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Background: After the synthesis of selenium doped carbon quantum dots (Se/CDs) via a step-by-step hydrothermal synthesis method
with diphenyl diselenide (DPDSe) as precursor, the beneficial effects of Se/CDs’ supplementation on the in vitro development
competence of ovine oocytes were firstly investigated in this study by the assay of maturation rate, cortical granules’ (CGs) dynamics,
mitochondrial activity, reactive oxygen species (ROS) production, epigenetic modification, transcript profile, and embryonic devel-
opment competence.

Results: The results showed that the Se/CDs’ supplementation during the in vitro maturation (IVM) process not only enhanced the
maturation rate, CGs’ dynamics, mitochondrial activity and embryonic developmental competence of ovine oocytes, but remarkably
decreased the ROS production level of ovine oocytes. In addition, the expression levels of H3K9me3 and H3K27me3 in the ovine
oocytes were significantly up-regulated after the Se/CDs’ supplementation, in consistent with the expression levels of 5SmC and ShmC.
Moreover, 2994 up-regulated differentially expressed genes (DEGs) and 846 repressed DEGs were found in the oocytes after the Se/
CDs’ supplementation. According to the analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG),
these DEGs induced by the Se/CDs’ supplementation were positively related to the progesterone mediated oocyte maturation and
mitochondrial functions. And these remarkably up-regulated expression levels of DEGs related to oocyte maturation, mitochondrial
function, and epigenetic modification induced by the Se/CDs’ supplementation further confirmed the beneficial effect of Se/CDs’
supplementation on the in vitro development competence of ovine oocytes.

Conclusion: The Se/CDs prepared in our study significantly promoted the in vitro development competence of ovine oocytes,
benefiting the extended research about the potential applications of Se/CDs in mammalian breeding technologies.
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Background

In 1878, the first case of in vitro fertilization (IVF) was conducted by Schenk with the first documented birth of rabbit via
the technology of IVF-embryo transfer (ET) achieved by Walter Heape in 1959,' benefiting the applications of assisted
reproductive technologies (ARTs) in mammalian breeding via the in vitro production (IVP) of mammalian embryos
during the past decades. With the promising development of ARTs, the technologies including ovum pick-up (OPU),
in vitro maturation (IVM), IVF, cryobiology of mammalian gametes and ET not only promote these in vitro research
related to gametogenesis, stem cells, and developmental biology,” but also offer new alternatives for the fertility

preservation for patients undergoing cancer treatments and reproductive failures.
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Nevertheless, the ARTs applied for livestock and human beings lack the complex ovarian microenvironments in vivo,
which are necessary for the in vivo processes of oogenesis, granulogenesis, oocyte maturation, ovulation, and
steroidogenesis.” The complex ovarian microenvironments in vivo are strictly regulated by the physiological changes
(functional or structural changes) in mammalian ovaries.* And the deficiency of in vivo ovarian microenvironments
including gonadotropins, intra/extraovarian factors, pH, osmolarity and mechanical stress’ during the IVM process
disturbs the mitochondrial functions, further triggering the failures of oocyte maturation and decreased fertilization
potential. In addition, numerous studies have found that the mitochondrial dysfunctions during the IVM process cause the
excessive production and accumulation of reactive oxygen species (ROS) via the process of oxidative phosphorylation,®
resulting in intracytoplasmic oxidative stress related damage and physiological disorders of oocyte development.’

As the most abundant organelle in mammalian oocytes, mitochondria play an important role in the oocyte maturation
and ovulation via the generation of adenosine triphosphate (ATP) and secretion of fatty acid p-oxidation.® Meanwhile, the
mitochondrial dysfunctions during the oocyte maturation, due to the exposure to chemotherapeutics,® ionizing radiation,”
toxic metals,'” plasticizers,'" pesticides'? and polycyclic aromatic hydrocarbons are positively related to mammalian
infertility and chromosomally abnormal conception.'® These former publications have also found that the mitochondrial
dysfunctions during the toxic metals exposure process altered the epigenetic modifications including 5-methylcytosine
(5mC) methylation and H3, lysine 9 trimethylation (H3K9me3), resulting in the following embryonic development
failures and transgenerational genotoxicity.'*!”

According to the positive connections between the developmental failures of mammalian oocytes and mitochondrial
dysfunctions, the supplementation of antioxidant substances including melatonin, vitamin C, quercetin, and coenzyme
Q10 has been reported to have a beneficial effect on the efficiency of mammalian IVM via the inhibition of mitochondrial
dysfunctions.'®?° Furthermore, these recent advances in the converging technologies among nanotechnology, biotech-
nology, and information technology provide exciting alternatives for developing novel broad-spectrum platforms to
promote the outcomes of mammalian IVM via restraining the mitochondrial dysfunctions and intracellular ROS
accumulation.”’ >* And the potential applications of nanominerals, particularly selenium nano-particles (SeNPs) and
zinc nanoparticles (ZnNPs) on the production, immunity, and reproduction abilities of animals have already been
confirmed.>* These former literature also confirmed the beneficial effect of SeNPs’ supplementation on the IVM
efficiency of bovine oocytes via the up-regulation of antioxidant defense and inhibition of mitochondrial
dysfunctions.”’*> However, the potential effects of carbon quantum dots (CDs) doped with trace elements (including
selenium, zinc and boron) on the efficiency of mammalian IVM remain unreported.

In the present study, the synthesis of selenium (Se) doped carbon quantum dots (Se/CDs) via a step-by-step
hydrothermal synthesis method was conducted with diphenyl diselenide (DPDSe) as precursor and the effect of Se/
CDs’ supplementation on the in vitro development competence of ovine oocytes including maturation rate, cortical
granules (CGs) dynamics, mitochondrial activity, ROS production, epigenetic modification, and transcript profile was
investigated for the first time. Furthermore, the fertilization competence of ovine oocytes after Se/CDs’ supplementation
was finally analyzed to confirm the potential effect of Se/CDs’ supplementation on the IVM of ovine oocytes.

