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DSPE/corannulene or perylene
nanoparticles on the ovary and oocyte†

Hongyu Wang,‡§a Jingwen Zhang,§a Daofu Feng*b and Xizeng Feng *a

Corannulene (Cor) is a polycyclic aromatic hydrocarbon (PHA) whose molecular structure is three

dimensional with a unique bowl-like structure and surface charge. Perylene (Per) is similar to

corannulene, with 20p electrons in its fragrance system, but it is a planar structure. Although scientists in

various fields have been extensively investigating corannulene, the toxicological evaluation on organisms

and its possible mechanisms remain unclear. Our objective is to investigate the toxic effects of

corannulene and perylene on ovaries and oocytes. First, corannulene and perylene were wrapped with

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)] (mPEG-DSPE) to

form mPEG-DSPE/corannulene nanoparticles (mP-D/CoNps) and mPEG-DSPE/perylene nanoparticles

(mP-D/PeNps), which enhanced their water solubility and biocompatibility. Then, the toxic effects of

mP-D/CoNps or mP-D/PeNps on the quality of mouse oocytes and their possible mechanisms were

studied in vivo. Our results indicated that mP-D/CoNps or mP-D/PeNps affected the first polar body

extrusion of oocytes, increased the number of primordial follicles in the ovary, altered mitochondrial

membrane potentials, induced oxidative stress and led to autophagy and apoptosis.
1. Introduction

In recent years, with the synthesis and development of carbon
nanomaterials including carbon nanotubes, graphene, fuller-
enes and emerging carbon nanomaterials, there has been
a wave of research on the application of these diverse carbon
nanomaterials in various elds. The intrinsic physicochemical
properties of carbon nanomaterials make them increasingly
applicable in high-performance multifunctional materials,1–3

organic photovoltaic devices,4,5 drug delivery and biosensors.6

With the large-scale application of carbon nanomaterials in
materials science and physical chemistry, carbon nano-
materials have certain applications in the eld of biology, such
as drug carriers and protective agents for cancer photothermal
therapy.

Corannulene (Cor) is a polycyclic aromatic hydrocarbon
(PHA), which is a three-dimensional bowl-shaped structure with
surface charge consisting of a central pentagon and ve closely
adjacent hexagons.7 It has a curved p surface and a large dipole
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moment,8 which is a new type of carbon nanomaterial. Perylene
(Per) is similar to corannulene, with 20p electrons in its
fragrance system, but it has a planar structure. Importantly,
corannulene and its derivatives have important applications in
the eld of materials science and engineering, such as
a molecular switch for nanoscale machines and a motor,9 as an
important member of the organometallics,10 for chemical
encapsulation of drugs and biomolecules,11 as a precursor for
the synthesis of fullerenes12 and an oxidation-reducing
substance.13 Moreover, perylene and its analogues have
diverse applications that include uorescence labeling14 and
fabrication of molecular electronic devices15 and molecular
sensors.

In view of the wide range of applications of carbon nano-
materials in physical chemistry and other elds, we are also
interested to explore their application in biomedicine, which is
premised on the evaluation of their physiological toxicity,
including its harmful effects on organs such as the heart, liver,
spleen, lungs and kidney, and on the nervous and reproductive
systems. The toxic effects of carbon nanomaterials on organ-
isms have been reported in many studies. For example, Makoto
and his colleagues systematically summarized the results of
toxicity studies of graphene-based nanomaterials in experi-
mental animals;16 they found that the inhalation of graphene
and graphene oxides can only cause minimal lung toxicity, and
large-sized graphene oxides are more toxic than the small-sized
ones. Graphene-based carbon nanomaterials are mainly
distributed in organs such as the lung, liver and spleen by
tracheal and intravenous administration, and their distribution
This journal is © The Royal Society of Chemistry 2020
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and surface characteristics lead to potential neurological,
genetic and reproductive/developmental toxicity. Zhang and his
colleagues studied the effects of short-term or long-term oral
high-dose reductive graphene oxide nanosheets on mouse
behavior.17 The study found that high-dose reductive graphene
oxide nanosheets had little effects on the exploratory behavior,
anxiety and depression behaviors, and learning and memory
behaviors in mice. However, exposure to reductive graphene
oxides affects superoxide dismutase activity in the mouse
serum, which may have effects on the motor activity, balance,
and neuromuscular coordination.

