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neurotoxicity via oxidative stress damage in PC-12
cells and BALB/c mice†
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Cu2�xSe nanoparticles (Cu2�xSe NPs) are widely used for optical diagnostic imaging and photothermal

therapy due to their strong near-infrared (NIR) optical absorption. With the continuous expansion of

applications using Cu2�xSe NPs, their biosafety has received increasing attention in recent years. Cu2�xSe

NPs can enter the brain by crossing the blood–brain barrier, but the neurotoxicity of NPs remains

unclear. The present investigation provides direct evidence that the toxicity of Cu2�xSe NPs can be

specifically exploited to kill rat pheochromocytoma PC-12 cells (a cell line used as an in vitro model for

brain neuron research) in dose- and time-dependent manners. These cytotoxicity events were

accompanied by mitochondrial damage, adenosine triphosphate (ATP) depletion, production of oxidizing

species (including reactive oxygen species (ROS), malondialdehyde (MDA) and hydrogen peroxide

(H2O2)), as well as reductions in antioxidant defense systems (glutathione (GSH) and superoxide

dismutase (SOD)). Moreover, our in vivo study also confirmed that Cu2�xSe NPs markedly induced

neurotoxicity and oxidative stress damage in the striatum and hippocampal tissues of BALB/c mice.

These findings suggest that Cu2�xSe NPs induce neurotoxicity in PC-12 cells and BALB/c mice via

oxidative stress damage, which provides useful information for understanding the neurotoxicity of

Cu2�xSe NPs.
1. Introduction

Nanoparticles (NPs), which range from 1 to 100 nm in size, have
been widely used in the cosmetics, food additives, and
biomedical industries, as well as in environmental technolo-
gies.1–4 Despite their widespread application in many elds, the
impact of nanoparticles on human health is still unknown.
Numerous studies have shown that nanoparticles can be
absorbed and found in many organs, including the brain, liver,
lung, spleen, and kidneys, aer animals were exposed through
oral administration, intraperitoneal injection or intravenous
injection.5–12 Therefore, the biosafety of nanoparticles should be
investigated. Cu2�xSe nanoparticles (Cu2�xSe NPs), important
members of the family of copper chalcogenide nanomaterials,
have attracted attention in cancer therapy because of their
strong near-infrared (NIR) absorption.13–17 They have been
widely used as photosensitizers for both photothermal therapy
(PTT)18–21 and photodynamic therapy (PDT).22 Furthermore, our
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previous research suggested that Cu2�xSe NPs may potentially
inhibit autophagy and combining Cu2�xSe NPs with traditional
chemotherapeutic drugs could provide a fresh therapeutic
strategy for treating cancer.23

Copper chalcogenide nanomaterials are widely used in bio-
logical elds and their toxicity has received widespread atten-
tion. Li et al. compared the cytotoxicity of copper sulde
nanoparticles with gold nanoparticles in in vitro conditions.24

The results revealed that CuS was cytotoxic to human HEK 293
cells. Wei Feng et al. evaluated the cytotoxicity of copper sulde
in four types of cell lines.25 More recently, Guo et al. conducted
an in vivo toxicity study of PEGylated CuS and gold nano-
particles in mice.26 Recent studies have shown that copper ions
could enter the murine brain by crossing the blood–brain
barrier.27,28 Moreover, it has also been reported that uncom-
plexed copper ions are harmful to humans and are especially
involved in the progression of Alzheimer's29,30 and Wilson's
disease.31–33 However, the safety of Cu2�xSe NPs in humans
remains unclear. Thus, there is an urgent need for a compre-
hensive understanding and assessment of Cu2�xSe NPs.

Studies have revealed that oxidative stress and mitochon-
drial abnormalities play key roles in numerous neuropsychi-
atric disorders. For example, TiO2 NPs were shown to induce
reactive oxygen species (ROS) generation and disturb the
mitochondrial energy production in brain microglia.34,35
This journal is © The Royal Society of Chemistry 2019
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Quantum dots can trigger oxidative stress through multiple
interactions, causing the overexpression of intracellular ROS.36

In addition, more studies have shown that when copper oxide
nanoparticles (CuO NPs) enter human hepatocarcinoma cells,
the Bax/Bcl-2 ratio increased and the mitochondrial
membrane potential decreased.37 Therefore, whether Cu2�xSe
NPs can induce toxic side effects on the nervous system, as well
as the mechanism of neurotoxicity in mitochondria, need to be
studied further.