Methods

Chemicals
Unless otherwise indicated, the commercial chemicals, medium and supplements applied in the following study were
purchased from Sigma Aldrich (Shanghai, China) and Thermo Fisher Scientific (Shanghai, China).

Synthesis of Se/CDs

Se/CDs were synthesized by a step-by-step hydrothermal synthesis method. Firstly, 400 mg of diphenyl diselenide
(DPDSe, Heowns, Tianjin, China) was dissolved into 30 mL of ethanol (Aladdin, Shanghai, China) with the mixture
heated at 120°C°C for 20 h to prepare the precursor. After heating, 800 mg of citric acid (Aladdin, Shanghai, China) was
added to the previously-mentioned precursor, followed by a subsequent incubation at 200°C for 10 h. Then, 800 mg of
urea (General-Reagent, Tianjin, China) was added to the mixture and heated at 200°C for 10 h. The solution was cooled
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to room temperature with the precipitate removed by centrifugation at 8000 rpm for 20 min, and the previously-
mentioned processes were repeated three times. After centrifugation, the supernatant was collected with the excessive
liquid spanned off and dialyzed for 24 h by a 1000 kDa dialysis bag (Solarbio, Beijing, China). The mixtures were
freeze-dryed for a subsequent 48 h.

Characterization of Se/CDs

For the characterization of Se/CDs, the transmission electron microscopy (TEM) images were prepared by a JEOL JEM-
2100F Field Transmission Electron Microscope (Tokyo, JAPAN). The X-ray diffraction (XRD) pattern was measured by
a Bruker D8 Focus Diffraction System with Cu Ka radiation (A= 0.15406 nm). The X-ray Photoelectron Spectroscopy (XPS)
analysis was observed by a Thermo Fisher Scientific Escalab 250Xi using Al monochromatic Ka radiation (hv = 1486.6 eV)
with the binding energies of the C 1s line at 284.8 eV from adventitious carbon. The UV spectrum of Se/CDs was examined by
OCEAN OPTICS (DH-2000-BAL). The photoluminescence (PL) of the aqueous solution was measured by F-380 with the
exit and entrance slit set as 5 nm. Fourier transform infrared (FT-IR) spectrum was recorded by the ALPHA FT-IR spectro-
photometer from 370 to 7500 cm ™' using the infrared reflection method.

COC:s Collection

The ovine ovaries were collected from a local slaughterhouse, kept in 30°C pre-warmed normal saline supplemented with 100
pg/mL penicillin and 100 pg/mL streptomycin solution (P/S, 15,140,122, Thermo Fisher Scientific, Shanghai, China) and
transported to the laboratory within 2 h. Upon the ovaries’ arrival, the ovaries were thoroughly washed with 37°C pre-warmed
normal saline with the collections of cumulus oocyte complexes (COCs) conducted based on the department’s protocols.’
Briefly, the ovine ovaries were placed in 100 mm sterile dishes (Nunc, Beijing, China) supplemented with 15 mL
dissecting solution TCM-199 medium (11,150,067, Thermo Fisher Scientific, Shanghai, China) containing 4 mg/mL bovine
serum albumin (BSA, A3803, Sigma Aldrich, Shanghai, China), 1% Hepes (15,630, Thermo Fisher Scientific, Shanghai,
China), 2 pg/mL heparin sodium (CH6021, Coolaber, Beijing, China), and 100 pg/mL P/S. After COCs’ release from the
ovaries with sterilized forceps and surgical blades, all COCs were microscopically picked up and these COCs with even
cytoplasm of oocytes and approximately three to four layers of cumulus cells were collected for the following IVM.?

IVM, Se/CDs’ Supplementation and Experimental Group Setting

The IVM medium applied in this study was TCM-199 medium containing 100 uM cysteamine (M9768, Sigma Aldrich,
Shanghai, China), 10 ng/mL epidermal growth factor (EGF,31509, PEPRO TECH, Hangzhou, China), 10% fetal bovine
serum (FBS, 30,044,333, Thermo Fisher Scientific, Shanghai, China), 10 U/mL follicle stimulating hormone (FSH,
Ningbo Sansheng, Ningbo, China), 2 mM Gluta™** (35,050,061, Thermo Fisher Scientific, Shanghai, China), 10 U/mL
luteinizing hormone (LH, Ningbo Sansheng, Ningbo, China), 0.3 mM sodium pyruvate (11,360,070, Thermo Fisher
Scientific, Shanghai, China), and 1 pg/mL B-2-oestradiol (E8875, Sigma Aldrich, Shanghai, China).

During the IVM process, different concentrations of Se/CDs, dissolved in TCM-199 medium, were added to the IVM
medium with the experimental setting designed as follows: the negative control group (NC group) with the supplementa-
tion of TCM-199 medium, LD group with the supplementation of 50 pg/mL Se/CDs, MD group with the supplementa-
tion of 100 pg/mL Se/CDs, and HD group with the supplementation of 200 pg/mL Se/CDs, respectively.

According to the experimental group setting, COCs were randomly collected (repeated in triplicate), transferred to
500 pL of IVM medium drops (30-40 COCs per drop) covered with mineral oil (M8410, Sigma Aldrich, Shanghai,
China) in a 4-well culture dish (Corning, Beijing, China) and cultured at 38.5°C, 5% CO, for the following 24 h.

Assessment of [VM Efficiency

After IVM, the assessment of IVM efficiency was conducted according to the department protocol.® Briefly, COCs after
IVM of each group (n=110 for the NC group, n=110 for the LD group, n=110 for the MD group and n=113 for the HD
group, repeated in triplicate) were individually treated with 400 IU/mL hyaluronidase solution (H3506, Sigma Aldrich,
Shanghai, China) at 38.5°C for 3 min and repeatedly pipetted to remove the cumulus cells. Subsequently, these COCs
were washed thoroughly with the Hepes-synthetical oviductal fluid (H-SOF) medium to obtain the denuded oocytes.
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After collection, the denuded oocytes of each group were microscopically examined with the first polar body extrusion
(PBE) rate, as the maturation rate of each group was further analyzed. In addition, the denuded oocytes at the metaphase
IT (MII) stage of each group were selected for the following experiments.