Generally, carbon nanomaterial toxicity studies in organisms
focus on behavioral aspects and their distribution in organs.
Currently, there are relatively few studies on the effects of
carbon nanomaterials on animal genetic development and
reproduction. Xu and his colleagues studied the effects of long-
term exposure of reductive graphene oxide nanosheets on the
reproductive performance and offspring development in female
mice.18 In their study, reductive graphene oxide nanosheets
were injected into the tail vein of mice at different doses and
time points before or aer fertilization. The sex hormone levels
of adult female mice did not change signicantly aer injection.
Female mice produced healthy offspring aer the injection of
reductive graphene oxide nanosheets before and during preg-
nancy (about 6 days). However, in the late pregnancy, low-dose
or medium-dose nanosheets resulted in abortion in the mother,
andmost pregnant mothers died when injected with high doses
of nanosheets.

Similarly, assessing the toxicity of corannulene is a prereq-
uisite for exploring its biological applications. Research has
shown that corannulene increased sleep and reduced loco-
motor activity and the expression of hcrt and hcrtr mRNA in
zebrash larvae.19 Moreover, Li and his colleagues have
explored the toxic effects of corannulene on mouse organs, as
well as on the nervous system.20 However, due to poor
biocompatibility of corannulene and less research on its toxicity
in organisms, the toxicological mechanism is still unclear,
which limits its biological application. In order to enhance the
water solubility and biocompatibility of corannulene and per-
ylene,20 they were wrapped with mPEG-DSPE (1,2-distearoyl-sn-
glycero-3-phosphoetha-nolamine-N-[methox-
y(polyethyleneglycol)]) to form mPEG-DSPE/corannulene nano-
particles (mP-D/CoNps) and mPEG-DSPE/perylene
nanoparticles (mP-D/PeNps). To supplement the biological
toxicity evaluation research on corannulene and perylene and
lay a foundation for its biological function, we injected a solu-
tion containing nanoparticles into the abdominal cavity of
female mice and investigated their effects on ovarian tissue,
follicular development, oocyte maturation and oocyte quality.

2. Materials and methods
2.1 Reagents and animal feeding

Commercially produced perylene of 252.3093 mol g�1 was ob-
tained from MERYER (M09865). Corannulene was synthesized
and provided by Jay S. Siegel 8. mPEG-DSPE (M ¼ 2000) was
purchased from Tebu-Bio company. The chemical reagents
This journal is © The Royal Society of Chemistry 2020
used in this experiment, including tetrahydrofuran (THF) and
physiological saline, were purchased from Tianjin Dingguo
Biological Company. Pregnancy mare serum gonadotropin
(PMSG), human chorionic gonadotropin (hCG) andM2medium
were purchased from Ningbo Second Hormone Factory (China).

All animal experiments were approved by the Committee on
the Animal Experiments Ethics Inspection of the Nankai
University and were handled in accordance with the approved
guidelines. Eight-week-old female ICR mice (25–30 g body
weight) were obtained from the Institute of Zoology, Chinese
Academy of Sciences, and were allowed to access water and food
ad libitum. The mice were housed under a 12 h/12 h light/
darkness cycle at constant temperature (23 �C � 2 �C).

2.2 Synthesis and characterization of mP-D/CoNps (PeNps)

Corannulene or perylene and mP-D were respectively dissolved
in THF and a physiological saline solution at room temperature.
Then, the corannulene or perylene/THF solution was placed in
a constant-temperature water bath and heated to 78 �C. Cor-
annulene or perylene/THF and mP-D/saline solutions were
cautiously added into distilled water while continuously soni-
cated (1.5 s/2 s). Aer being signier disrupted, the mixed
solution was transferred to a water bath at 60 �C for 24 h to
remove the THF solution. Corannulene or perylene and mPEG-
DSPE self-assembly occurred at 60 �C. Finally, the synthesized
mP-D/CoNps (PeNps) were maintained at 60 �C in a water bath.
In our experiment, we used the same method as described
above to treat mP-D/saline as a positive control treatment
group.

Dynamic light scattering (DLS) and the absorption, emission
and excitation spectra were analysed using mP-D/CoNp (PeNp)
solutions diluted to 20, 25 and 40 mg mL�1. Moreover, the cor-
annulene or perylene/THF solution and mPEG-DSPE aqueous
solution with concentrations of 20, 25, and 40 mg mL�1 were
further analysed by absorption spectroscopy as the buffer and
control groups, respectively.