In this report, in vitro and in vivo studies demonstrated the
neurotoxicity of Cu2�xSe NPs using PC-12 cells and BALB/c mice
(Fig. 1). The results showed that exposure of PC-12 cells to
Cu2�xSe NPs resulted in a signicant decrease in cell viability
and an increase in apoptosis in dose-dependent manners.
Cu2�xSe NPs induced apparent morphological changes and
mitochondrial dysfunction in PC-12 cells, which were associ-
ated with intracellular ROS production. Aer exposure to
Cu2�xSe NPs, pathologic changes, TdT-mediated dUTP nick-end
labeling (TUNEL)-positive cells, cleaved caspase-3 immunore-
activity, as well as signicant oxidative stress in the striatum
and hippocampus of BALB/c mice, were observed. These nd-
ings suggest that Cu2�xSe NPs induced ROS-related mitochon-
drial apoptosis in PC-12 cells and BALB/c mice. Our study
provides useful information for understanding the neurotox-
icity of Cu2�xSe NPs.
2. Materials and methods
2.1 Materials

Anhydrous copper sulfate (CuSO4) and selenium dioxide (SeO2)
were purchased from Aladdin Chemistry Co., Ltd (Shanghai,
China). Polyvinylpyrrolidone powder (PVP, Mw ¼ 55000) was
supplied by Sigma-Aldrich Co. (St. Louis, MO, USA). Ascorbic
acid (AA) was obtained from Dingguo Changsheng Biotech-
nology Co., Ltd (Beijing, China).
2.2 Preparation and characterization of Cu2�xSe NPs

The PVP-stabilized Cu2�xSe NPs were prepared as follows.17 In
a round-bottomed ask, 30.0 mg of PVP was dissolved in
10 mL of distilled water, then 0.2 mL AA (0.2 g mL�1) and
0.5 mL SeO2 (0.25 M) were added to the PVP solution. Aer
10 min, 0.5 mL of CuSO4 (0.5 M) mixed with 0.3 mL AA (0.2 g
mL�1) was poured into the ask under vigorous stirring. The
mixture solution was placed in a 40 �C oil bath for 6 h to
generate a Cu2�xSe NPs suspension solution, then centrifuged
for 15 min at 8000 rpm, washed three times, and resuspended
in distilled water. Transmission electron microscopy (TEM,
JEM-2100, Japan) was used to observe the structure of Cu2�xSe
NPs, energy-dispersive X-ray (EDS, JEM-2100) was used to
analyze the composition of the Cu2�xSe NPs. The average
hydrodynamic radius and surface charge of the Cu2�xSe NPs in
distilled water and physiological saline were analyzed using
a Malvern laser particle size analyzer (NanoZS90, Malvern, UK)
daily for a week. The NIR absorption was measured via
a spectrophotometer (CARY5000, USA). Finally, the Cu2�xSe
NPs products were stored at 4 �C.
This journal is © The Royal Society of Chemistry 2019
2.3 Cell culture

The PC-12 cell line was obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences in
Shanghai. The cells were cultured in high-glucose Dulbecco's
modied Eagle medium (DMEM, catalog number 12491, Invi-
trogen) supplemented with 10% fetal bovine serum (FBS,
catalog number 10100, Gibco) in an incubator at 37 �C and 5%
CO2.

2.4 Cell cytotoxicity assay

Cell cytotoxicity was evaluated using the standard 3-(3,4-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Briey, the cells were plated in 96-well plates at a density
of 1 � 104 cells per well and were allowed to attach for 24 h.
Then, the cells were treated with Cu2�xSe NPs (0, 2.5, 5, 10, 20,
40, 60, 80, and 100 mg mL�1) at 37 �C for 12, 24 and 36 hours.
Then, 20 mL of MTT stock solution (5 mg mL�1, Sigma) was
added to each well and the plate was incubated for 4 h at 37 �C.
Then, the supernatant was carefully aspirated and the formazan
crystals in the cells were dissolved with 150 mL dimethyl sulf-
oxide (Eastman Kodak, Columbus, GA, USA). The absorbance of
the solution was recorded at 492 nm with a microplate reader
(Varioskan Flash, USA). Each experiment was repeated three
times and the results are expressed as a percentage of the
untreated controls, which was set to 100%.

