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Abstract

The toxicity evaluation of inorganic nanoparticles has been reported by an increasing num-
ber of studies, but toxicity studies concerned with biodegradable nanoparticles, especially
the neurotoxicity evaluation, are still limited. For example, the potential neurotoxicity of
Polysorbate 80-modified chitosan nanopatrticles (Tween 80-modified chitosan nanoparti-
cles, TmCS-NPs), one of the most widely used brain targeting vehicles, remains unknown.
In the present study, TmCS-NPs with a particle size of 240 nm were firstly prepared by ionic
cross-linking of chitosan with tripolyphosphate. Then, these TmCS-NPs were demonstrated
to be entered into the brain and specially deposited in the frontal cortex and cerebellum
after systemic injection. Moreover, the concentration of TmCS-NPs in these two regions
was found to decrease over time. Although no obvious changes were observed for oxidative
stress in the in vivo rat model, the body weight was found to remarkably decreased in a
dose-dependent manner after exposure to TmCS-NPs for seven days. Besides, apoptosis
and necrosis of neurons, slight inflammatory response in the frontal cortex, and decrease of
GFAP expression in the cerebellum were also detected in mouse injected with TmCS-NPs.
This study is the first report on the sub-brain biodistribution and neurotoxicity studies of
TmCS-NPs. Our results provide new insights into the toxicity evaluation of nanoparticles
and our findings would help contribute to a better understanding of the neurotoxicity of bio-
degradable nanomaterials used in pharmaceutics.

Introduction

Because of the unique physicochemical properties, nanomaterials are now becoming more and
more popular and have a wide application in many fields, such as in biology, medicine, and
biochemical engineering[1-3]. Thus, the potential toxicity of nanomaterials should be exten-
sively examined to ensure their safety. To date, studies on nanotoxicity are primarily limited to
the toxicity of inorganic nanoparticles, such as carbon nanotubes[4], zinc oxide nanoparticles
[5], nanoscale silver clusters[6], and titanium dioxide[7] Toxicity studies of biodegradable
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nanoparticles, such as chitosan nanoparticles, are still few. Because of their several advantages
such as better stability, biocompatibility, biodegradability, as well as simple preparation meth-
ods, chitosan nanoparticles (CS-NPs) have been developed for controlled drug delivery, tissue
engineering, nonviral gene delivery, as well as vaccine delivery[8, 9]. Several studies have dem-
onstrated that CS-NPs elicited cytotoxicity in tumor cells. For example, the proliferation of a
tumor cell line has been found to be inhibited dose-dependently by 65 nm CS-NPs[10]. Fur-
ther, CS-NPs also exhibited a dose- and time- dependent growth anticancer activity in vitro
and in vivo[11]. Recently, Park et al.[12] reported that exposure of mouse embryos to 100 nm
CS-NPs during in vitro culture induced blastocyst complications and downregulated the
expression of trophectoderm-associated and pluripotent marker genes. Additionally, our previ-
ous study also demonstrated that CS-NPs with a particle size of 200 nm elicited dose-depen-
dent decrease on the hatching and survival rates in a zebrafish embryo model[13]. A bent spine
in the zebrafish was also observed, which was proposed to be caused by potential neurotoxicity
of the CS-NPs. Therefore, the toxicity of those biodegradable nanoparticles could not be
ignored.

CS-NPs need to be modified to transport drugs into the brain. Polysorbate 80-modified
CS-NPs (TmCS-NPs) have been demonstrated to facilitate the transport of drugs to the brain,
hence, it was used as a drug delivery vehicle for brain targeting[14, 15]. Trapani et al.[14] sug-
gested that TmCS-NPs with a particle size ranging from 200 nm to 300 nm could act as brain
targeting carriers. Thus, our studies were mainly focused on the neurotoxicity of TmCS-NPs
with a particle size of 240 nm. TmCS-NPs have been used as a vehicle for the treatment of
brain disorders[14, 16] and brain diseases are usually treated clinically by multiple dose admin-
istration. Thus, the multiple-dose intravenous toxicity studies were performed to assess the
neurotoxicity of TmCS-NPs.

Brain is vulnerable to oxidative damage because of its high content of easily peroxidizable
unsaturated fatty acids, high oxygen consumption rate, and relative paucity of antioxidant
enzymes compared with other organs[17]. Nanoparticles may enter into the brain and cause
brain injury because of their unique physicochemical properties (e.g., large surface area).

Thus, the toxicity of nanocarriers, specifically those for the brain, should be carefully consid-
ered. Brain is composed primarily of two cell types, namely, neurons and glial cells. Thus, in
this study, the expression of NeuN and GFAP was investigated to estimate the changes of neu-
rons and glial cells, respectively. Oxidative stress reaction has been identified as the common
mechanism[18-21]. Oxidative stress may result in inflammation and consequent damage to
DNA and proteins, which are involved in brain damage[22]. Thus, oxidative stress nanotoxi-
city may be the mechanism.