The sample solution was dropped onto the mica slice and
then dried. Aerwards, the dry sample was imaged using
a Benyuan CSPM 4000 AFM (Being Nano-Instruments, Ltd). The
AFM probe used was the Budget Sensors ContAI-G pobe
(Innovative Solutions Bulgaria, Ltd). The particle size was
measured through the height of the particles to avoid the effect
of the tip convolution.21

2.3 mP-D/CoNp or mP-D/PeNp treatment and oocyte
collection

In our experiment, mP-D/CoNps or mP-D/PeNps were dispersed
in saline. Buffer-dispersed mP-D/CoNps or mP-D/PeNps (15,
30 mg kg�1 body weight)13,16 were administered to mice via
intraperitoneal injection every 24 h for 7 consecutive days. One
group of control mice were administered with saline and the
other group of control mice with mP-D/saline every 24 h for 7
consecutive days.

First, the mice were super-ovulated by intraperitoneal
injection of 10 IU pregnant mare serum gonadotropin (PMSG).
Then the mice were injected with 10 IU human chorionic
RSC Adv., 2020, 10, 16972–16981 | 16973
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gonadotropin (hCG) aer 48 h. About 14 h aer the injection of
hCG, the mice were killed by cervical dislocation and cumulus
oocyte complexes collected from the ampulla of the oviduct
were placed in an M2 medium (Ningbo second hormone
factory). To obtain bare MII oocytes, we incubated the cumulus
oocyte complexes with 10 mg mL�1 hyaluronidase for 2 min.
The removed ovaries were used in western blot and qRT-PCR
experiments.

2.4 Histological evaluation

Aer xation with 4% paraformaldehyde at room temperature
for 24 h, the tissues were dehydrated with a series of concen-
trations of ethanol, transparent with xylene, and nally
embedded in paraffin. Paraffin-embedded ovary serial sections
(5 mm) were stained with hematoxylin and eosin (HE) for light
microscopic examination. Ten discontinuous sections were
analyzed for each sample.

2.5 Confocal microscopy

To evaluate the intracellular mitochondrial membrane poten-
tial (MMP) and reactive oxygen species (ROS) level, at least 60
oocytes (from 3 mice in each group) were stained at 37 �C for
30 min in the darkness with 1 � JC-1 uorochrome or 10 mM
20,70-dichlorodihydrouorescein diacetate (DCFH-DA). Aer
washing twice with PBS or 1� JC-1 wash buffer, the sample
oocytes were placed on glass slides. The uorescence images of
oocytes were recorded using a confocal microscope with the
same scanning settings. The uorescence intensities were
quantied using the ImageJ soware.

For single staining for LC3 and Annexin-V, at least 60 oocytes
(from 3 mice in each group) were xed in 4% paraformaldehyde
for 30 min and then transferred to a membrane permeabiliza-
tion solution (PBS containing 0.5% Triton X-100) for 20 min at
room temperature. Aer 1 h blocking in PBS with 1% bull serum
albumin (BSA) at 4 �C, samples were incubated at room
temperature for 2 h with anti-Annexin-V (1 : 200 dilution, Santa
Cruz Biotechnology, USA) and anti-LC3A/B antibody (1 : 200
dilution, Cell Signaling Technology, USA). Aer washing three
times with 1% BSA/PBS, the oocytes were labeled with specic
uorescence secondary antibodies at room temperature for 1 h.
Finally, the oocytes were mounted on glass slides with an
antifade mounting medium and were observed by confocal
microscopy. The uorescence intensities were quantied using
the ImageJ soware.

2.6 Quantitative real-time PCR

Ovary tissues were homogenized in the presence of Trizol, and
total RNA was extracted from the ovary with using a TRNpure
Total RNA Kit (Nobelab, Beijing, China). cDNA synthesis was
performed using a PrimeScript™ RT reagent Kit with gDNA
Eraser (Perfect Real Time) (Takara, China). Quantitative real-
time PCR was performed with cDNAs and gene-specic primer
pairs (Table S1†) mixed with a FS Universal SYBR Green PCR
master mix (Roche, China) under the following conditions:
50 �C for 2 min, 95 �C for 10 min, 40 cycles of 95 �C for 15 s and
60 �C for 1 min. Data were calculated by the 2�DDCt method, and
16974 | RSC Adv., 2020, 10, 16972–16981
the gapdh mRNA levels were quantied as an endogenous
control. Each sample was analyzed individually and processed
in triplicate.