2.5 Apoptosis determination

The cells were grown with different concentrations of Cu2�xSe
nanoparticles. Aer 24 h of treatment, the cells were trypsi-
nized, collected, and washed with phosphate-buffered saline
(PBS). The apoptotic cells were measured with an annexin V/
propidium iodide (PI) apoptosis detection kit (catalog number
556547, BD Biosciences) and analyzed by ow cytometry
(FACScan, BD Biosciences). Then, quadrant analyses were per-
formed and the stained cells were designated as apoptotic and
the unstained cells were designated as live using annexin V-
FITC and/or PI.

2.6 Transmission electronic microscopy

For the TEM analysis, aer 24 h incubation with Cu2�xSe NPs
(100 mg mL�1), the PC-12 cells were harvested and washed with
PBS, xed with fresh glutaraldehyde (2.5%) 4 �C overnight, then
xed with osmium tetroxide (2%) for 2 h, dehydrated through
a graded series of ethanol, and embedded in Epon. The samples
were then sectioned using an ultramicrotome (Leica EM UC7)
and stained with uranyl acetate and lead citrate. Finally, the
ultrastructure of the PC-12 cells was observed using a trans-
mission electron microscope (Hitachi H-7500, Japan) at 60 kV.

2.7 Mitochondrial transmembrane potential assay

Diminished mitochondrial membrane potential (DJm) was
analyzed using the rhodamine-123 kit (catalog number C2007,
Beyotime) according to the manufacturer's protocol. Briey,
aer 24 h exposure to 50 and 100 mg mL�1 Cu2�xSe NP, the PC-
12 cells were collected and washed twice with PBS. Then, the
RSC Adv., 2019, 9, 36558–36569 | 36559
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cells were dispersed in PBS and stained with rhodamine-123 (1
mmol L�1) in serum-freemedium for 30min at 37 �C in the dark.
Aer that, the medium was removed and fresh medium was
added for detection. The uorescence intensity was subse-
quently monitored using a uorescence microplate reader
(Thermo Varioskan™ LUX) with excitation and emission
settings of 507 and 529 nm, respectively. The results are
expressed as a percentage of the control, which was set to 100%.

2.8 ATP luminescence assay

An ATP Determination kit (catalog number S0026, Beyotime)
was used to measure the ATP levels. The PC-12 cells were rst
lysed and centrifuged at 12 000�g for 5 min, then the cells were
incubated with ATP detection working solution according to the
manufacturer's instructions. The luminescence was measured
by a microplate reader (Varioskan Flash). The nal results are
expressed as the percentage of the readings compared to
untreated controls.

2.9 Intracellular ROS measurement and oxidative damage

Intracellular ROS was measured by the uorescent probe 20,70-
dichlorouorescein diacetate (DCF-DA, catalog number C6827,
Thermo Fisher). In cells, DCFH-DA reacts with ROS to form
dichlorouorescein (DCF), which is highly uorescent. Briey,
PC-12 cells were seeded in 6-well plates at a density of 5.0 � 105

cells per well. Aer a 24 h exposure to Cu2�xSe NPs at concen-
trations of 50 and 100 mg mL�1, the cells were incubated with
Fig. 1 Schematic diagram of the experimental model for evaluating the
and characterization of Cu2�xSe NPs, in vitro analysis was performed usin
of Cu2�xSe NPs for 12, 24, or 36 h. Cell morphology, cell cytotoxicity, mit
was performed as follow: BALB/c mice were intravenously injected with
and pathologic changes, neurotoxicity, and oxidative stress in the striatu

36560 | RSC Adv., 2019, 9, 36558–36569
DCFH-DA at 37 �C for 30 min in 2 mL of working solution
(10 mM DCFH-DA stock solution in methanol diluted 1000-fold
to 10 mM with DMEM without serum). The uorescence was
then analyzed in a ow cytometer (FACScan) at an excitation
wavelength of 488 nm and an emission wavelength of 525 nm.