In the present study, TmCS-NPs were prepared based on the ionic gelation of chitosan
with tripolyphosphate (TPP). A fluorescence marker, rhodamine B isothiocyanate (RBITC),
was adopted to label the chitosan to detect the distribution, localization, and accumulation
of the TmCS-NPs in the brain after intravenous injection. Then, rats were exposed to three
TmCS-NP concentrations. Consequently, the potential particle induced injuries and function
changes in the brain were evaluated. Oxidative stress, one of the best-known factors for apopto-
sis, was assessed by measuring the activity of glutathione (GSH) and levels of hydrogen perox-
ide (H,0,) and lipid peroxidation (MDA) in the accumulation regions of the brain. Daily
body weight of the rats was measured before tail-vein injection. Histopathological analyses of
the brain were also performed to assess the tissue morphology. GFAP expression and NeuN
expression were investigated to assess the changes of astrocytes and neurons, respectively. To
the best of our knowledge, this study is the first to report on the sub-brain distribution and
neurotoxicity study of TmCS-NPs. Results from this study are expected to provide more
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insights into the toxicity evaluation of nanoparticles and offer a better understanding of the
neurotoxicity of biodegradable nanocarriers used as drug delivery vehicles.

Materials and Methods
Animals and Ethics Statements

Seven-week-old Sprague-Dawley (SD) male rats (180 g to 220 g) were supplied by Zhejiang
University Experimental Animal Center, China. All animals were maintained at 25°C + 1°C,
with free access to standard diet and drinking water. All experimental procedures were carried
out in strict accordance with the recommendations in the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health. The protocol was approved by the Com-
mittee on the Ethics of Animal Experiments of Zhejiang University (Animal Experimentation
Ethics Approval No.:Zju2012-0052). All surgery was performed under chloral hydrate anesthe-
sia, and all efforts were made to minimize suffering.

Reagents

Chitosan (85% deacetylation, molecular weight 10° Da) was purchased from Zhejiang Jinke
Biochemistry (Zhejiang, China). Rhodamine B isothiocyante (RBITC) was obtained from
Sigma-Aldrich (USA). Sodium tripolyphosphate (TPP) was purchased from Shijiazhuang
Shinearly Chemicals (China). Polysorbate 80 was obtained from Sinopharm Chemical Reagent
(China). The following kits were purchased from Beyotime (Haimen, China): H,O, assay kit
(S0038), total glutathione assay kit (S0052), and lipid peroxidation MDA assay kit (S0131).
Anti-NeuN antibody (MAB377) was purchased from Millipore (MA, USA). Rabbit anti-GFAP
was obtained from Wuhan Boster Company (Wuhan, China).

Fluorescence labeling of chitosan with RBITC

The synthesis of RBITC-labeled chitosan was based on the reaction between the primary
amino group of chitosan and the isothiocyanate group of RBITC. Chitosan (0.5 g) was dis-
solved in 100 mL 2% (v/v) acetic acid solution under magnetic stirring for 30 min. The pH of
the solution was adjusted to 7.5 with 1 mol/L NaOH. RBITC (1 mg) in 1 mL DMSO was added
to the chitosan solution under stirring. After 1 h reaction in the dark at 40°C, followed by over-
night reaction at room temperature, the reaction solution was dialyzed with a dialysis tube
(MW: 8000-14000, supplied by Bejing Solarbio Sience & Technology Co., Ltd) in distilled
water to remove the free RBITC. Finally, the RBITC-labeled chitosan was characterized by
Fourier-transform infrared (FTIR) spectroscopy (FT/IR-4100; Jasco, Japan).

Preparation and characterization of the TmCS-NPs and RBITC-labeled
TmCS-NPs

TmCS-NPs were prepared by the ionic gelation method adapted from other investigations[23,
24]. Chitosan solution (2.0 mg/mL) was prepared by dissolving the polymer in 2% (v/v) acetic
acid solution under magnetic stirring. Then, after the pH adjustment of the chitosan solution
to pH 5.5 with 1 mol/mL NaOH, 8 mL TPP solution (1 mg/mL) was added dropwise to the
chitosan solution under magnetic stirring (1000 rpm) to form the nanoparticles. After 1 h of
reaction, 1 mL of an aqueous solution of the surfactant (1.5 g/mL) was mixed with the nano-
particle solution. The nanosuspension was centrifuged at 18,000 rpm and 4°C for 0.5 h. After-
ward, the nanoparticles at the bottom were collected. For the RBITC-labeled TmCS-NPs,
RBITC-labeled chitosan was used to prepare the nanoparticles instead of chitosan.
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The zeta-potential, particle size, and polydispersity index (PDI) of the nanoparticles were
determined by laser diffraction spectrometry (Malvern Zetasizer 3000HS; Malvern, Worcester-
shire, UK) after dilution of the nanoparticles with distilled water. Transmission electron
microscopy (TEM) was performed to characterize the morphology of the NPs.

Brain localization and accumulation

Information on the biodistribution of the nanoparticles is important in investigating the effects
of TmCS-NPs on CNS. RBITC-labeled TmCS-NPs were injected intravenously in rats. Then,
rats were sacrificed by perfusion at each time point (0.5, 2, 4, 8, and 24 h) and brains were col-
lected. Subsequently, the fluorescence intensity was measured using in vivo imaging system
(Maestro, CRI, USA). Finally, the sub-brain regions were divided, and the fluorescence inten-
sity was measured.