2.7 Western blotting

Ovary tissues from different groups were homogenized with 200
mL RIPA lysis buffer mixed with 1� protease inhibitor Cocktail
(CWBiotech), and the homogenates were incubated on ice for
20 min. Aer centrifugation at 10 000 � g for 10 min, the
supernatants were obtained and total tissue protein concen-
trations were measured by the BCA protein assay (CWBIO,
China). Protein samples were mixed with a 5� SDS-PAGE
sample loading buffer and boiled for 5 min. Equal amounts of
protein (20 mg) were electrophoresed through 12% SDS-PAGE
and then transferred onto a polyvinylidene uoride (PVDF)
membrane, which was activated in methanol for 1 min. The
PVDF membranes were blocked with nonfat milk at room
temperature for 2 h and then washed three times (10 min each)
with Tris-buffered saline (TBS) containing 0.05% Tween-20
(TBST). The PVDF membranes were incubated with anti-Bax
and anti-Bcl-2 antibodies (1 : 200 dilution, Santa Cruz Biotech-
nology, USA) at room temperature for 2 h and washed three
times (10 min each) with TBST. The membranes were incubated
with species-matched horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature for 1 h. Aer
washing three times with TBST, the specic protein signals were
visualized using an ECL Plus (Thermo Fisher Scientic). The
results of western blot were quantied using the ImageJ
soware.

2.8 Statistical analysis

Each experiment was repeated at least three times. All data
differences between control and treated mice are expressed as
mean � S.E.M. Differences were determined by Student's
unpaired two-tailed t-test and two-way ANOVA using the
GraphPad Prism soware. Statistical signicance was based on
the p value: *<0.05, **<0.01, ***<0.001, and ****<0.0001.

3. Results
3.1 Characterization of mPEG-DSPE/corannulene or
perylene nanoparticles

In order to enhance the water solubility of corannulene and
perylene, this study encapsulated them separately with mPEG-
DSPE to form mP-D/CoNps and mP-D/PeNps, as shown in
Fig. 1a. First, we used an atomic force microscope (AFM) to
image the synthesizedmP-D/CoNps or mP-D/PeNps (Fig. 1b). To
avoid the inuence of the convolution particles at the tip, we
measured the size of the particles by their height. The results
indicated that the particle size of mP-D/CoNps andmP-D/PeNps
is 100–160 nm and 110–150 nm, respectively. Fig. S1† shows the
frequency distribution of nanoparticles of different sizes. Then,
based on the dynamic light scattering (DLS) technology, Fig. 1c
and d shows the particle size distribution of mP-D/CoNps
(PeNps) in the saline buffer. Quantitative analysis results indi-
cated that the aggregation size of mP-D/CoNps was 100–140 nm
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characterization of particle sizes of mP-D/CoNps or mP-D/PeNps. (a) Schematic of the synthesis of mP-D/CoNps or mP-D/PeNps. (b)
Atomic force microscopic images of mP-D/CoNps and mP-D/PeNps; (c) average particle size distribution (number and intensity of particles) of
mP-D/CoNps. (d) Average particle size distribution (number and intensity of particles) of mP-D/PeNps.
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and mP-D/PeNps was 110–140 nm in the saline buffer. In
addition, only a small number of particles aggregated, and the
size is in the range of 200–275 nm.
3.2 mP-D/CoNp or mP-D/PeNp treatment reduced PBE rates
and increased ROS levels

The process of oocytes from recovering meiosis to the stage of
MII is usually called oocyte maturation, so we measured the
percentage of PBE in oocytes isolated from mice administered
with mP-D/CoNps or mP-D/PeNps (15 and 30 mg kg�1) via
intraperitoneal injection for 7 consecutive days. In Fig. 2a and b,
the results indicated that D/PeNp (61.53 � 0.87, p < 0.05)
treatment reduced the PBE rate compared to the control group
(67.20 � 1.13). There was no signicant difference in the
treatment with low doses (mP-D/CoNps: 64.65 � 1.372; mP-D/
PeNps: 64.41 � 0.92). Thus, high doses were used in the
subsequent study.