Kits were used to detect the levels of hydrogen peroxide
(H2O2, catalog number S0038, Beyotime), malondialdehyde
(MDA, catalog number S0131, Beyotime), glutathione (GSH,
catalog number S0053, Beyotime) and superoxide dismutase
(SOD, catalog number S0101, Beyotime) respectively. Briey,
PC-12 cells were seeded in 6-well plates at a density of 5.0 � 105

cells per well and different concentrations of Cu2�xSe NPs (50
and 100 mg mL�1) were added. Aer a 24 h treatment, the
intracellular levels of H2O2, GSH, SOD, andMDAweremeasured
by using H2O2, GSH, SOD, and MDA determination kits,
respectively.
2.10 Animal treatment

BALB/c mice (25 g) were purchased from Vital River Laborato-
ries (VRL, Beijing, China). All experimental procedures were
conducted according to the ethical standards and protocols
approved by the Army Medical University Institutional Animal
Care and Use Committee, Chongqing, China. All mice were
housed in groups under controlled environmental conditions
throughout the entire process (temperature 23 � 0.5 �C,
humidity 50 � 5%). Rodent diet and water were provided ad
libitum.
neurotoxicity of Cu2�xSe NPs in vitro and in vivo. After the preparation
g PC-12 cells. The PC-12 cells were incubated with 2.5 to 100 mg mL�1

ochondrial damage and oxidative stress were analyzed. In vivo analysis
Cu2�xSe NPs (10 mg kg�1) every two days for 20 days for (i.e., 10 times)
ms and hippocampal tissues were investigated.

This journal is © The Royal Society of Chemistry 2019
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The animals were randomly divided into two groups, the
control and Cu2�xSe NPs groups (n ¼ 5 in each group). The
Cu2�xSe NPs were distributed in physiological saline. Mice in
the Cu2�xSe NPs group were intravenously injected with
Cu2�xSe NPs (10 mg kg�1), and mice in the control group were
injected with an equal volume of physiological saline, every two
days during 20 days, i.e., 10 times. At 20 days, the animals were
euthanized. The striatum and hippocampal tissues were har-
vested and xed in 4% paraformaldehyde and the paraffin-
embedded tissues were sectioned and analyzed by hematox-
ylin and eosin (H&E) staining, TUNEL and immunohisto-
chemical analysis were performed as previously described.38,39

The striatum and hippocampal tissues were also lysed and the
levels of H2O2, MDA, SOD and GSH were measured by using
commercial kits according to the manufacturers' instructions
as described above.
2.11 TUNEL assay

Apoptotic cells in the striatum and hippocampal tissues
were detected using an In Situ Cell Death Detection kit
(Roche, Mannheim, Germany) according to the manufac-
turer's instructions. Aer deparaffinization and per-
meabilization, the tissue sections were treated with
Fig. 2 Characterization of the Cu2�xSe NPs. (A) TEM analysis of the Cu2�
radii in distilled water and physiological saline every day during one week
infrared. (D) EDS spectrum of the as-synthesized Cu2�xSe NPs.

This journal is © The Royal Society of Chemistry 2019
proteinase K for 15 min, followed by incubation with the
TUNEL reaction mixture that includes terminal deoxy-
nucleotidyl transferase (TdT) and uorescein-dUTP at 37 �C
for 1 h. Aer washing three times with PBS, the sections were
stained with Converter-POD which includes an anti-
uorescein antibody conjugated to horseradish peroxidase
(POD) for 30 minutes. Aer three additional washes in PBS,
the sections were stained with 0.05% DAB and examined
under a light microscope.
2.12 Histological and immunohistochemical evaluation

At the end of the treatment period, the striatum and hippo-
campal tissues from representative mice were sectioned,
embedded in paraffin, and stained with H&E for histopatho-
logic assessment. For immunohistochemical analysis, 4 mm-
thick tissue sections were dewaxed and rehydrated in xylene
and graded alcohols. Endogenous peroxidase activity was
quenched by staining with Tris-buffered saline and Tween 20
(TBS-T) containing 3% hydrogen peroxide. Antigen retrieval was
performed by incubating with 0.01 M citrate buffer at pH 6.0 for
20 min in a 95 �C oil bath. Following that, the sections were
incubated with 10% goat serum for 1 h and stained with
primary antibodies against cleaved-caspase-3 and Ezrin, then
xSe NPs. Scale bars: 100 nm. (B) The hydrodynamic changes in particle
by dynamic light scattering (DLS). (C) The absorption spectra in near-