Oxidative-stress-related biomarker assay and body weight change

As the frontal cortex and cerebellum are the major accumulation regions, we focused on the
damage occurred in these two regions. The rats were divided into four groups according to the
dose of intravenous injection received once a day for 7 d: (1) control, physiological saline (1
mg/kg); (2) low-dose, 3 mg/kg TmCS-NPs; (3) middle-dose, 10 mg/kg TmCS-NPs; and (4)
high-dose, 30 mg/kg TmCS-NPs. Six rats per group were sacrificed. Daily body weight was col-
lected before tail-vein injection, which started from the first injection. The tissues of the frontal
cortex and cerebellum were harvested, and weighed. GSH activity and the levels of H,O, and
MDA in these two regions were measured by total GSH, H,0,, and lipid peroxidation MDA
assay kits, respectively. The assays were performed following the manufacturers’ instructions.

Histopathological examination

After exposure for 7 d, the brains of each group were harvested on day 8, and fixed in 10% for-
malin solution and dehydrated with ethanol (75%, 85%, 95%, and 100%). Paraffin tissue sec-
tions (10 um) of the frontal cortex and cerebellum were prepared. Sections were stained with
hematoxylin and eosin (H&E) and photographed with a polarizing microscope (Nikon, Japan)
to evaluate the tissue morphology.

Immunohistological staining of GFAP and NeuN

Paraffin tissue sections of the frontal cortex and cerebellum were prepared as previously men-
tioned. Immunobhistological staining tests were performed according to standard laboratory
procedures. In brief, the sections were deparaffinized in xylol, rehydrated in ethanol, and incu-
bated with 5% bovine serum albumin followed by the rabbit anti-GFAP and anti-NeuN anti-
body. The sections were incubated with horseradish peroxidase (HRP)-labeled secondary
antibody, and then incubated with diaminobenzidine (DAB) substrate. Finally, the expression
and positive rate of GFAP and NeuN were observed with a polarizing microscope (Nikon,
Japan). GFAP- and NeuN-positive cells were magnified 20x and counted using semi-quantifi-
cation analysis. Six views in each group were selected randomly, and the positive cells in each
view were counted.

Statistical analysis

All data were expressed as mean + SD. Statistical analyses were performed using SPSS Statistics
software (Version 22, IBM, NY, USA). One-way ANOVA followed by Tukey’s HSD post hoc
test was performed for statistical comparisons. p values < 0.05 were considered indicative of
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Fig 1. Identification of the RBITC-labeled chitosan. (A) Scheme of synthesis of the RBITC-labeled
chitosan. (B) FTIR spectra of the unlabeled and RBITC-labeled chitosan.

doi:10.1371/journal.pone.0134722.g001

significant differences between data sets, and p values < 0.01 were considered indicative of
very significant differences between data sets.

Results
Fluorescence labeling of chitosan with RBITC

RBITC-labeled chitosan was synthesized by the reaction between the primary amino group of
chitosan and the isothiocyanate group of RBITC (Fig 1A). The RBITC-labeled chitosan after
lyophilization is shown in Fig 1A. The combination of chitosan and RBITC was confirmed by
FTIR spectra (Fig 1B). The appearance of the peak (N = C = S) at 2107.81 cm " in the spectrum
of the RBITC-labeled chitosan compared with the chitosan spectrum proved the successful
synthesis of the RBITC and chitosan.

Characterization of TmCS-NPs and RBITC labeled TmCS-NPs

TmCS-NPs and RBITC-labeled TmCS-NPs were successfully prepared by ionic cross-linking
method. The NPs prepared were characterized by dynamic light scattering (DLS) and TEM.
The physicochemical properties of the NPs are summarized in Fig 2A. The morphology of the
NPs observed by TEM (Fig 2B) shows that both NPs are uniformly-spherical in shape. The par-
ticle size and zeta-potentical of TmCS-NPs were 251 + 15 nm and 26.5 + 4.2 mV, respectively.
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Fig 2. Characterization of unlabeled and RBITC-labeled TmCS-NPs. (A) Particle size, PDI, and zeta
potential of the unlabeled and RBITC-labeled TmCS-NPs. (B) TEM analysis of the TmCS-NPs. (C) Particle

size graphs of TmCS-NPs and RBITC-labeled TmCS-NPs. (D) Zeta potential graphs of TmCS-NPs and
RBITC-labeled TmCS-NPs.

doi:10.1371/journal.pone.0134722.9002

The corresponding values for the RBITC-labeled TmCS-NPs were 243 + 12 nm and 25.4 £ 5.6
mV. Thus, labeling with RBITC did not remarkably alter the physicochemical properties of the
TmCS-NPs.