Toxicity Effect Assessment of Se/CDs

To assess the toxicity effect of Se/CDs’ supplementation on the in vitro development competence of ovine oocytes, the
denuded oocytes of each group after IVM (n= 114 for the NC group, n=123 for the LD group, n=113 for the MD group
and n=121 for the HD group, repeated in triplicate) were collected with the oocytes’ fragmentation rates of each group
microscopically examined.

Moreover, the cumulus cells of each group after IVM (repeated in triplicate) were collected with 2x10° cells of each
group added to 96-well plate (Corning, Beijing, China) and cultured with the DMEM/F12 medium (11,320,033, Gibco,
Shanghai, China) supplemented with 10% FBS and 100 pg/mL P/S at 38.5°C, 5% CO, overnight. According to the
manufacturer’s instructions for a CCK-8 proliferation detection kit (C0037, Beyotime, Beijing, China), 10 uL of CCK-8
reagent was added to each well. After subsequent incubation for 1 h, the absorbance of each well at 450 nm was recorded
by Multiskan GO system (Thermo Fisher Scientific, China).?®

Cortical Granules’ (CGs) Dynamics Assay
To analyze the potential effect of Se/CDs’ supplementation on the cytoplasmic maturation of ovine MII oocytes, the
cortical granules’ (CGs) dynamics assay of ovine MII oocytes was performed.'”’

Briefly, MII oocytes of each group (n=30, repeated in triplicate) were collected, fixed in 4% paraformaldehyde
solution (PFA, P1110, Solarbio, Beijing, China) for 30 min and permeabilized in 0.5% Triton X-100 solution (T8200,
Solarbio, Beijing, China) for 15 min. Subsequently, the oocytes were incubated with 1% BSA solution (SW3015,
Solarbio, Beijing, China) for 30 min and labeled with a fluorescein labeled lens culinaris agglutinin (LCA-FITC, FL-
1041, Vector Laboratories, CA, USA) at 4°C for 2 h according to the manufacturer’s instructions.

After LCA-FITC staining, the oocytes of each group were collected, washed with Dulbecco’s phosphate buffered
saline (DPBS, 14,190,250, Thermo Fisher Scientific, Beijing, China) containing 1% Tween 20 solution (T8220, Solaribo,
Beijing, China), mounted on glass slides, and examined under a confocal microscope (A1R, Nikon, Tokyo, Japan) with

the LCA-FITC staining densities of each group analyzed with Image J software.?’

Mitochondrial Activity Analysis
To analyze the potential effect of Se/CDs’ supplementation on the mitochondrial activity of ovine MII oocytes,
MitoTracker staining of ovine MII oocytes was conducted.'’

Briefly, MII oocytes of each group (n=30, repeated in triplicate) were collected, washed thoroughly with DPBS and
subsequently incubated with 200 nM MitoTracker Red CMXRos working solution (C1049, Beyotime, Haimen, China)
for 30 min according to the manufacturer’s instructions. After MitoTracker Red CMXRos staining and microscopical
examination, the MitoTracker staining densities of each group were assessed with Image J software.?’

Assay of ROS Production Levels

For the assay of ROS production levels, MII oocytes of each group (n=30, repeated in triplicate) were collected, washed
with DPBS, and subsequently incubated with 10 uM dichlorofluorescein diacetate solution (DCFH-DA, S0033,
Beyotime, Haimen, China) for 30 min according to the department’s protocols.” After microscopical examination, the
DCFH-DA staining densities of each group were calculated with Image J software.?’

Immunofluorescence Staining of Epigenetic Modifications
After fixation, permeabilization, and BSA blocking, MII oocytes (n=30, repeated in triplicate) of each group were
immunostained for the epigenetic modification analyses (histone methylation and DNA methylation) according to the

department’s protocols with small modifications.>*®
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After incubation of primary antibodies including a rabbit polyclonal anti-H3K9me3 antibody (with 1:500 dilutions in
5% BSA, ab176916, Abcam, Shanghai, China), a rabbit polyclonal anti-H3K27me3 antibody (with 1:300 dilutions in 5%
BSA, ab192985, Abcam, Shanghai, China), a rabbit anti-5mC antibody (with 1:500 dilutions in DPBS, ab214727,
Abcam, Shanghai, China) and a rabbit polyclonal anti-ShmC antibody (with 1:500 dilutions in 5% BSA, ab214728,
Abcam, Shanghai, China) at 4°C overnight, the oocytes of each group were thoroughly washed with DPBS and incubated
with the corresponding secondary antibodies such as an Alexa Fluor®™ 647 secondary antibody (specific for H3K9me3,
H3K27me3 and SmC, with 1:300 dilutions in DPBS, ab150075, Abcam, Shanghai, China) and an Alexa Fluor® 555
secondary antibody (specific for ShmC, with 1:300 dilutions in DPBS, ab150074, Abcam, Shanghai, China) at room
temperature for 1 h.

After being washed three times with DPBS, the immunostained oocytes were collected and individually re-incubated
with 5 pg/mL Hoechst 33,342 solution (B8040, Solarbio, Beijing, China) for 5 min, followed by the oocytes’ mounting
and microscopical examination with the staining intensity of each group analyzed with Image J software.

Smart-Seq Analyses

For the RNA extraction, library construction and sequencing, ovine MII oocytes from the NC and MD groups (n=50)
were lysed with 10 x Lysis Buffer (N711, Vazyme, Nanjing, China). To generate the Smart-Seq library, priming buffer
mix containing dNTPs and oligo-dT primers was added to the oocyte lysate and denatured at 72°C. cDNA synthesis and
pre-amplification of cDNA was performed using the Discover-SC WTA Kit (N711-01, Vazyme, Nanjing, China)
according to the manufacturer’s instructions.