RSC Adv., 2019, 9, 36558–36569 | 36561
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washed three times with PBS, stained with biotinylated
secondary antibody for 1 h, followed by treatment with strep-
tavidin–peroxidase complex for another 1 h. Aer washing three
Fig. 3 The toxic effects of Cu2�xSe NPs on PC-12 cells. (A) Morphological
100 mgmL�1) for 24 h. Scale bars: 100 mm. (B) Cell viabilities of PC-12 cells t
detected by MTT assays. (C) PC-12 cells were treated with 50 and 100 mg
and analysis by flow cytometry. The data are expressed as the mean � SD

36562 | RSC Adv., 2019, 9, 36558–36569
times in PBS, the slides were exposed to diaminobenzidine
working solution. Finally, the slides were counterstained with
DAPI.
characterization of PC-12 cells treated with or without Cu2�xSe NPs (50,
reated with different concentrations of Cu2�xSeNPs for (12, 24, and 36 h)
mL�1 Cu2�xSe NPs for 24 h, followed by staining with annexin V-FITC/PI
(n ¼ 3), *P < 0.05, **P < 0.01, ***P < 0.001 compared to control.

This journal is © The Royal Society of Chemistry 2019
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2.13 Statistical analysis

All data are expressed as the mean � SD from at least three
separate experiments. Statistical comparisons were performed
using one-way analysis of variance (ANOVA) followed by Tuckey
and Dunnett tests. *P < 0.05, **P < 0.01 and ***P < 0.001 were
considered statistically signicant.
Fig. 4 Cu2�xSe NPs induce mitochondrial damage and oxidative stres
chondrial ultrastructure of PC-12 cells treated with or without Cu2�xSe
Cu2�xSe NPs. Scale bars: 2 mm. (B) PC-12 cells were treated with 50 and
(MMP) was measured by rhodamine-123 staining and analyzed by a fluor
50 and 100 mg mL�1 Cu2�xSe for 24 h, cellular ATP concentration was m
MDA, GSH, and SOD in PC-12 cells after treatment with or without Cu2�xS
� SD (n ¼ 3), *P < 0.05, **P < 0.01, ***P < 0.001 compared to control.

This journal is © The Royal Society of Chemistry 2019
3. Results
3.1 Preparation and characterization of monodispersed
Cu2�xSe NPs

To synthesize the Cu2�xSe NPs, we used 55 kDa PVP to prevent
the nanoparticles from aggregating. The morphology of the
s in PC-12 cells. (A) Representative TEM images depicting the mito-
NPs (100 mg mL�1) for 24 h. Red arrow: mitochondrion. Green arrow:
100 mg mL�1 Cu2�xSe for 24 h. The mitochondrial membrane potential
escence microplate reader. (C) After the PC-12 cells were treated with
easured using an ATP Determination kit. (D–H) Levels of ROS, H2O2,
e NPs (50 or 100 mgmL�1) for 24 h. The data are expressed as themean

RSC Adv., 2019, 9, 36558–36569 | 36563
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prepared Cu2�xSe NPs was examined by TEM. As shown in
Fig. 2A, the nanoparticles were spherical, uniform, highly-
dispersed particles. The mean diameter of the Cu2�xSe NPs
was measured daily for a week. No changes were found, indi-
cating high dispersion and stability of the NPs (Fig. 2B and S1†).
The hydrodynamic diameter of the particles was found to be
142.9 � 9.5 nm and the z-potential was �19.3 � 2.6 mV in
distilled water and 151.4 � 7.5 nm and �20.5 � 2.4 mV in
physiological saline, respectively. Absorption in the NIR range
was analyzed from 650 to 1350 nm and the highest absorption
of Cu2�xSe NPs was found at 1070 nm (Fig. 2C). Moreover,
energy-dispersive X-ray spectroscopy (EDS) showed that the
atomic ratio of the Cu2�xSe NPs was 1.3 (x¼ 0.7), explaining the
serious copper deciency in the Cu2�xSe NPs domains
(Fig. 2D).40,41
3.2 Cu2�xSe NPs decrease cell viability and induce apoptosis
in PC-12 cells