Brain localization and accumulation

In order to investigate the neurotoxicity of TmCS-NPs, we should first determine their fate in
the brain. In this study, intravenous injection of the RBITC-labeled TmCS-NPs resulted in a
significant increase of the TmCS-NPs in the brain at each time point. And at 0.5 h after injec-
tion, TmCS-NPs widely distributed in the brain. Moreover, the quantity of the TmCS-NPs in
the brain decreased as time progressed. Fluorescence signals were still detected in the brain at
24 h post-injection (Fig 3). The fluorescence signals of the sub-brain regions were evaluated
to determine the location of the TmCS-NPs. The TmCS-NPs levels in the sub-brain regions
were ranked in order of decreasing quantity: frontal cortex > cerebellum > brain stem > hip-
pocampus > striatum (Fig 3). Therefore, damages in the frontal cortex and cerebellum were
examined in the following study.
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Fig 3. (A) Ex-vivo fluorescence images of the brains with RBITC-labeled TmCS-NPs after systemic
injection at 0.5, 2, 4, 8, and 24 h. (B) Fluorescence photographs of the sub-brain regions separated
from the brains above at 0.5, 2, 4, 8, and 24 h.

doi:10.1371/journal.pone.0134722.9003

Oxidative-stress-related biomarker assay and body weight change

GSH activity and levels of H,O, and MDA in the frontal cortex and cerebellum were measured
to determine whether exposure of TmCS-NPs through the tail vein was the cause of oxidative
stress. GSH, an important antioxidant, can prevent cellular damage induced by reactive oxygen
species, such as free radicals and peroxides. GSH depletion is one of the crucial clues in cellular
toxicity. H,O, is a toxic byproduct of aerobic metabolism. It can activate the transcription fac-
tor, NF-«kB, and is involved in cellular apoptosis. H,O,-related signal pathways play a crucial
role in many neurodegenerative diseases. MDA is the end product of lipid peroxidation,

which is toxic to body tissues. GSH, H,O, and MDA are the biomarkers of oxidative stress.
The results of these biomarker assays showed that the TmCS-NPs-exposed groups do not
exhibit significant oxidative stress damage compared with the control group (Fig 4). However,
after exposure to TmCS-NPs, the body weight of the rats decreased dose-dependently com-
pared with those in the control group (Fig 5), which indicates possible injury. Thus, a more
detailed nervous system associated assessment should be conducted.

Histopathological examination

The frontal cortex and cerebellum sections were stained with H&E to investigate the neuronal
injury induced by TmCS-NPs, and the results are presented in Fig 6. For the frontal cortex
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Fig 4. Changes in the GSH, H,0,, and MDA levels in the frontal cortex and cerebellum of rats (n = 6, six rats per group) intravenously injected with
physiological saline (control) and TmCS-NPs (3, 10, and 30 mg/kg) for 7 d. (A, B, and C) GSH, H,O,, and MDA levels in the frontal cortex, respectively;
(D, E, and F) GSH, H>O,, and MDA levels in the cerebellum, respectively. *p < 0.05 when compared with the control group.

doi:10.1371/journal.pone.0134722.g004

sections, the apoptosis neurons in the TmCS-NPs-exposed groups in a certain area were
observed. The morphology of some of the neurons changed to spindle compared with the con-
trol group (Fig 6A). This kind of pathological change became increasingly evident as the dosage
of administered TmCS-NPs increased. Moreover, a lymph node was formed in the middle-
dose group (10 mg/kg) as demonstrated in Fig 6B, which indicates an inflammatory response.
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Fig 5. Body weight changes in rats (n = 6, six rats per group) intravenously injected with physiological
saline (control) and TmCS-NPs (3, 10, and 30 mg/kg) for 7 d. *p < 0.05 when compared with the control
group. #p < 0.01 when compared with the control group.

doi:10.1371/journal.pone.0134722.9005
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Fig 6. Histopathology of the rat brain tissue after intravenous injection with physiological saline (control) and TmCS-NPs (3, 10, and 30 mg/kg) for
7 d. (A) Frontal cortex region; (B) Frontal cortex region of the middle-dose group. (C) Cerebellum region.

doi:10.1371/journal.pone.0134722.9006

For the cerebellum sections, the TmCS-NPs-exposed group showed no significant change in
the histology of the granular layers, molecular layers, and Purkinje layers compared with the
control group (Fig 6C). Thus, exposure to TmCS-NPs might exert slight toxicity to the frontal
cortex but may have no effect on the cerebellum in terms of histomorphology. Brain is crucial
for the maintenance of bodily function, but it is also very vulnerable that any slight inflamma-
tory response may lead to disorders.

Immunohistological staining of GFAP and NeuN

GFAP and NeuN immunoreactivity were performed in the frontal cortex and cerebellum, as
shown in Fig 7. After exposure to TmCS-NPs, no significant difference in the number of
NeuN-positive cells was observed in the frontal cortex or the cerebellum compared with the
control group (Fig 7C and 7D). No apparent change was noted in the number of GFAP-posi-
tive cells in the frontal cortex (Fig 7A and 7A’). However, when the rats were exposed to the
different doses of TmCS-NPs for seven consecutive days, a significant decrease (P < 0.01) in
the number of GFAP-positive cells in the cerebellum was observed compared with those of the
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Fig 7. Inmunohistological staining of the GFAP and NeuN of the rat brain tissue after intravenous
injection with physiological saline (control) and TmCS-NPs (3, 10, and 30 mg/kg) for 7 d. (A) GFAP
expression in the frontal cortex region; (A’) Semi-quantification analysis of the GFAP expression in the frontal
cortex. (B) GFAP expression in the cerebellum region; (B’) Semi-quantification analysis of the GFAP
expression in the cerebellum. (C) NeuN expression in the frontal cortex region; and (D) NeuN expression in
the cerebellum region. *p < 0.05 when compared with the control group, #p < 0.01 when compared with the
control group.

doi:10.1371/journal.pone.0134722.g007

control group. However, the results obtained from the three different dose groups showed no
significant change (Fig 7B and 7B’).

