the development of im-
munologic diseases [10]. Generation of ROS has been reported in primary cul-
tures of microglia [1] [3] [11] [12]. Activation of brain microglia that produces
various neurotoxic factors including cytokines and ROS has been increasingly
associated with dopaminergic degeneration of neurons induced by various tox-
icants [13].

Recent several in vivo studies suggested that smaller than 100 nm nanopar-
ticles (1 mg/ml) have the ability to reach the brain tissue [2]. In our previous
studies, concentration of 30 nm silica nanoparticles (1 mg/ml) can be trans-
ported into the brain through the Blood-brain barrier (BBB) [14] [15]. Moreo-
ver, some nanoparticles can penetrate into the brains of murine fetuses through
the placenta by intravenous administration to pregnant mice. The effects of na-
noparticles and their distribution in various organs have been studied in vivo
and have provided important insights on the toxicological mechanisms involved
in cell damage. However, few reports have addressed the effect of nanoparticles
on the central nervous system. For example, although a study has shown that si-
lica particles were present in the adult-mouse brain following transdermal ab-
sorption [16] and in mouse —fetuses in utero [2], it remains unclear what is the
effect of nanoparticles on neurons after penetration into the brain. Therefore, in
order to monitor the toxic effects of silica nanoparticles following direct contact
with neurons, we used primary cultures of cortical neurons isolated from rat
embryos.

In our previous study, we showed size-dependent penetration of silica nano-
particles with a BBB model in vitro. Moreover, 300 nm large silica particles did
not cross and not deliver the placental-maternal barrier [14] [15]. We also
showed that the apparent permeability coefficient in the model for the 30 nm si-
lica particles was higher than those of the larger silica particles (100 and 400 nm)
and was higher than those of the smaller silica particles (22 nm) [14] [15].
Therefore, we used 30 nm silica nanoparticles in this study.

We used silica in this paper because in recent years, the use of silica nanopar-
ticles has been extended to biomedical and biotechnological fields. There is a
lack of information regarding the health and environmental implications of

manufactured nanomaterial to human. It is important to carry out observation
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from a viewpoint of silica. However, the silica needs to evaluate the toxicity by
contact into a cell without toxicity (an exception is a lung) outside a body [17].

A previous report showed that when intraperitoneal injection of quantum
dots to mice was carried out, quantum dots were detected in several regions of
the mouse brain, thalamus (8.76%), brain stem (29.4%) and cortex (21.36%) [4].
Interestingly, this report suggested the particles distributed not only to the cir-
cumference of a blood vessel but to cerebral parenchymatous tissue in the cere-
bral cortex. For this reason, we used cerebral cortex primary cultured neurons
for the evaluation of nanoparticle’s exposure [4]. Based on previous reports that
100 nm, or smaller, particles can penetrate into the brain [16], we observed cell
damage using silica nanoparticles and elucidated the mechanism of neuronal

toxicity using the ROS assay and LDH assay.

2. Material and Methods
2.1. Cell Culture

Primary cultures of cortical neurons were prepared as described previously [18].
Briefly, the cortex was isolated from embryonic day 18 Wistar rats, treated with
papain (100 mg/ml, Worthington, Lakewood, NJ, USA) for 10 min at 37°C.
Dissociated neurons were seeded onto 1 mg/ml poly-L-lysine (PLL, Shigma)
coated 96-well microplates (1 x 10* cells/well ) for LDH assay, or PLL coated co-
verslips (Matsunami) in 6 cm dish (15-mm diameter, 2 - 3 x 10* cells/cm?) for
microscopy. These neurons were cultured in Neurobasal-A medium (Invitrogen)
supplemented with 2% (v/v) B-27 (Invitrogen), 0.5 mM glutamine and main-
tained in a humidified atmosphere of 5% CO, at 37°C for 21 - 28 days. One-half
of the medium was changed each week. All experiments were performed in ac-

cordance with the Animal Research Committee at Showa University.