PC-12 cell are a cell line that is derived from a rat adrenal
medulla pheochromocytoma with typical characteristics of
neurons and is widely used as a model for neuronal research in
vitro. We rst evaluated the effects of Cu2�xSe NPs on the cell
morphology of PC-12 cells. As shown in Fig. 3A, the exposure of
PC-12 cells to 50 and 100 mg mL�1 of Cu2�xSe NPs for 24 h
resulted in an increase in the number of round and neurite-
decient cells compared to the control group, which exhibited
Fig. 5 Cu2�xSe NPs induce neurotoxicity in vivo. The mice were euth
physiological saline or 10 mg kg�1 Cu2�xSe NPs. The striatum tissues
immunohistochemical staining for cleaved caspase-3 and observed und
mm.

36564 | RSC Adv., 2019, 9, 36558–36569
stretched neurites in the periphery. Next, an MTT assay was
used to investigate the cytotoxicity of the Cu2�xSe NPs. Our
results revealed that PC-12 cells exposed to different concen-
trations of Cu2�xSe NPs (0, 2.5, 5, 10, 20, 40, 60, 80, and 100 mg
mL�1) for 12, 24 or 36 h resulted in a signicant decrease in cell
viability in dose- and time-dependent manners (Fig. 3B). To
quantitatively analyze the apoptotic rate of PC-12 cells treated
with Cu2�xSe NPs, annexin V-FITC/PI staining and ow cytom-
etry were employed. Exposure of the PC-12 cells to 50 or 100 mg
mL�1 Cu2�xSe NPs for 24 h markedly increased the percentage
of apoptotic cells in a dose-dependent manner (Fig. 3C).
Together, these ndings indicate that the Cu2�xSe NPs
decreased cell viability and induced apoptosis in PC-12 cells.
3.3 Cu2�xSe NPs induced mitochondrial damage, loss of
MMP, ATP depletion, and oxidative stress damage in PC-12
cells

To determine the mechanism of Cu2�xSe NPs-induced
apoptosis in PC-12 cells, TEM was used to observe ultrastruc-
tural changes in the PC-12 cells. Our TEM studies revealed that
aer treatment with Cu2�xSe NPs (100 mg mL�1) for 24 h,
mitochondrial swelling appeared in the Cu2�xSe NPs-treated
cells (Fig. 4A), indicating that Cu2�xSe NPs were taken up into
the cells and induced mitochondrial apoptosis. Next, we
examined the effects of Cu2�xSe NPs on the mitochondrial
membrane potential in PC-12 cells. The results showed that
anized after 20 days of intravenous injections every two days with
were sectioned and subjected to H&E staining, TUNEL assay, and

er a light microscope at 20� magnification (TCS SP5). Scale bars: 100
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exposure to 50 and 100 mg mL�1 Cu2�xSe NPs markedly
decreased the uorescence intensity of rhodamine-123 and
increased mitochondrial injury (loss of DJm) in dose-
dependent manners (Fig. 4B). These results suggest that
Cu2�xSe NPs induced a collapse of mitochondrial membrane
potential (MMP) in PC-12 cells. Mitochondria are important
organelles for cellular energy ATP production and mitochon-
drial dysfunction leads to ATP depletion.42–44 To further conrm
the previous results, we next investigated the effects of Cu2�xSe
NPs on intracellular ATP levels in PC-12 cells. As shown in
Fig. 4C, treatment with Cu2�xSe NPs (50 or 100 mg mL�1) for
24 h resulted in a signicant decrease in ATP levels in a dose-
dependent manner. These results suggest that Cu2�xSe NPs
induced mitochondrial damage in PC-12 cells.