Oxidative stress is a cellular response to noxious external
stimuli. To determine whether mP-D/CoNps or mP-D/PeNps
induced oxidative stress in mice, we rst evaluated the ROS
levels in MII oocytes. As shown in Fig. 2c, most of the control
and mP-D group MII oocytes showed low uorescence intensity,
indicating low ROS production. In Fig. 2d, ROS uorescence
intensities were elevated for the experimental groups treated
with mP-D/CoNps (14.88 � 0.1862, p < 0.0001) and mP-D/PeNps
(44.73 � 0.2161, p < 0.0001) compared to the control (8.264 �
0.1395) and mP-D (7.853 � 0.1485) groups. Then, we examined
the oxidative stress–related genes by qRT-PCR. Fig. 2e shows
that cat mRNA expression levels increased in oocytes obtained
frommP-D/CoNp (5.89� 1.03, p < 0.0001) or mP-D/PeNp (4.46�
0.22, p < 0.0001) groups as compared to those obtained from the
control group (1.01 � 0.09). gpx mRNA expression levels
This journal is © The Royal Society of Chemistry 2020
increased in oocytes obtained from mP-D/CoNps (3.47 � 0.20, p
< 0.01) or mP-D/PeNp (6.99 � 0.19, p < 0.0001) groups as
compared to those obtained from the control group (1.01 �
0.11). In addition, sod2 mRNA expression levels signicantly
increased in oocytes from mP-D/PeNp groups (3.40 � 0.47, p <
0.0001) as compared to those from the control group (1.01 �
0.09). However, there was no signicant difference in mRNA
levels between the control and mP-D groups.

3.3 mP-D/CoNp or mP-D/PeNp treatment affected the
mitochondrial function

Mitochondria function is related to the production of ROS and
can be used as an important indicator to measure the quality of
oocytes. Furthermore, we explored whether mP-D/CoNps
(PeNps) can adversely affect the oocyte mitochondrial func-
tion. We stained oocytes with JC-1 dye to measure the mito-
chondrial membrane potential. The oocytes of the control
group and the mP-D group showed strong red uorescence,
indicating that they had high mitochondrial membrane
potential (control: 1.01 � 0.08; mP-D: 0.95 � 0.09). Compared
with the control group, mP-D/CoNp (PeNp) treatment reduced
the mitochondrial membrane potential of the oocyte (Fig. 3a). A
lower ratio of the red/green uorescence intensity represented
mitochondrial injury. As shown in Fig. 3b, quantitative analysis
showed a signicant decrease in the ratio of red to green JC-1
uorescence aer mP-D/CoNp (0.43 � 0.01, p < 0.001) and
mP-D/PeNp (0.40 � 0.01, p < 0.001) treatment.

3.4 mP-D/CoNp or mP-D/PeNp treatment resulted in early
apoptosis

The decrease in mitochondrial membrane potential is a land-
mark event in the early stages of apoptosis. Next, we assessed
RSC Adv., 2020, 10, 16972–16981 | 16975
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Fig. 2 mP-D/CoNp or mP-D/PeNp treatment reduced the PBE rate and increased the ROS levels. (a) Representative images of MII stage oocytes
from different groups of mice. (b) Effect of different treatments on the PBE rate in vivo. (c) Representative images of ROS levels in oocytes. (d)
Fluorescence intensities of ROS in oocytes were analysed using ImageJ. (e) Expressions of oxidative stress-related genes in MII stage oocytes.
Data were analyzed by the unpaired t-test and two-way ANOVA test. Data are expressed as mean� S.E.M. * represents the significant difference
compared with the saline group. *p < 0.05, **p < 0.01, ****p < 0.0001.
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early apoptosis by staining oocytes with an Annexin V-FITC
antibody. The results indicated that the green uorescence
signals were much stronger in oocytes from the mP-D/CoNp or
mP-D/PeNp groups as compared to those in control and mP-D
groups (Fig. 4a). In Fig. 4b, the rate of apoptotic oocytes was
dramatically higher in the mP-D/CoNp (78.67� 1.76, p < 0.0001)
or mP-D/PeNp groups (78.67 � 1.76, p < 0.0001) than that in
control (14.33 � 0.88) and mP-D (16.58 � 0.62) groups. In
Fig. 3 mP-D/CoNp or mP-D/PeNp treatment has effects on the mit
function detected by JC-1 in four groups. (b) Comparison of the relativ
groups. Data were analyzed by the unpaired t-test. Data are expressed a
the saline group. ***p < 0.001.