Subsequently, cDNA of ovine oocytes were purified with VAHTS DNA Clean Beads with the sequencing libraries
constructed according to the manufacturer’s instructions of TruePrepTM DNA Library Prep Kit (TD503, Vazyme,
Nanjing, China). Lastly, the library quality was assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA) and sequenced using Illumina HiSeq2500 by Gene Denovo Biotechnology Co. (Guangzhou, China).

For the bioinformatic analyses between the NC and MD groups, the filtering of clean reads, alignment with Ribosome
RNA (rRNA) and alignment with ovine reference genome were conducted, followed by the quantification of gene
abundance conducted by the value of fragment per kilobase of transcript per million mapped reads (FPKM).* In
addition, the RNAs differential expression analysis was performed by DESeq2 software between the NC and MD groups.
The genes with the parameter of false discovery rate (FDR) below 0.05 and absolute fold change>2 were considered as
the differentially expressed genes (DEGs), followed by the GO analyses’® and pathway enrichment analyses by Kyoto
Encyclopedia of Genes and Genomes (KEGG).>!

IVF and Fertilization Potentials’ Assessment
To analyze the effect of Se/CDs’ supplementation on the fertilization potentials of ovine MII oocytes, the fertilization
potentials’ assessment of MII oocytes was performed according to the department’s protocols.®!”

Briefly, MII oocytes of each group (n=221 for the NC group, n=218 for the LD group, n=220 for the MD group and
n=229 for the HD group, repeated in triplicate) were collected and individually transferred into 500 pL of fertilization
medium such as SOF medium containing 1 mM caffeine (58,082, Amresco, Shanghai, China), 10 png/mL heparin sodium,
2% oestrus ovine serum and 2 mM sodium pyruvate and cultured in a CO, incubator (38.5°C, 5% O, and 5% CO,). The
thawing of frozen semen straws (LEKE, Hohhot, Inner Mongolia, China) and collection of spermatozoa were performed,*?
followed by the transfer of spermatozoa with the final concentration of 1x10° sperm/mL to the previously-mentioned
fertilization medium containing MII oocytes and insemination in a CO, incubator (38.5°C, 5% O, and 5% CO,). At 18
h after IVF, the fertilized oocytes were collected and removed to the embryonic culture medium as SOF medium
supplemented with 4 mg/mL BSA, 1% nonessential amino acids (M7145, Sigma Aldrich, Shanghai, China), 2% essential
amino acids (11,130,051, Thermo Fisher, Shanghai, China), 1 mM sodium pyruvate, 2 mM GlutaMAX, 0.5 mM sodium
citrate (T7461, Solarbio, Beijing, China) and 2.8 mM myo-inositol (18050, Solarbio, Beijing, China) covered by mineral oil
in a 35 mm sterile dish, followed by subsequent embryos’ culture in a CO, incubator (38.5°C, 5% O, and 5% CO,).

At 48 h after IVF, the presence of embryonic cleavage, as the successful symbol of fertilization, was microscopically
examined by a stereomicroscope (745T, Nikon, Tokyo, China) with the embryonic cleavage rates of each group
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calculated. Moreover, the embryos of each group were cultured for a subsequent 5 d with the culture medium changed
every 48 h. At 7 d after IVF, the blastocyst development of each group was microscopically recorded with the blastocyst
development rates calculated as the percentage of surviving embryos/fertilized oocytes.

Statistical Analysis

All experimental data in this study were presented as mean + standard deviation (SD). The analyses of statistical data
were conducted with the Statistical Package for the Social Sciences software (SPSS, IBM) with the statistical data among
different groups analyzed by one-way ANOVA LSD tests. p<0.05 was considered as significant in this study.

Results

The Characteristic Analysis of Se/CDs

The morphology of Se/CDs was analyzed by TEM with the results shown in Figure 1A. The TEM results revealed a typical
monodisperse spherical nanosphere of Se/CDs, and the enlarged image shows a clear lattice structure of Se/CDs (Figure 1B).
As shown in Figure 1C, the results of XPS demonstrated that the selenium had been successfully doped in CDs, and the doping
ratio was 2.78%. The high-resolution XPS results and detailed element analysis were shown in Figure S1.

The deconvoluted Cls spectra in Figure S1A indicated the binding energy at 286.9 eV belongs to the C-N, C-O and
C-Se. Furthermore, the peak at 288.3 eV and 284.7 eV attributed to C=0 and C-C, C=C, respectively. The N1s spectrum
in Figure S1B was fitted into the pyridinic N and NH; (399.5 eV) and cyano N (400.1 eV), meanwhile, the peak at 55.78
eV suggested the presence of C-Se-C (Figure S1C) and also proved the Se/CDs synthesized by our stepwise method.

To further certificate the components and surface state of the Se/CDs, the FT-IR spectra were obtained with the results

shown in Figure 1D. The characteristic broad band from 3600 cm ' to 3100 cm ' should be associated with the N-H,
1

O-H stretching vibration, and the small acromion at 2920 cm — attributed to the C-H stretching vibration. The strong
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Figure | The characteristic f Se/CDs. (A) The TEM characteristic of Se/CDs. (B) The 200 nm, 10 nm morphology and lattice of Se/CDs. (C) XPS spectrum of Se-CDs. (D)
The FT-IR spectrum scanning from 4000 cm-| to 800 cm-I. (E) The UV absorption (blue), excitation (black), and emission (red) spectra of Se-CDs (Aex =340 nm, Aem = 360
nm). (F) The normalized excitation-dependent fluorescence emissions of Se/CDs (340-480 nm).