Studies had shown that oxidative stress is a key mechanism
of NP-induced mitochondrial dysfunction.45,46 Additionally,
oxidative stress was associated with increased production of
oxidizing species, including ROS, H2O2, and MDA, and with
a signicant decrease in the effectiveness of antioxidant
defenses systems, like SOD and GSH. Mitochondria are the
major source of oxidative stress and produce superoxide anions
during the process of electron transfer. Our results showed that
the treatment of PC-12 cells with Cu2�xSe NPs resulted in
a signicant increase in the production of ROS, H2O2, and MDA
in dose-dependent manners and amarked decrease in the levels
of GSH and SOD in PC-12 cells (Fig. 4D–H). Taken together,
these ndings indicated that Cu2�xSe NPs induced mitochon-
drial dysfunction and oxidative stress in PC-12 cells.
Fig. 6 Cu2�xSe NPs induce neurotoxicity in vivo. The mice were euth
physiological saline or 10 mg kg�1 Cu2�xSe NPs. The hippocampal tissu
immunohistochemical staining for cleaved caspase-3 and observed und
mm.

This journal is © The Royal Society of Chemistry 2019
3.4 Cu2�xSe NPs induce neurotoxicity via oxidative stress
damage in vivo

To determine whether our in vitro ndings could be replicated
in vivo, BALB/c mice were used to investigate the molecular
mechanisms in vivo. The striatum and hippocampus are crucial
structures of the brain. The striatum plays essential roles in the
modulation of movement pathways and the hippocampus is
associated with learning and long-term memory and hippo-
campal dysfunction is closely associated with the risk of
developing Parkinson's and Alzheimer's diseases.5,36,47–49 Next,
we investigated whether exposure to Cu2�xSe NPs could cause
striatum and hippocampal toxicity, including changes in tissue
pathology, apoptosis, and oxidative injury. BALB/c mice were
intravenously injected with Cu2�xSe NPs or physiological saline
every two days for a total of 10 times over 20 days. The mice were
euthanized at the termination of the experiment and the stria-
tum and hippocampus were sectioned and stained with H&E to
examine the tissue pathology and TUNEL analysis and immu-
nohistochemical staining of cleaved caspase-3 were performed
to analyze apoptosis in the cells. H&E staining of the Cu2�xSe
NPs treatment group exhibited signicant changes in
pathology, with signs of necrosis, inltration of inammatory
cells, and brosis, compared to BALB/c mice intravenously
injected with physiological saline (Fig. 5 and 6). Additionally,
Cu2�xSe NPs treatment dramatically increased the numbers of
TUNEL-positive cells and cleaved caspase-3 immunoreactivity,
both indicative of apoptosis, in the striatum and hippocampal
tissues (Fig. 5 and 6). Next, all striatum and hippocampal
anized after 20 days of intravenous injections every two days with
es were sectioned and subjected to H&E staining, TUNEL assay, and
er a light microscope at 20� magnification (TCS SP5). Scale bars: 100
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tissues of each group were lysed and the levels of oxidative-
stress-related biomarkers (H2O2, MDA, SOD, GSH) were
measured. Consistent with our in vitro results, H2O2 and MDA
levels were increased in BALB/c mice treated with Cu2�xSe NPs
(10 mg kg�1) for 20 days and SOD and GSH activities were
signicantly decreased compared to the control group (Fig. 7A–
D). Such ndings suggest that Cu2�xSe NPs-mediated neuro-
toxicity in vivo is associated with damage from oxidative stress.
4. Discussion

Although nanomaterials have unique physicochemical proper-
ties, the toxicity of nanomaterials has received widespread
attention. As an important member of copper chalcogenide
nanomaterials, Cu2�xSe NPs have attracted much attention in
cancer therapy due to its strong NIR absorption and photo-
thermal effects. However, whether Cu2�xSe NPs have biological
toxicity and how this might further affect other biological
functions has not been reported. In the present investigation,
we rst used MTT assays and ow cytometry technology to
conrm that Cu2�xSe NPs induced dose-dependent cell death
and apoptosis in PC-12 cells. Our in vivo studies also revealed
that Cu2�xSe NPs induced marked neurotoxicity in the striatum
Fig. 7 Cu2�xSe NPs induce oxidative stress damage in vivo. (A–D) Levels o
BALB/c mice after treatment with or without Cu2�xSe NPs (10 mg kg�1) fo
**P < 0.01, ***P < 0.001 compared to control.