16976 | RSC Adv., 2020, 10, 16972–16981
Fig. 4c, qRT-PCR results showed that caspase-3 and bax mRNA
expression levels were signicantly increased in the mP-D/
CoNps (caspase-3: 2.76 � 0.16, bax: 3.17 � 0.56, p < 0.01) or mP-
D/PeNps groups (caspase-3: 3.16 � 0.27, p < 0.01, bax: 4.14 �
0.49, p < 0.001) compared the control (caspase-3: 1.01 � 0.10,
bax: 1.00 � 0.06) and mP-D groups (caspase-3: 1.54 � 0.31, bax:
1.47 � 0.04). Additionally, we further evaluated whether
different treatments inuenced the expression levels of
ochondrial function. (a) Fluorescence photographs of mitochondrial
e ratios of red/green fluorescence intensities stained by JC-1 in four
s mean � S.E.M. * represents the significant difference compared with

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 mP-D/CoNps or PeNps treatment resulted in early apoptosis. (a) Representative images of apoptotic oocytes from groups. (b) The rate of
early apoptosis was recorded in four groups. (c) Expressions of apoptosis-related genes in oocytes. (d) Western blot analyses protein expression
of Bcl-2 and Bax. (e) Relative Bcl-2 and Bax bands intensity were assessed by ImageJ software. Data are analyzed by unpaired t-test and two-way
ANOVA test. Data are expressed asmean� S.E.M. * represents significantly different comparedwith the saline group. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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apoptotic proteins. In Fig. 4d and e, western blot results showed
that Bcl-2 protein expressions between groups showed no
signicant difference (saline: 0.39 � 0.01; mP-D: 0.40 � 0.01;
mP-D/CoNps: 0.40 � 0.01; mP-D/PeNps: 0.41 � 0.01), and Bax
protein expressions were increased compared with the control
(1.28� 0.01) andmP-D (1.31� 0.02) groups aer treatment with
mP-D/CoNps (1.42� 0.01, p < 0.05) or mP-D/PeNps (1.48� 0.01,
p < 0.01). Collectively, our results indicated that mP-D/CoNp or
mP-D/PeNp treatment induced early apoptosis in oocytes.
3.5 mP-D/CoNp or mP-D/PeNp treatment resulted in
autophagy

Apoptosis and autophagy are essential basic physiological
mechanisms for maintaining cell and body homeostasis.
Therefore, we also assessed autophagy level in oocytes by
immunouorescence staining of LC3, which is a membrane
constituent of functional autophagosomes. As shown in Fig. 5a
and b, oocytes frommP-D/CoNp (14.5� 0.39, p < 0.0001) or mP-
D/PeNp (15.57 � 0.35, p < 0.0001) groups had a stronger uo-
rescence intensity than those from the control (6.56� 0.14) and
mP-D (8.07� 0.16) groups. In Fig. 5c, qRT-PCR results indicated
that lc3, atg14 and beclin1 mRNA expression levels were signif-
icantly increased in the mP-D/CoNp (lc3: 2.43� 0.51, atg14: 2.67
� 0.34, p < 0.01, beclin1: 4.76 � 0.27, p < 0.0001) or mP-D/PeNp
(lc3: 2.43 � 0.51, atg14: 2.67 � 0.34, p < 0.01, beclin1: 10.37 �
This journal is © The Royal Society of Chemistry 2020
0.28, p < 0.0001) groups compared with that of the control (lc3:
1.00 � 0.05, atg14: 1.00 � 0.04, beclin1: 1.00 � 0.04) and mP-D
(lc3: 1.41 � 0.36, atg14: 1 � 0.04, beclin1: 1.07 � 0.12) groups.
Our results indicated that mP-D/CoNp or mP-D/PeNp treatment
induced autophagy in oocytes.
3.6 mP-D/CoNp or mP-D/PeNp treatment hindered follicular
development