Notes: Scale bar= 20 nm. The red circles in the panel indicated the Se/CDs. The red arrows in the panel indicated Se 3d at 55.78 eV. The chemical bonds located in the Se/
CDs were marked with the green dotted box.
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absorption peak at 1727 cm™ ' should be associated with the stretching vibration of C=0, while the 1580 cm ™', 1552 cm™!

and 1430 cm ! corresponded to the C=C stretching mode of aromatic domain. Band in the region from 1200-900 cm '
referred to stretching vibration of C-Se, C-O and C-N. The results of FT-IR analysis, proving the abundant active
functional groups on the surface of Se/CDs, were consistent with the XPS spectra, further confirming the water solubility
of Se/CDs without more modification.

To evaluate the optical properties of Se/CDs, we determined the UV absorption spectrum, excitation and emission
spectrum with the results shown in Figure 1E. The characteristic peaks in the ultraviolet region were observed, and two
split peaks between 200-300 nm were assigned to the aromatic m orbitals electron transition of the nanocarbon structure.
And the peak at 332 nm should be assigned to n-n* (C-Se, C-N or carboxyl) transitions on the surficial section of Se/
CDs. Then we explored the luminescence properties of Se/CDs by the measurement of excitation and emission spectra
with the results presented in Figure 1E. Under the excitation wavelength of 340 nm, the fluorescence emission probed
from 200 to 600 nm, and the maximum was around 360 nm (the black line in Figure 1E). Then the emission wavelength
was set as 360 nm, and the excitation spectrum of Se/CDs was tested with a maximum around 430 nm (the red line in
Figure 1E). In order to determine the luminescence performance of Se/CDs, we measured the emission at different
excitation wavelengths from 330 nm to 410 nm. As shown in Figure 1F, the Se/CDs synthesized in the present study
possessed the obvious wavelength dependent characteristics as the excitation wavelength increased and the emission
showed a significant red shift.

The Beneficial Effect of Se/CDs’ Supplementation on the IVM Efficiency of Ovine
Oocytes

The toxicity effects of Se/CDs’ supplementation on the in vitro development competence of ovine oocytes and the
potential effect of Se/CDs’ supplementation on the IVM efficiency of ovine oocytes were analyzed with the results of
oocyte survival rate and proliferation activity of cumulus cells presented in Figure S2, meanwhile, the oocyte maturation
rates of each group were presented in Figure 2.

As shown in Figure S2A, there was no significant difference in the oocyte fragmentation rates among all experimental
groups (p>0.05, 10.55+2.48% for NC group vs 11.5042.24% for the LD group vs 10.51£1.57% for the MD group vs 9.92
+2.35% for the HD group). Combined with the non-significant difference found in the proliferation potentials of cumulus
cells among different groups (p>0.05, Figure S2B), these results confirmed the nontoxic effects of Se/CDs’ supplementa-
tion on the in vitro development competence of ovine oocytes.

As shown in Figure 2, there was no obvious observation of cellular damage in the COCs after IVM and MII oocytes
after Se/CDs’ supplementation, regardless of the increasing concentration of Se/CDs’ supplementation. Moreover, the
maturation rates of MD (82.84+5.21%) and HD (84.71+4.99%) groups were significantly higher than that of the NC
group (68.08+5.07%)(p<0.05). Although there was non-significant difference in the maturation rates between the NC and
LD (72.97+4.05%) groups (p>0.05), these results at least confirmed the nonexistence of toxicity effect of Se/CDs and the
beneficial effect of 100 pg/mL and 200 pg/mL Se/CDs’ supplementation on the IVM efficiency of ovine oocytes.

The Beneficial Effect of Se/CDs’ Supplementation on the Cytoplasmic Maturation and
Mitochondrial Activities of Ovine MIl Oocytes

As the symbol of cytoplasmic maturation after IVM, CGs’ dynamics of ovine MII oocytes were investigated with the
representative results of LCA-FITC staining shown in Figure 3.

As indicated in Figure 3A and D, the results of LCA-FITC staining confirmed that the positive signals of CGs were
mainly located in the subcortical region of ovine MII oocytes, consistent with our former study.*'” In addition, the positive
staining intensities of CGs’ signals in the MD and HD groups were significantly up-regulated compared with these of NC and
LD groups (p<0.05). The significant increase in the CGs’ signals from the NC group to LD group (p<0.05) further revealed
that the Se/CDs’ supplementation effectively promoted the cytoplasmic maturation of ovine MII oocytes.
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Figure 2 The effect of Se/CDs’ supplementation on the IVM efficiency of ovine oocytes. (A) Morphology of COCs before IVM, COCs after IVM and Ml oocytes. (B)
Maturation rates.

Notes: NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. The
red scale bar of COCs before IVM=500 um. The red scale bar of COCs after IVM=500 pum. The red scale bar of Mll oocytes=100 um. NC represents the negative control
group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. The different lowercase letters in each column
indicate significant differences between different groups (p<0.05).

In addition, the mitochondrial activities in ovine MII oocytes after Se/CDs’ supplementation were also analyzed by
the assay of mitochondrial activity and ROS production level with the representative staining results of MitoTracker
staining and DCFH-DA staining presented in Figure 3.

As indicated in Figure 3B and E, the results of MitoTracker staining showed that the positive signals of MitoTracker
in the LD, MD, and HD groups were significantly up-regulated in comparison with that of the NC group (p<0.05). In
addition, the significant increase of MitoTracker signals among all Se/CDs groups in a dose dependent manner suggested
the promising effect of Se/CDs’ supplementation on the mitochondrial activities of ovine MII oocytes.

Meanwhile, the DCFH-DA staining intensities in the LD, MD, and HD groups were significantly lower than that of
the NC group (Figure 3C and F, p<0.05). Moreover, the decreased DCFH-DA staining intensities in ovine MII oocytes
were positively related to the increased concentrations of Se/CDs supplementation (p<0.05).