36566 | RSC Adv., 2019, 9, 36558–36569
and hippocampal tissues of BALB/c mice, evidenced by patho-
logic changes, signicantly increased numbers of TUNEL-
positive cells, and increased cleaved caspase-3 immunoreac-
tivity. Taken together, our ndings suggested that Cu2�xSe NPs
induced neurotoxicity in vitro and in vivo.

Numerous studies have implicated mitochondrial dysfunc-
tion and oxidative stress damage in the neurotoxicity of metallic
NPs.50–53 Chen et al. reported that nano-alumina particles could
target mitochondria, causing changes in mitochondrial
membrane potential and cellular oxidation levels.54 High doses
of nano-silica resulted in damage to mitochondria and inhibi-
tion of mitochondrial biosynthesis.53 Meena et al. intravenously
injected rats with TiO2 NPs. The results showed increased Ti
concentrations in the brain, accompanied by reductions in SOD
and GSH-Px, as well as excessive ROS and MDA production.55

Tian et al. concluded that ZnO NPs increased the MDA content
and inhibited the activities of SOD and GSH-Px in the mouse
brain aer intraperitoneal injections.56 The antimicrobial
activity of CuO NPs has been reported to act via the production
of ROS57 and increasing oxidative stress was a key mechanism in
PC-12 apoptosis induced by nano-Cu.58 Meanwhile, our inno-
vation lies in conrming the neurotoxicity of Cu2�xSe NPs
related to the generation of ROS in vitro and in vivo.
f H2O2, MDA, GSH, and SOD in the striatum and hippocampal tissues of
r 20 days. The data are expressed as the mean � SD (n ¼ 3), *P < 0.05,

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Model of Cu2�xSe NPs-induced apoptosis in PC-12 cells. Cu2�xSe NPs penetrated the cell membranes and accumulated in the mito-
chondria, decreased mitochondrial energy production, and increased mitochondrial oxidative damage involved in the pathogenesis of PC-12
cells apoptosis and neurotoxicity.
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Consistent with these reports, our study demonstrated that
the treatment of PC-12 cells with Cu2�xSe NPs (100 mg mL�1) for
24 h caused mitochondrial swelling, decreases in ATP produc-
tion, and changes in mitochondrial membrane potential. Aer
the cells were treated with Cu2�xSe NPs (100 mg mL�1) for 24 h,
the levels of ROS, MDA and H2O2 were increased, whereas the
GSH and SOD activities which were negatively correlated with
oxidative stress, were signicantly decreased. Similar oxidative
stress effects were also observed in the striatum and hippo-
campus of Cu2�xSe NPs-treated BALB/c mice.

All of these results suggest that Cu2�xSe NPs caused neuro-
toxicity related to mitochondrial abnormalities and oxidative
stress, as shown in Fig. 8. Cu2�xSe NPs penetrated the cell
membrane and accumulated in the mitochondria, decreasing
mitochondrial energy production and increasing mitochondrial
oxidative damage associated with the pathogenesis of
This journal is © The Royal Society of Chemistry 2019
neurotoxicity. Since Cu2�xSe NPs are involved in the production
of ROS, they may impair mitochondrial bioenergetics and
generate oxidative stress.

It is worth mentioning that the biosafety of nanomaterials is
closely related to their physicochemical characteristics, such as
size, shape, charge and surface modications.59–61 In future
work, different shapes, sizes and surface modications of
Cu2�xSe NPs will be prepared and the in-depth mechanism of
neurotoxicity will be studied.
5. Conclusions

In summary, our study investigated the neurotoxicological
effects of Cu2�xSe NPs. The results demonstrated that Cu2�xSe
NPs induced dose- and time-dependent cell death and
apoptosis in PC-12 cells. Mitochondrial dysfunction and
RSC Adv., 2019, 9, 36558–36569 | 36567
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oxidative stress are believed to be the main molecular mecha-
nisms underlying the neurotoxicity of Cu2�xSe NPs. These
mechanisms were also conrmed in vivo. In the present work,
we demonstrated the neurotoxicological effects of Cu2�xSe NPs
and the potential mechanism is illustrated in Fig. 8. Our study
provided useful information for understanding the neurotox-
icity and safe application of Cu2�xSe NPs.
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