Discussion

The first and most important step in evaluating the neurotoxicity of TmCS-NPs is to determine
their fate in the brain. RBITC, a fluorescent marker, was conjugated with TmCS-NPs to detect
the biodistribution of the nanoparticles in the in vivo rat model. After labeled with RBITC,

the physicochemical properties of TmCS-NPs did not show any significant change (Fig 2A).
Fig 3 shows that the frontal cortex and cerebellum appeared to be the two major accumulation
regions after injection of TmCS-NPs via the tail vein. The biodistribution of TmCS-NPs in the
sub-brain regions has been seldom examined. Functionalized 115 nm gold nanoparticles has
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been reported to mainly accumulate in the hippocampus, thalamus, hypothalamus, and
cerebral cortex[25]. Another study has shown that SiO, nanoparticles at a size of 156 nm in
physiological saline mostly accumulated in the hippocampus and striatum[26]. However,
the mechanism of the biodistribution of TmCS-NPs in the sub-brain regions is ambiguous.

Several psychiatric diseases, such as depression, schizophrenia, and obsessive-compulsive
disorder, have been associated with damage of the frontal cortex[27]. And damage to the cere-
bellum does not cause intellectual impairment or paralysis, but it contributes to the degrada-
tion of movement, intention tremor, dysdiadochokinesia, and deficits in motor learning[28].
Therefore, whether the exposure to TmCS-NPs would induce potential injuries in the frontal
cortex and cerebellum should be determined.

The primary mechanism of nanoparticle toxicity involves the production of reactive oxygen
species (ROS) and free radicals. It may result in oxidative stress reactions that lead to inflam-
mation and then cause pathology changes[18]. No obvious oxidative stress reaction in the
frontal cortex or cerebellum was observed after exposure to TmCS-NPs (Fig 4). However, the
middle-dose group lost weight on day 4 prior to injection of the TmCS-NP suspension, and the
high-dose group lost weight 1 d post-injection (Fig 5). The body weight changes might be due
to a systemic effect. Future studies should measure food consumption. However, the connec-
tion between the body weight loss and the neurotoxicity of TmCS-NPs should not be ignored.
Zhang et al.[29] demonstrated that silver nanoparticles decreased the body weight and locomo-
tor activity in adult male rats. In other words, after exposure to silver nanoparticles, rats elicited
apparent neurotoxicity, such as locomotor acitivity disorders, also displayed obvious decrease
in the body weight. Though there are no sufficient proofs elucidating the connection between
body weight changes and neurotoxicity, potential neurotoxicity should not be ignored in rats
with significant body weight decease. Thus, subtle assessments should be carried to explore the
potential neurotoxicity of TmCS-NPs, such as histopathological examination, morphological
structure, and number changes of neurocytes, among others.

The occurrence of apoptosis of neurons and slight inflammatory reaction in the tissue sec-
tion without evident changes in oxidative-stress-related biomarkers should be explored. The
weak reaction in oxidative stress and inflammation probably cannot be measured quantita-
tively by associated kits because of the limit of detection, but they could be detected in slices.

A significant reduction in the GFAP expression in the cerebellum white matter of the three
groups was observed, but not in a dose-dependent manner (Fig 7B’), which suggested the
occurrence of degenerative changes in the cerebellum after exposure to TmCS-NPs. An upre-
gulated GFAP expression generally indicates activated astrocytes that might induce brain dam-
age[30-32]. This study demonstrated an apparent downregulation the GFAP expression in
the cerebellum after exposure to TmCS-NPs. Downregulated GFAP expression has been asso-
ciated with Down syndrome, schizophrenia, bipolar disorder, Wernicke’s encephalopathy,
and depression[33-35]. Significant dose-dependent downregulation of GFAP expression in the
cerebellum compared with the control group has been observed after lifelong alcohol con-
sumption[36]. The mechanisms by which chronic exposure to alcohol alters GFAP expression
are unknown, but the changes may have been caused by the direct interference of alcohol with
the GFAP gene transcription. The mechanism of TmCS-NPs-induced GFAP alterations may
be similar to that of alcohol. Whether this change in the cerebellum, which was induced by
TmCS-NPs, would cause structural and functional changes in the brain needs to be further
explored.
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Conclusion

Here we reported, for the first time, that TmCS-NPs with a size of 240 nm mostly accumulated
in the frontal cortex and cerebellum. Further, the quantity of TmCS-NPs in these two regions
decreased over time. Fluorescence signals were still observed in the brain at 24 h post-injection.
After 7 d intravenous injection with TmCS-NPs, the body weight of rats remarkably decreased
dose-dependently compared with those of the control group. In addition, dose-dependent neu-
ron apoptosis and slight inflammatory response in the frontal cortex, and downregulation of
GFAP expression in the cerebellum induced by 7 d exposure to TmCS-NPs exposure were
detected. These phenomena indicate the potential neurotoxicity of TmCS-NPs. Results from
this study can be used in future investigations on the role of TmCS-NPs as a brain delivery car-
rier. A reference is thus provided for dose selection when TmCS-NPs are used as a carrier for
brain disorders. However, more extensive and in-depth examinations should be considered
carefully in future studies to better understand the toxicity of TmCS-NPs.