These results, combined with the results of oocyte maturation and CGs’ dynamics, confirmed the beneficial effects of
Se/CDs’ supplementation on the maturation of ovine MII oocytes via promoting mitochondrial activities.
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Figure 3 The effect of Se/CDs’ supplementation on the cytoplasmic maturation, mitochondrial activities and ROS production levels of ovine Mll oocytes.

Notes: (A) CGs’ dynamics staining of ovine Mll oocytes. (B) MitoTracker staining of ovine Mll oocytes. NC represents the negative control group. LD, MD and HD
represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. LCA-FITC represents the LCA-FITC staining specific for the CGs dynamics
of ovine MIl oocytes. DIC, differential interference contrast microscope, represents the bright field of ovine MIl oocytes after LCA-FITC staining. MERGED represents the
merged results of LCA-FITC staining and bright field. Scale bar=50 um. NC represents the negative control group. LD, MD and HD represent the Se/CDs groups
supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. MitoTracker represents the MitoTracker staining of different groups. DIC represents the bright field of
ovine Ml oocytes after MitoTracker staining. MERGED represents the merged results of MitoTracker staining and DIC. Scale bar=50 um. (C) DCFH-DA staining of ovine MIl
oocytes. (D) Relative fluorescence intensity of LCA-FITC. NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50,
100 and 200 pg/mL of Se/CDs, respectively. DCFH-DA represents the DCFH-DA staining of different groups. DIC represents the bright field of ovine Ml oocytes after
DCFH-DA staining. MERGED represents the merged results of DCFH-DA staining and DIC. Scale bar=50 um. (E) Relative fluorescence intensity of MitoTracker. (F) Relative
fluorescence intensity of DCFH-DA NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 ug/mL of
Se/CDs, respectively. The different lowercase letters in each column indicate significant differences between different groups (p<0.05).

The Beneficial Effect of Se/CDs’ Supplementation on the Epigenetic Modifications of
Ovine MIl Oocytes

Due to the key roles of epigenetic modifications during mammalian oocyte maturation and fertilization, the epigenetic
modifications including histone modifications (H3K9me3 and H3K27me3) and DNA modifications (5SmC and 5hmC) of
ovine MII oocytes induced by the Se/CDs’ supplementation were investigated by immunofluorescence staining with the
representative staining results shown in Figures 4 and 5.

As indicated in Figure 4, the expression levels of H3K9me3 and H3K27me3 in all Se/CDs treatment groups were
remarkably enhanced in comparison with those of the NC groups (p<0.05), indicating the enhanced histone methylation
levels in ovine MII oocytes after Se/CDs’ supplementation. Although the expression levels of H3K9me3 and H3K27me3
in the LD group were statistically lower in comparison with those of the MD and HD groups, there was no significant
difference in the expression levels of H3K9me3 and H3K27me3 between the MD and HD groups (p>0.05).

In addition, the 5SmC and 5hmC staining results, present in Figure 5, confirmed that the expression patterns of 5SmC
and ShmC in the HD and MD groups were effectively enhanced compared with those of the NC and LD groups (p<0.05).
Moreover, the positive relationships between the increased fluorescence intensities of SmC and 5hmC staining and
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Figure 4 The effect of Se/CDs’ supplementation on the histone methylation levels of ovine Mll oocytes. (A) H3K9me3 immunofluorescence staining of ovine Ml oocytes.
(B) H3K27me3 immunofluorescence staining of ovine MIl oocytes. (C) Relative fluorescence intensity of H3K9me3. (D) Relative fluorescence intensity of H3K27me3.
Notes: NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively.
HOECHST represents the Hoechst 33,342 staining of different groups. H3K9me3 represents the H3K9me3 immunofluorescence staining of different groups. MERGED
represents the merged results of H3K9me3 staining and Hoechst 33,342 staining. Scale bar=5 um. NC represents the negative control group. LD, MD and HD represent the
Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. HOECHST represents the Hoechst 33,342 staining of different groups. H3K27me3
represents the H3K27me3 immunofluorescence staining of different groups. MERGED represents the merged results of H3K27me3 staining and Hoechst 33,342 staining.
The scale bar=5 um. NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs,
respectively. The different lowercase letters in each column indicate significant differences between different groups (p<0.05). NC represents the negative control group. LD,
MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. The different lowercase letters in each column indicate
significant differences between different groups (p<0.05).
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Figure 5 The effect of Se/CDs’ supplementation on the DNA methylation levels of ovine MIl oocytes. (A) 5mC immunofluorescence staining of ovine MIl oocytes. (B)
5hmC immunofluorescence staining of ovine MIl oocytes. (C) Relative fluorescence intensity of 5SmC. (D) Relative fluorescence intensity of 5ShmC.

Notes: NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively.
HOECHST represents the Hoechst 33,342 staining of different groups. 5mC represents the 5mC immunofluorescence staining of different groups. MERGED represents the
merged results of 5mC staining and Hoechst 33,342 staining. Scale bar=5 um. NC represents the negative control group. LD, MD and HD represent the Se/CDs groups
supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. HOECHST represents the Hoechst 33,342 staining of different groups. 5hmC represents the 5hmC
immunofluorescence staining of different groups. MERGED represents the merged results of 5hmC staining and Hoechst 33,342 staining. Scale bar=5 um. NC represents the
negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 ug/mL of Se/CDs, respectively. The different lowercase letters in
each column indicate significant differences between different groups (p<0.05). NC represents the negative control group. LD, MD and HD represent the Se/CDs groups
supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. The different lowercase letters in each column indicate significant differences between different groups
(p<0.05).
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increased Se/CDs concentrations (p<0.05) revealed the promising effect of Se/CDs’ supplementation on the histone and
DNA methylation patterns of ovine MII oocytes.

The Potential Effect of Se/CDs’ Supplementation on the Fertilization Potentials of
Ovine MIl Oocytes

To confirm the potential effect of Se/CDs’ supplementation on the development competence of ovine MII oocytes,
fertilization potential assays including fertilization rates and embryonic developmental abilities of ovine MII oocytes
were conducted with the results presented in Figure 6.