To investigate how mP-D/CoNps or mP-D/PeNps disrupted
oogenesis, we carefully analyzed follicle development in
different groups. Aer 7 days of treatment, the ovaries were
taken out for histological examination. Representative HE
histological slices of ovaries of the control and experimental
groups were analysed (Fig. 6a). We found that the percentage of
primordial follicles, determined by the analysis of histological
sections, was drastically increased in the group treated withmP-
D/CoNps or mP-D/PeNps, as shown in Fig. 6b (control: 15.80 �
0.44%; mP-D: 14.92 � 1.67%; mP-D/CoNps: 30.05 � 1.00%, p <
0.001; mP-D/PeNps: 31.86 � 1.93%, p < 0.001). In Fig. 6c and d,
the percentage of primary follicles and secondary follicles was
observably reduced in mP-D/CoNps or mP-D/PeNp groups
(primary follicles: control: 27.43� 1.19%; mP-D: 24.00� 0.74%;
mP-D/CoNps: 12.24 � 1.13%, p < 0.0001; mP-D/PeNps: 14.52 �
0.41%, p < 0.0001; secondary follicles: control: 30.37 � 0.90%;
mP-D: 31.96 � 1.65%; mP-D/CoNps: 15.80 � 1.29%, p < 0.0001;
RSC Adv., 2020, 10, 16972–16981 | 16977
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Fig. 5 mP-D/CoNp or mP-D/PeNp treatment resulted in early autophagy. (a) Representative confocal images of autophagosome (LC3 puncta)
distribution in oocytes from groups. (b) Fluorescence intensities of LC3 in oocytes were analysed using ImageJ. (c) Expressions of autophagy-
related genes in oocytes. Data were analyzed by the unpaired t-test and two-way ANOVA test. Data are expressed as mean� S.E.M. * represents
the significant difference compared with the saline group. **p < 0.01, ****p < 0.0001.
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mP-D/PeNps: 12.84� 0.51%, p < 0.0001). In Fig. 6e, there was no
signicant difference in the percentage of atresia follicles
between the control and experimental groups (control: 23.06 �
0.96%; mP-D: 24.15� 0.10%; mP-D/CoNps: 23.99 � 1.21%; mP-
D/PeNps: 24.503 � 1.81%).
4. Discussion

Carbon nanomaterials have many applications in materials
science and other elds, and the research of the toxicity of
Fig. 6 The effects of mP-D/CoNps or PeNps treatment on ovaries. (a) Re
bar indicates 100 mm. Red arrow: Primordial follicles; blue arrow: primary
(b–e) The ratio of the follicles at different periods of oocytes in four grou
S.E.M. * represents significantly different compared with the saline grou

16978 | RSC Adv., 2020, 10, 16972–16981
carbon nanomaterials has been widely concerned. In recent
years, there have been many studies on neurotoxicity and
visceral toxicity of carbon nanomaterials16 containing carbon
nanotubes, graphene oxides and carbon black, so we speculate
that carbon nanomaterials may also affect the reproductive
ability of female mice, but there are few studies on toxicity in
this eld. In this study, we considered that mP-D/CoNps or mP-
D/PeNps could contribute to the destruction of oocyte devel-
opment. Then, the toxicity of mP-D/CoNps or mP-D/PeNps and
its underlying mechanisms were explored including oocyte
presentative images of HE stained of ovaries from the four group. Scale
follicles; black arrow: secondary follicles; green arrow: atresia follicles.
ps. Data are analyzed by unpaired t-test. Data are expressed as mean �
p. ***p < 0.001, ****p < 0.0001.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02129f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
1/

20
25

 9
:1

3:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
polar body extrusion, oxidative stress, mitochondrial
membrane potential, autophagy and apoptosis (Fig. 7).

To conrm our hypothesis, we examined the oocyte meiotic
progression by the extrusion of the rst polar body and the
crucial events of the high-quality oocyte in female reproduc-
tion.22 We found that the polar rate of oocytes decreased in the
experimental group (Fig. 2). The decreased PBE rate indicated
that the mP-D/CoNps or mP-D/PeNps may be activated to arrest
the oocyte at the MI stage. The basic functional unit of oocyte
generation and development is follicles, and increased atresia
follicles can adversely affect the quality of oocytes.23–26 Then, we
performed histological examination of the ovary by
hematoxylin-eosin staining (Fig. 6). The results indicated that
the total number of follicles in mP-D/CoNp or mP-D/PeNp
groups decreased and the development of follicles was
delayed, so that most of the follicles were in the primordial
follicle phase, while the number of primary and secondary
follicles decreased signicantly. There was no signicant
difference in mP-D/CoNp or mP-D/PeNp groups compared with
the control, with reference to the percentage of atretic follicles.
These results indicated that mP-D/CoNps or mP-D/PeNps had
a negative effect on oocyte maturation.