Author Contributions

Conceived and designed the experiments: ZYY YLH JQG. Performed the experiments: ZYY
YLH. Analyzed the data: ZYY YLH JQG. Contributed reagents/materials/analysis tools: ZYY
YLH JQG. Wrote the paper: ZYY JQG.

References

1. Xu B. Gels as functional nanomaterials for biology and medicine. Langmuir: the ACS journal of surfaces
and colloids. 2009; 25(15):8375-7. doi: 10.1021/1a900987r PMID: 19453130

2. Linkov I, Satterstrom FK, Corey LM. Nanotoxicology and nanomedicine: making hard decisions. Nano-
medicine: nanotechnology, biology, and medicine. 2008; 4(2):167-71. doi: 10.1016/j.nan0.2008.01.
001 PMID: 18329962

3. Saracino GA, Cigognini D, Silva D, Caprini A, Gelain F. Nanomaterials design and tests for neural tis-
sue engineering. Chemical Society reviews. 2013; 42(1):225-62. doi: 10.1039/c2cs35065¢c PMID:
22990473

4. LiR,WangX, JiZ, Sun B, Zhang H, Chang C, et al. Surface charge and cellular processingprocessing
of covalently functionalized mutiwall carbon nanotubes determine pulmoary toxicity. ACS Nano. 2013;
7(3):2352—-68. doi: 10.1021/nn305567s PMID: 23414138

5. Everett WN, Chern C, Sun D, McMahon RE, Zhang X, Chen WJ, et al. Phosphate-enhanced cytotoxic-
ity of zinc oxide nanoparticles and agglomerates. Toxicology letters. 2014; 225(1):177-84. doi: 10.
1016/j.toxlet.2013.12.005 PMID: 24362007

6. Chiao SH, Lin SH, Shen ClI, Liao JW, Bau IJ, Wei JC, et al. Efficacy and safety of nanohybrids compris-
ing silver nanoparticles and silicate clay for controlling Salmonella infection. International journal of
nanomedicine. 2012; 7:2421-32. doi: 10.2147/IJN.S31594 PMID: 22654516

7. HongJS,Kim S, Lee SH, Jo E, Lee B, Yoon J, et al. Combined repeated-dose toxicity study of silver
nanoparticles with the reproduction/developmental toxicity screening test. Nanotoxicology. 2014; 8
(4):349-62. doi: 10.3109/17435390.2013.780108 PMID: 23432083

8. Nagpal K, Singh SK, Mishra SN. Chitosan nanoparticles: A promising system in novel drug delivery.
Chem Pharm Bull (Tokyo). 2010; 58(11):1423-30.

9. Chaudhury A, Das S. Recent advancement of chitosan-based nanopatrticles for oral controlled delivery
of insulin and other therapeutic agents. AAPS PharmSciTech. 2011; 12(1):10-20. doi: 10.1208/
512249-010-9561-2 PMID: 21153572

10. Qil-F,XuZ-R,LiY, Jiang X, Han X-Y. In vitro effects of chitosan nanoparticles on proliferation of
human gastric carcinoma cell line MGC803 cells. World Journal of Gastroenterology. 2005; 11
(33):5136—41. PMID: 16127742

11. XuY,Wen Z, Xu Z. Chitosan nanoparticles inhibit the growth of human hepatocelluar carcinoma xeno-
grafts through an antiangiogenic mechanism. Anticancer Research. 2010; 30:5103-10.

12. Park MR, Gurunathan S, Choi YJ, Kwon DN, Han JW, Cho SG, et al. Chitosan nanoparticles cause
pre- and postimplantation embryo complications in mice. Biology of reproduction. 2013; 88(4):88. doi:
10.1095/biolreprod.112.107532 PMID: 23467739

PLOS ONE | DOI:10.1371/journal.pone.0134722 August 6, 2015 12/14


http://dx.doi.org/10.1021/la900987r
http://www.ncbi.nlm.nih.gov/pubmed/19453130
http://dx.doi.org/10.1016/j.nano.2008.01.001
http://dx.doi.org/10.1016/j.nano.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18329962
http://dx.doi.org/10.1039/c2cs35065c
http://www.ncbi.nlm.nih.gov/pubmed/22990473
http://dx.doi.org/10.1021/nn305567s
http://www.ncbi.nlm.nih.gov/pubmed/23414138
http://dx.doi.org/10.1016/j.toxlet.2013.12.005
http://dx.doi.org/10.1016/j.toxlet.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24362007
http://dx.doi.org/10.2147/IJN.S31594
http://www.ncbi.nlm.nih.gov/pubmed/22654516
http://dx.doi.org/10.3109/17435390.2013.780108
http://www.ncbi.nlm.nih.gov/pubmed/23432083
http://dx.doi.org/10.1208/s12249-010-9561-2
http://dx.doi.org/10.1208/s12249-010-9561-2
http://www.ncbi.nlm.nih.gov/pubmed/21153572
http://www.ncbi.nlm.nih.gov/pubmed/16127742
http://dx.doi.org/10.1095/biolreprod.112.107532
http://www.ncbi.nlm.nih.gov/pubmed/23467739