As shown in Figure 6A and B, the fertilization assay showed that the Se/CDs’ supplementation effectively
promoted the fertilization potentials of ovine MII oocytes with the fertilization rates effectively up-regulated from
63.00£8.01% for the NC group, 80.13+6.09% for the MD group to 81.99+8.42% for the HD group (p<0.05),
regardless of the non-significant difference in the fertilization rates between the NC and LD groups (64.20+£7.71%)
(p>0.05). In addition, there was non-significant difference in the fertilization rates between the MD and HD groups
(p>0.05).

Meanwhile, the blastocyst developmental assay (Figure 6C) confirmed the beneficial effect of Se/CDs’
supplementation on the fertilization potentials of ovine MII oocytes, as the blastocyst developmental rates of
ovine MII oocytes were remarkably up-regulated from 24.58+5.84% for NC group, 28.08+2.75% for LD group to
37.44+3.33% for MD group and 40.35+2.18% for the HD group (p<0.05). Consistent with the fertilization results,
there was non-significant difference in the blastocyst developmental rates between the MD and HD groups
(p>0.05).
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Figure 6 The effect of Se/CDs’ supplementation on the embryonic development potentials of ovine Ml oocytes. (A) Morphology of 2-cells after IVF. (B) Fertilization rates.
(C) Blastocyst development rates.

Notes: NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. Scale
bar =100 um. NC represents the negative control group. LD, MD and HD represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively.
The different lowercase letters in each column indicate significant differences between different groups (p<0.05). NC represents the negative control group. LD, MD and HD
represent the Se/CDs groups supplemented with 50, 100 and 200 pg/mL of Se/CDs, respectively. The different lowercase letters in each column indicate significant
differences between different groups (p<0.05).

2918 s International Journal of Nanomedicine 2022:17
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

The Potential Effect of Se/CDs’ Supplementation on the Transcript Profiles of Ovine
MIl Oocytes

According to these results, the transcript profiles of ovine MII oocytes of the NC and MD groups were analyzed by
Smart-Seq to finally confirm the potential effect of Se/CDs’ supplementation on the transcriptional profiles of ovine MII
oocytes.

As shown in Figure 7A and B, the transcript profiles of MD group were significantly different from those of the NC
group as 846 transcripts were effectively repressed and 2994 transcripts were remarkably up-regulated in the MD group
in comparison with those of the NC group. In particular, the KEGG enrichment analysis revealed that DEGs between the
NC and MD groups were enriched in the mitochondrial oxidative phosphorylation and oocyte meiosis pathways
(Figure 7C and D).

Consistent with the enhanced maturation rates of ovine oocytes after the Se/CDs’ supplementation, the up-
regulated expression levels of oocyte maturation related genes including BMP15, SF1, STCI, WEKK2, MAPK],
CDC25C, PLKI, MAP2KI1, AURKA, SIRT2, SIRT3, SIRT5 and SIRT7 in the MD group (Figure 7E) further
confirmed the beneficial effect of Se/CDs’ supplementation on the oocyte maturation (absolute fold change>2).
Moreover, the Se/CDs’ supplementations effectively promoted the expression levels of NRFI, GPXI, BRCAI,
MTCH?2 and ARAFI (Figure 7E), further revealing the beneficial effect of Se/CDs’ supplementation on the
mitochondrial activity of ovine oocytes. In addition, the enhanced expression levels of epigenetic medication
related genes such as TETI, TET2, TET3, KDM5B, KDM4B, HIFOO and HDAC3 also confirmed the promising
effect of Se/CDs’ supplementation on the epigenetic medication of ovine oocytes.
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Figure 7 The effect of Se/CDs’ supplementation on the transcript profiles of ovine MIl oocytes. (A) Numbers of differentially expressed genes (DEGs) that are abnormally
repressed (blue) or upregulated (red) in the Se/CDs group compared to the NC group. (B) Heatmap illustration showing the DEGs in the Se/CDs group compared to the
NC group. (C) Top 20 KEGG pathways enriched in the Se/CDs group compared to the NC group. (D) GO analyses of the DEGs in the Se/CDs group compared to the NC
group. (E) Expression levels of DEGs related to oocyte maturation, mitochondrial functions and epigenetic modifications in the NC and Se/CDs groups.

Notes: NC represents the negative control group. Se/CDs represent the Se/CDs group supplemented with 100 pg/mL of Se/CDs, respectively.
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Discussion

As organelles with biomembrane structures, mitochondria integrate with the complex pathways related to cellular
metabolic, redox and calcium signaling to maintain the metabolism, redox homeostasis, and fatty acid oxidation in
mammalian cells.*®> The Se deficiency reduces the synthesis of intracellular glutathione (GSH) in mammalian cells,**
further triggering the mitochondrial dysfunctions. The mitochondrial dysfunctions caused by the Se deficiency subse-
quently cause the abnormal accumulation of ROS and elevated oxidative stress, resulting in complex diseases including
renal dysfunction,”” heart failure,*® intestinal damage®’ and thyroid disorders.*® Moreover, maternal Se deficiencies alter
the fetal development and predispose the adult offspring to thyroid dysfunction and fetal growth restriction via the
alterations of mitochondrial protein expression.*’

Due to the key effect of mitochondrial dysfunctions induced by Se deficiencies on disease progression, the
supplementation of antioxidant compounds including sodium selenite (Na,SeO3), sodium selenate (Na,SeO4) and Se
enriched yeast (SY) has been applied to ameliorate the oxidative stress damage caused by the exposure of bisphenol
A (BPA),* doxorubicin,*' monosodium glutamate,** aluminum,** docetaxel (DTX),** sodium azide (SA)** and aflatoxin
Bl (AFBI1)* via the promotion of mitochondrial functions. Furthermore, the artificial selenylation modifications of

47,48

polymannuronate, polysaccharides and galactomannan (GM) have been confirmed to promote neuroprotection, anti-

49:50 3354 and antiglycative activity> of these biopolymers via the

inflammatory, anti-tumor activity,”'->* hepatic protection
promotion of antioxidant defense system. Moreover, the Se/CDs have been confirmed to have the capability for free
radicals scavenging,’®>’ facilitating the promotion of antioxidant defense system. However, the potential effects of Se/
CDs’ supplementation on the development competences of mammalian oocytes have been rarely reported.