Under physiological conditions, ROS and antioxidants are
maintained at a balanced level. ROS are produced by the
metabolism of surrounding oocytes,27 which is responsible for
the poor quality of oocytes.28 An increase in the ROS levels
causes oxidative damage stimulated by foreign substances such
as chemical poisons and exposure to light and radiations.29–31

Then, we examined the oxidative stress level, and found that the
ROS levels increased. During the maturation of oocytes, the
increase in ROS levels is mainly due to physiological metabo-
lism and the mechanism of antioxidant enzymes in the
body.29,32 The antioxidant enzyme system in the body mainly
includes superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GPX).33 SOD is a natural superoxide free
radical scavenging factor in the body, which can convert the
harmful superoxide free radical into hydrogen peroxide (H2O2).
Although H2O2 is still a harmful reactive oxygen species, CAT in
the body immediately breaks it down into perfectly harmless
Fig. 7 Potential mechanism of mP-D/CoNp- or mP-D/PeNp-induced c

This journal is © The Royal Society of Chemistry 2020
water and oxygen, while GPX also clears it out. Our results
indicated that the mRNA levels of cat, sod and gpx obviously
increased aer mP-D/CoNp or mP-D/PeNp treatment. Since the
expression levels of sod and gpx in the mP-D/PeNP group were
signicantly higher than those in the mP-D/CoNP group, it was
found that mP-D/PeNPs might have resulted in higher rates of
ROS generation.34

Mitochondria are the most sensitive part of ROS and the
main organelles that provide energy in oocytes, whose activity is
closely related to the quality of oocytes.35 The level of metabo-
lism of mitochondria determines whether all functional activi-
ties of cells can be effectively carried out. Membrane potential is
one of the important markers of mitochondrial activity.36 The
level of mitochondrial membrane potential can partially reect
the metabolic state and developmental potential of
oocytes.25,37–40 This study shows that the mitochondrial
membrane potential of oocytes decreased in mP-D/CoNp or mP-
D/PeNp groups. Aer mP-D/CoNp or mP-D/PeNp treatment, the
mitochondria of mouse oocytes were damaged.

Decreased mitochondrial membrane potential is a hallmark
of early cell apoptosis.41 Our results indicated that ROS
production is induced in mouse oocytes exposed to the mP-D/
CoNps or mP-D/PeNps and the expression of oxidative stress-
related genes is increased. Excessive production of ROS can
regulate cell growth and development in a multi-interaction
relationship.42,43 Therefore, we then detected apoptosis and
autophagy. The results obtained in our study indicated that the
rate of apoptosis of oocytes was dramatically higher in the mP-
D/CoNp ormP-D/PeNp groups. Apoptosis was induced when the
pro-apoptotic protein Bax formed homologous dimers. When
Bax and apoptotic protein Bcl-2 form heterodimers, apoptosis is
inhibited.44 Aer receiving the apoptotic signal, the molecular
conformation of Bax changes, translocates and inserts into the
mitochondrial outer membrane, which destroys the integrity of
the mitochondrial membrane. The mitochondria release
apoptotic factors such as cytochrome-c, and initiate the caspase
cascade reaction to activate caspase-3. Our results indicated that
although there was no signicant difference in the expression of
Bcl-2 in all groups, the expression of Bax and caspase-3
ytotoxicity in mouse oocytes.
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increased in the treatment groups. The expression levels of
apoptosis-related proteins and genes are consistent with the
early apoptotic state of oocytes.42 Meanwhile, our results indi-
cated that mouse oocytes treated with mP-D/CoNps or mP-D/
PeNps also exhibited autophagy. In the initiation stage of
autophagosome formation, autophagy-related protein 7 (ATG7)
activates light chain 3 (LC3) and facilitates the formation of the
ATG12–ATG5–ATG16L1 complex.45 Beclin-1 is also integral to
the vesicle nucleation phase of autophagosome formation in
mammals.46 qRT-PCR results indicated that lc3, atg14 and
beclin1 mRNA expression levels were signicantly increased in
the treatment groups.
5. Conclusion

In summary, female mice were injected intraperitoneally with
mP-D/corannulene (perylene) nanoparticles to investigate their
toxicity in this study. The results indicated that the nano-
particles had little effects on follicle production and polar body
extrusion (PBE) rate in female mice, but they increased the ROS
level in oocytes, which led to decreased mitochondrial function
in the oocytes, triggering apoptosis and autophagy. Our
research provided the potential mechanism of mP-D/CoNp or
mP-D/PeNp toxicity in oocytes.
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