@’PLOS ‘ ONE

Brain Localization and Neurotoxicity of NPs in Rats

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hu Y-L, Qi W, Han F, Gao J-Q. Toxicity evaluation of biodegradable chitosan nanoparticles using a
zebrafish embryo model. International journal of nanomedicine. 2011; 6(335):1-9. doi: 10.2147/IJN.
S25853

Trapani A, Denora N, lacobellis G, Sitterberg J, Bakowsky U, Kissel T. Methotrexate-loaded chitosan-
and glycol chitosan-based nanoparticles: a promising strategy for the administration of the anticancer
drug to brain tumors. AAPS PharmSciTech. 2011; 12(4):1302—11. doi: 10.1208/s12249-011-9695-x
PMID: 21948322

Nagpal K, Singh SK, Mishra DN. Formulation, optimization, in vivo pharmacokinetic, behavioral and
biochemical estimations of minocycline loaded chitosan nanoparticles for enhanced brain uptake.
Chem Pharm Bull (Tokyo). 2013; 61(3):258-72.

Nagpal K, Singh SK, Mishra DN. Nanoparticle mediated brain targeted delivery of gallic acid: in vivo
behavioral and biochemical studies for protection against scopolamine-induced amnesia. Drug deliv-
ery. 2013; 20(3-4):112-9. doi: 10.3109/10717544.2013.779330 PMID: 23651033

Skaper SD, Floreani M, Ceccon M, Facci L, Giusti P. Excitotoxicity, oxidative stress, and the neuropre-
tective potential of melatonin. Ann N 'Y Acad Sci. 1999; 890:107—18. PMID: 10668417

Hu YL, Gao JQ. Potential neurotoxicity of nanoparticles. International journal of pharmaceutics. 2010;
394(1-2):115-21. doi: 10.1016/j.ijpharm.2010.04.026 PMID: 20433914

Setyawati MI, Tay CY, Leong DT. Effect of zinc oxide nanomaterials-induced oxidative stress on the
p53 pathway. Biomaterials. 2013; 34(38):10133—42. doi: 10.1016/j.biomaterials.2013.09.024 PMID:
24090840

Akhtar S, Chandrasekhar B, Attur S, Yousif MH, Benter IF. On the nanotoxicity of PAMAM dendrimers:
Superfect(R) stimulates the EGFR-ERK1/2 signal transduction pathway via an oxidative stress-depen-
dent mechanism in HEK 293 cells. International journal of pharmaceutics. 2013; 448(1):239-46. doi:
10.1016/j.ijpharm.2013.03.039 PMID: 23538097

Hao L, Chen L. Oxidative stress responses in different organs of carp (Cyprinus carpio) with exposure
to ZnO nanoparticles. Ecotoxicology and environmental safety. 2012; 80:103—10. doi: 10.1016/j.
ecoenv.2012.02.017 PMID: 22425733

Shinde SK, Grampurohit ND, Gaikwad DD, Jadhav SL, Gadhave MV, Shelke PK. Toxicity induced by
nanoparticles. Asian Pacific Journal of Tropical Disease. 2012; 2(4):331-4. doi: 10.1016/s2222-1808
(12)60072-3

Hu YL, Qi W, Han F, Shao JZ, Gao JQ. Toxicity evaluation of biodegradable chitosan nanoparticles
using a zebrafish embryo model. International journal of nanomedicine. 2011; 6:3351-9. doi: 10.2147/
IJN.S25853 PMID: 22267920

Li X, Liu B, Li XL, Li YX, Sun MZ, Chen DY, et al. SiO2 nanoparticles change colour preference and
cause Parkinson's-like behaviour in zebrafish. Scientific reports. 2014; 4:3810. doi: 10.1038/srep03810
PMID: 24448416

Sousa F, Mandal S, Garrovo C, Astolfo A, Bonifacio A, Latawiec D, et al. Functionalized gold nanoparti-
cles: a detailed in vivo multimodal microscopic brain distribution study. Nanoscale. 2010; 2(12):2826—
34. doi: 10.1039/cOnr00345j PMID: 20949211

Wu J, Wang C, Sun J, Xue Y. Neurotoxicity of silica nanoparticles: Brain localization and dopaminergic
neurons damage pathways. ACS Nano. 2011; 5(6):4476—89. doi: 10.1021/nm103530b PMID:
21526751

Monte S. Buchsbaum MD. Fronta cortex function. Am J Psychiatry. 2004; 161(12):2178. PMID:
15569885

Bastian AJ. Moving, sensing and learning with cerebellar damage. Current opinion in neurobiology.
2011;21(4):596-601. doi: 10.1016/j.conb.2011.06.007 PMID: 21733673