According to the enhanced potentials of maturation rates, CGs’ dynamics, mitochondrial activities and fertilization
capacities combined with the decreased ROS production levels in ovine MII oocytes after Se/CDs’ supplementation, our
study firstly confirmed that the supplementation of Se/CDs, synthesized by the facile hydrothermal treatment of DPDSe,
remarkably enhanced the developmental potentials of ovine MII oocytes. Moreover, the results of Smart-Seq assay
confirmed the beneficial effect of Se/CDs’ supplementation on ovine oocytes, evidenced by the up-regulated expression
levels of BMP15, SF1, STC1, WEKK2, MAPKI1, CDC25C, PLK1, MAP2K1, AURKA, SIRT2, SIRT3, SIRT5 and SIRT7 in
the Se/CDs supplementation group. Meanwhile, the up-regulated expression levels of NRFI, GPXI, BRCAl, MTCH?2 and
ARAF1, in combination with the MitoTracker staining results, further confirmed the positive corrections between the Se/
CDs’ supplementation and ovine oocyte development via the promotion of mitochondrial functions.

During the facile hydrothermal synthesis of Se/CDs, these seleno amino acids including selenomethionine and
selenocystine were the traditional precursors.’®>’ However, Li et al found that during the synthesis Se/CDs with
selenocystine as precursor, Se disappeared from the Se/CDs when the reaction temperature was above 90°C.°° Due to
the key role of higher temperature in the better formation of stable CQDs,>® DPDSe was firstly used as the precursor for
the synthesis of Se/CDs at 200°C, overcoming the dependence of seleno amino acids in the process of Se/CDs’ synthesis.
DPDSe, as a simple synthetic organoselenium compound and a glutathione peroxidase (GPx) enzyme mimic, has been
recognized as a promising pharmacological agent with specific properties including anticancer, anti-inflammatory,
antidiabetic, antioxidant and neuroprotection even with relatively low doses.”® During the regulation of antioxidant
defense system, DPDSe not only reduces the accumulation levels of ROS, but prevents the oxidative damage to lipids,
proteins and DNA via promoting the expression levels of antioxidant related genes.®® In consistent with these former
publications with the antioxidant effect of DPDSe, the significant increases of mitochondrial activities and decreased
ROS production levels were found in ovine oocytes after Se/CDs’ supplementation, introducing a new and cheap
alternative for the synthesis of Se/CDs with DPDSe as precursor.

Considering the key role of cumulus cells during the process of in vivo oogenesis and in vitro oocyte maturation, the
non-significant differences in the proliferation potentials of cumulus cells and oocyte survival rate between the NC and
Se/CDs supplementation groups further confirmed the biosafety of Se/CDs synthesized with DPDSe as precursor. In
contrast, Hsieh et al found that the exposure of CdSe/CDs altered the murine oocyte maturation, fertilization, and in vitro
embryo development potentials,®’ in consistent with the results of Xu’s study.®> We presumed the different results in the
outcomes of murine and ovine oocyte development between the Se/CDs’ supplementation and other CDs’ exposure were
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mainly due to the different physicochemical properties of core materials doped with CDs. Although the in vitro
cytotoxicity induced by CDs has been reported with the potentials of dose-, shape-, size-, surface chemistry-, surface
charge- and cell type-dependent manner, it does not solely depend on a single factor but rather depends on a complex
combination of several factors.®> More detailed investigations should be conducted to confirm the biosafety effect of Se/
CDs’ supplementation on the mammalian IVM and breeding technology.

Moreover, the enhanced staining intensities in the histone methylation of H3K9me3 and H3K27me3 and DNA
methylation of 5SmC and ShmC in the Se/CDs groups compared with that of the NC group were also found in the present
study, revealing the significantly enhanced histone and DNA methylation process in ovine oocyte after the Se/CDs’
supplementation. Meanwhile, the enhanced histone and DNA methylation levels in ovine oocytes after the Se/CDs’
supplementation were also confirmed by the up-regulated expression levels of epigenetic medication related genes such
as TETI, TET2, TET3, KDM5B, KDM4B, HIFOO and HDAC3.

The epigenetic modifications of histone and DNA methylation play important roles in the regulation of oocyte
development and the following fertilization potentials. The epigenetic alterations induced by advanced maternal aging,
mitochondrial dysfunctions, abnormal nutrition supply and abnormal expression levels of hormones trigger seriously
meiotic defects of mammalian gametes, subsequently resulting in the incidence of aneuploidy after fertilization and
embryonic development defects.'” In consistent with our present study, these former literature have revealed that the
promotion of epigenetic modifications via the amelioration of mitochondrial dysfunctions significantly improved the
development potentials of mammalian oocytes,'®'"%*%° further addressing the future applications of Se/CDs as dietary
supplementation in mammalian IVM via the promotion of epigenetic modifications. However, the specific regulation
mechanism related to the effect of Se/CDs’ supplementation in the epigenetic modifications of ovine MII oocytes and the
potential effect of Se/CDs’ supplementation on the epigenetic modifications of ovine zygote and/or blastocyst need more
detailed investigations.

Conclusion

Taken together, these results investigated the potential application and regulation related mechanism of Se/CDs’
supplementation in the IVM of ovine oocytes. And we hope that the enhanced development potentials and transcript
profiles of ovine MII oocytes after Se/CDs’ supplementation will benefit future researche about the clinical applications
of Se/CDs and the improvements in ART for ovine breeding.
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