2.2. Exposure to Silica Nanoparticle

Primary cultured cortical neurons were exposed to fluorescent rhodamine 30 nm
silica and non-labeled 30 nm silica particles (Micromod Partikeltechnologie
GmbH, Germany) for 10 min, 30 min and 1 hr at concentrations of 0.01, 0.1 and
1 mg/ml. These particles contain high amount of covalently bound fluorescence
dye in the silica matrix and are extremely stable in organic solvents and buffers
and no toxic effects come from the covalently bound fluorescence dyes. We
checked the characterization of the nanoparticles by dynamic light scattering.
The diameter of the silica nanoparticles in culture medium, which was measured
with dynamic light scattering, was 32.29 + 0.32 nm. Degree of dispersion is Po-
lydispersity index (PdI) = 0.037 + 0.011.

2.3. Immunocytochemistry

After exposure to silica nanoparticle, cells were fixed for Immunocytochemical
analysis. Primary cultured neurons were fixed with 4% (w/v) paraformaldehyde

in phosphate-buffered saline (PBS) for 30 min. Cells were permeabilized with
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0.2% (v/v) Triton X-100 in PBS for 5 min and incubated with 8% (w/v) bovine
serum albumin in PBS for 30 min. MAP2 is a microtubule protein. These cells
were stained with mouse anti-MAP2 antibody (1:400, Chemicon) and Alexa
Fluor 488 and 543 conjugated second anti-mouse IgG antibody (1:200, Invitro-
gen) which appeared to remain healthy by observing the imaging of neuronal
morphology [19] [20]. The cells were examined under an LSM510 laser scanning

confocal microscope (Zeiss).

2.4. Cellular Damage Assays

For the measurement of LDH release from neurons, cell damage was monitored
using the Roche Applied Science Cytotoxicity Detection Kit (Roche Applied
science) according to the manufacturer’s protocol and following exposure to
different concentrations (0.01, 0.1 and 1.0 mg/ml) of silica nanoparticle. The 490
nm absorption of formazans as an indicator of LDH releases were measured
with TriStar 2 LB942 plate reader (Berthold Technogies). TritonX-100 (2%
(v/v)) was used as a positive control. The ROS assay was performed using Cel-
IROX Green Reagent (Invitrogen) for high-throughput screening. This is a fluo-
rogenic probe for measuring oxidative stress in live cells. The cell-permeant dye
is weakly fluorescent while in a reduced state and exhibits bright green photost-
able fluorescence upon oxidation by ROS and subsequent binding to DNA, with
absorption/emission maxima of 485/520 nm. The CellROX Green images were

examined under an LSM510 laser scanning confocal microscope (Zeiss).

3. Results

We investigated effects of rhodamine-labeled 30 nm silica nanoparticle on pri-
mary cultures of rat cortical neurons. Because primary cultured neurons were
still small at DIV 7, we used primary cultured cortex neurons at DIV 7. Neurons
at DIV 7 without nanoparticle became large and nerve networks with neurons
each other (Figure 1).

In order to investigate the reaction after silica nanoparticle penetration in
acute phase, we exposure the silica nanoparticle to neurons for 1 hr. Figure 2(a)
shows control 21 DIV cultured neurons without nanoparticle that formed den-
dritic networks. Figure 2 shows the concentration dependence of the silica na-
noparticle exposure. MAP2 is a neuron-specific cytoskeletal protein that stabi-
lizes dendritic shapes during neuron’s development. We observed with large
magnification at Figure 2 so that the situation of neurons and silica nanopar-
ticles could observe finely. The dendrite of the neural cells decreased by the in-
crease in silica concentration (Figures 2(b)-(d)). Furthermore, when the silica
concentration increased, the form of the soma began to collapse and the dendrite
of the cell body was disappeared (Figures 2(b)-(d)). No cells were remained at
the 1 mg/ml concentration.