Zhang Y, Ferguson SA, Watanabe F, Jones Y, Xu Y, Biris AS, et al. Silver nanoparticles decreased
body weight and locomotor activity in adult male rats. Small. 2013; 9(9—10):1715-20. doi: 10.1002/smll.
201201548 PMID: 23335405

Brahmachari S, Fung YK, Pahan K. Induction of glial fibrillary acidic protein expression in astrocytes by
nitric oxide. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2006; 26
(18):4930-9. doi: 10.1523/JNEUROSCI.5480-05.2006 PMID: 16672668

Burtrum D, Silverstein F. Hypoxic-ischemic brain injury stiulates glial fibrillary acidic protein mRNA and
protein expression in neonaltal rats. Exp Neurol. 1994; 126(1):112-8. PMID: 8157121

Tomassoni D, Nwankwo IE, Gabrielli MG, Bhatt S, Muhammad AB, Lokhandwala MF, et al. Astrogliosis
in the brain of obese Zucker rat: a model of metabolic syndrome. Neuroscience letters. 2013; 543:136—
41. doi: 10.1016/j.neulet.2013.03.025 PMID: 23545209

PLOS ONE | DOI:10.1371/journal.pone.0134722 August 6, 2015 13/14


http://dx.doi.org/10.2147/IJN.S25853
http://dx.doi.org/10.2147/IJN.S25853
http://dx.doi.org/10.1208/s12249-011-9695-x
http://www.ncbi.nlm.nih.gov/pubmed/21948322
http://dx.doi.org/10.3109/10717544.2013.779330
http://www.ncbi.nlm.nih.gov/pubmed/23651033
http://www.ncbi.nlm.nih.gov/pubmed/10668417
http://dx.doi.org/10.1016/j.ijpharm.2010.04.026
http://www.ncbi.nlm.nih.gov/pubmed/20433914
http://dx.doi.org/10.1016/j.biomaterials.2013.09.024
http://www.ncbi.nlm.nih.gov/pubmed/24090840
http://dx.doi.org/10.1016/j.ijpharm.2013.03.039
http://www.ncbi.nlm.nih.gov/pubmed/23538097
http://dx.doi.org/10.1016/j.ecoenv.2012.02.017
http://dx.doi.org/10.1016/j.ecoenv.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22425733
http://dx.doi.org/10.1016/s2222-1808(12)60072-3
http://dx.doi.org/10.1016/s2222-1808(12)60072-3
http://dx.doi.org/10.2147/IJN.S25853
http://dx.doi.org/10.2147/IJN.S25853
http://www.ncbi.nlm.nih.gov/pubmed/22267920
http://dx.doi.org/10.1038/srep03810
http://www.ncbi.nlm.nih.gov/pubmed/24448416
http://dx.doi.org/10.1039/c0nr00345j
http://www.ncbi.nlm.nih.gov/pubmed/20949211
http://dx.doi.org/10.1021/nm103530b
http://www.ncbi.nlm.nih.gov/pubmed/21526751
http://www.ncbi.nlm.nih.gov/pubmed/15569885
http://dx.doi.org/10.1016/j.conb.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21733673
http://dx.doi.org/10.1002/smll.201201548
http://dx.doi.org/10.1002/smll.201201548
http://www.ncbi.nlm.nih.gov/pubmed/23335405
http://dx.doi.org/10.1523/JNEUROSCI.5480-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672668
http://www.ncbi.nlm.nih.gov/pubmed/8157121
http://dx.doi.org/10.1016/j.neulet.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23545209

@’PLOS ‘ ONE

Brain Localization and Neurotoxicity of NPs in Rats

33.

34.

35.

36.

Johnston-Wilson N, Sims C, Hofmann J- P, Anderson L, Shore A, Torrey E, et al. Disease-specific alter-
ations in frontal cortex brain proteins in schizophrenia, bipolar disorder, and major depressive disorder.
Mol Psychiatry. 2000; 5(2):142—9. PMID: 10822341

Williams MR, Hampton T, Pearce RK, Hirsch SR, Ansorge O, Thom M, et al. Astrocyte decrease in the
subgenual cingulate and callosal genu in schizophrenia. European archives of psychiatry and clinical
neuroscience. 2013; 263(1):41-52. doi: 10.1007/s00406-012-0328-5 PMID: 22660922

Hazell AS. Astrocytes are a major target in thiamine deficiency and Wernicke's encephalopathy. Neuro-
chemistry international. 2009; 55(1-3):129-35. doi: 10.1016/j.neuint.2009.02.020 PMID: 19428817

Rintala J, Jaatinen P, Kiianmaa K, Riikonen J, Kemppainen O, Sarviharju M, et al. Dose-dependent
decrease in glial fibrilary acidic protein-immuoreactivity in rat cerebellum after lifelong ethanol con-
sumption. Alcohol. 2001; 23(1):1-8. PMID: 11282445

PLOS ONE | DOI:10.1371/journal.pone.0134722 August 6, 2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/10822341
http://dx.doi.org/10.1007/s00406-012-0328-5
http://www.ncbi.nlm.nih.gov/pubmed/22660922
http://dx.doi.org/10.1016/j.neuint.2009.02.020
http://www.ncbi.nlm.nih.gov/pubmed/19428817
http://www.ncbi.nlm.nih.gov/pubmed/11282445