In order to observe the localization of the silica nanoparticle, we magnified the

merged images. As shown in Figure 2, we observed the localization of the silica
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Figure 1. Effect of rhodamine labeled 30 nm silica nanoparticle on primary cultured cor-
tical neurons (low magnification) at DIV 7. (a) Control (no nanoparticles) and (b), (c)
and (d) cells treated with rhodamine labeled 30 nm silica nanoparticle (0.01, 0.1 and 1
mg/ml, respectively) for 1 hr. Endogenous MAP2 (green), silica nanoparticle (red) and
DIC (Differential interference contrast). We examined 40 neurons with each condition.
Scale bars = 200 pm.

nanoparticle at neurons. There was very little co-localization between MAP2 and
silica nanoparticle (Figure 2), suggesting that there was no active uptake of silica
nanoparticle into the cell. However, when silica nanoparticle was in contact with
neurons at high concentrations (0.1 mg/ml or 1 mg/ml), the strength MAP2
staining decreased at neurons. In order to measure neuronal cell death quantita-
tively, the cell damage was measured by means of LDH assay (Figure 3). The
LDH assay detects the leakage of intracellular components due to cell membrane
damage and the leakage suggests either necrosis or early stage apoptosis. Colo-
rimetric assay for the quantification of cell death and cell lysis, based on the
measurement of LDH activity released from the cytosol of damaged cells into the
supernatant. We demonstrated LDH assay at 0.01, 0.1 and 1 mg/ml concentra-

tion of silica nanoparticle at 10 and 30 min, respectively. Within 10 min, there
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Figure 2. Effect of rhodamine labeled 30 nm silica nanoparticle on primary cultured cor-
tical neurons at DIV21. (a) Control (no nanoparticles) and (b), (c) and (d) cells treated
with rhodamine labeled 30 nm silica nanoparticle (0.01, 0.1 and 1 mg/ml, respectively) for
1 hr. Endogenous MAP2 (green), silica nanoparticle (red) and DIC. We examined 40
neurons with each condition. Scale bars = 50 um.

are no significant differences between all the concentrations; however, higher
cell damage rates were observed the all concentrations during 30 min exposure
(Figure 3).

In order to investigate the mechanism of the leakage from neurons, we ex-
amined the effect of ROS generation using a green fluorescent indicator, follow-
ing co-culture with 30 nm fluorescent silica particles for 30 min. We observed
the green fluorescence in the cell bodies of neurons where the axial fiber disap-
peared, which suggests that ROS production lead to neuronal cell death (Figure
4(b)).

4. Discussion

In this study, we measured the effects of the silica nanoparticle on primary cul-

tures of cortical neurons using rhodamine-labeled 30 nm silica nanoparticle.
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Figure 3. Rate of cell damage using LDH assay during 10 and 30 min exposure to rhoda-
mine labeled 30 nm silica nanoparticle (0.01, 0.1 and 1 mg/ml). The rates of OD 490 nm (%
of positive control) at 10 and 30 min were compared with 0 min (0%). TritonX-100 (2%
(v/v)) was used as a positive control. White bar = 10 min and Black bar = 30 min. The
differences between control (0 mg/mL, 0 min) and silica particles’ treatments (10 min and
30 min) were analyzed with Two-way ANOVA test. P < 0.05 (*). Error bars represent +
SD. N = 10 wells.

Omin 30min
4 : 3

Merige

(a) (b)

Figure 4. Effect of exposure to non-labeled 30 nm silica particles (1 mg/ml) for 30 min of intracellular ROS as detected with Cel-
IROX Green Reagent. CellROX Green imaging analysis of cell damages before (a) and after (b) administration of non-labeled 30
nm of silica nanoparticles. The rates of cell damages at 30 min (b) were compared with 0 min (a). CellROX Green (green) and
anti-MAP2 (red). We examined 10 neurons with each condition. Scale bars = 50 pm.

Neuronal cell damage caused by the silica nanoparticle’s exposure was measured
by means of the LDH, and ROS assay. It has been reported that cell viability, the
leakage of LDH and ROS level were determined for their effect on oxidative

damage. Quantitative real-time PCR was investigated to analyze the mitochon-
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drial genes expression. These results showed decreased the leakage of LDH and
ROS in a dose and time-dependent same manner [21]. About the neural cell
damage after the silica stimulation time and the concentration, it carried out in
10 min, 30 min and we wrote 0 min (without silica) showed as a control at Fig-
ure 4 legends. By processing in the silica concentration of 1 mg/ml, and 30 min,
since the cell damage was serious, it was then used in Figure 3.

We observed a decrease in the number of dendrites, and only the cell bodies
remained at 1 mg/ml concentration. Furthermore, the silica nanoparticle loca-
lized around the neurons but no active uptake into the cell bodies was observed.
As LDH leakage and ROS generation were observed by the silica nanoparticle’s
exposure, we concluded that ROS generation caused cell membrane damage by
the silica nanoparticle’s exposure, and this might be a primary mechanism of
neuronal cell death.

However, to date, little is known concerning the potential adverse effects on
the brain associated with exposure to silica. It is a case where it goes into the
brain which may cause cerebral conditions, such as Alzheimer’s disease. In act-
ing on a neuron, there is a possibility that a neuron disease like Alzheimer’s dis-
ease will arise, and it may be connected with ROS generating, destruction of a
cell, inflammation, etc. It is necessary to perform cytotoxicity assessment of sili-
ca nanoparticles in vitro by this experiment method. It leads to the observation
by these in vitro seeing the influence on in vivo directly. This result is meaning-
ful as a result which showed that silica nanoparticles acted on brain cell direct.
Silica nanoparticles are being used increasingly in diagnosis, imaging, and drug
delivery for the central nervous system in recent years. Since the influence of si-
lica may relate to a disease directly, the experiment here becomes important
[22].

ROS production might cause mitochondrial dysfunction within the neurons,
or induce apoptosis signal such as caspase 3/7, and the cell death is induced.
Neural cell damage caused by ROS production has been linked to diseases such
as Alzheimer’s and Parkinson’s disease [6]. In previous studies, 20 - 40 nm di-
ameter of silica nanoparticles were used, and ROS generation resulting from si-
lica administration was reported in primary cultures of cortical neurons isolated
from postnatal day 3 rat pups [23]. Because primary cultures of cortical neurons
from newborn rats contain not only pyramidal cells but also glia cells, the effects
of silica nanoparticles are thought to be complicated [23]. Conversely, in this
study, we used a prenatal fetal cerebral cortex for assays, in which pyramidal
cells are mainly contained. Therefore, our assays are easy to examine the effect of
silica nanoparticles on neuronal damage.

It has been reported to the keratinocyte that the 20 nm silica particle of toxic-
ity is higher than the silica of >100 nm and that the particles below 100 nm go
into a brain as previous statement. We experimented by the particles below 100
nm this time [17].

Yamashita ef al indicated that silica nanoparticles reach the fetal brain fol-
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lowing the administration of 70 nm silica particles to pregnant mice [2]. How-
ever, functional effects of silica nanoparticles on neurons were not assessed in
detail. The simple method for the assessment of neuronal damage used in this
study will be useful for predicting possible in vivo damage, such as ROS-related

damage and LDH leakage from silica nanoparticles.

5. Conclusions

We examined the effect of 30 nm silica nanoparticle’s exposure on cortical neu-
rons by means of LDH assay and ROS generation. The cell damage highly de-
pends on the concentration of the silica nanoparticle, and the exposure time.
The long-time exposure caused a generation of ROS, and the generated ROS is
one of the reasons for the explanation of neurons’ damage. This work suggests a
possible risk on neurons is the silica nanoparticle localization associated with

ROS generation.
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