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In assisted reproduction techniques, oocytes encounter elevated levels of reactive oxygen species (ROS) during in
vitro maturation (IVM). Oxidative stress adversely affects oocyte quality, hampering their maturation, growth,
and subsequent development. Thus, mitigating excessive ROS to safeguard less viable oocytes during IVM stands
as a viable strategy. Numerous antioxidants have been explored for oocyte IVM, yielding considerable effects;
however, several aspects, including solubility, stability, and safety, demand attention and resolution. In this
study, we developed nanoparticles by self-assembling endogenous bilirubin and melatonin hormone coated with
bilirubin-conjugated glycol chitosan (MB@GBn) to alleviate oxidative stress and enhance oocyte maturation. The
optimized MB@GBn exhibited a uniform spherical shape, measuring 128 nm in particle size, with a PDI value of
0.1807 and a surface potential of +11.35 mV. The positively charged potential facilitated nanoparticle adherence
to the oocyte surface through electrostatic interaction, allowing for functional action. In vitro studies demon-
strated that MB@GB significantly enhanced the maturation of compromised oocytes. Further investigation
revealed MB@GB's effectiveness in scavenging ROS, reducing intracellular calcium levels, and suppressing
mitochondrial polarization. This study not only offers a novel perspective on nano drug delivery systems for
biomedical applications but also presents an innovative strategy for enhancing oocyte IVM.

1. Introduction offering practical and safe solutions to aid infertile couples or in-

dividuals in achieving pregnancy. ART comprises in vitro fertilization

Infertility is defined as the inability to achieve a clinical pregnancy
without contraception for over a year (Agarwal et al., 2014), affecting
both males and females. Ovulatory dysfunction and anovulation play
crucial roles in female factor infertility (Carson and Kallen, 2021).
Globally, one in six individuals grapple with infertility. Assisted repro-
ductive technology (ART) stands as a pivotal biomedical intervention

(IVF) and Intracytoplasmic sperm injection (ICSI) (Njagi et al., 2023).
Both methods involve a significant process known as in vitro maturation
(IVM), which refers to the cultivation of cumulus-enclosed oocytes
retrieved at the GV stage in a nurturing medium to support their
developmental potential (De Vos et al., 2021; De Vos et al., 2016). This
technique allows the harvesting of immature oocytes, fostering their
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maturation within a laboratory setting (Chian et al., 2013). However,
the clinical utilization of IVM has been persistently restricted due to the
challenges of low maturity rates and the asynchrony between nuclear
and cytoplasmic development (Brown et al., 2017). These issues lead to
embryo developmental blocks and a decreased pregnancy rate. IVM
oocytes exhibit lower developmental potential compared to naturally
matured oocytes (De Vos et al., 2021). Numerous evidence suggests that
IVM not only impacts the timing of implantation but also leaves a lasting
influence on the health of future generations. Hence, novel methodol-
ogies are imperative to enhance the quality of IVM oocytes, thereby
refining the effectiveness of IVF and ICSI techniques.

From their release from the ovary to their capture by the fallopian
tubes, oocytes await fertilization by a single sperm, typically within a
24-h timeframe (Duffy et al., 2019). The quality of oocyte maturation
significantly influences subsequent successful fertilization and early
embryo development, playing a pivotal role in animal fertility (Campos
et al., 2023). Unlike the female reproductive tract, which maintains a
low oxygen concentration (ranging between 2% and 8%), laboratory
environments exhibit higher oxygen conditions (Fischer and Bavister,
1993). Many studies have indicated that oocytes undergoing in vitro
maturation (IVM) encounter hindered development due to the accu-
mulation of excessive reactive oxygen species (ROS) and the absence of
free radical scavengers. Elevated ROS levels in IVM oocytes can lead to
cytoplasmic fragmentation, apoptosis, and chemical reactions with
biomolecules like lipids and nucleic acids. This interaction may cause
genetic material damage and oxidative stress, resulting in failed fertil-
ization. However, oocytes lack the comprehensive ability to activate all
antioxidant defense mechanisms (von Mengden et al., 2020). Thus,
managing ROS levels in IVM emerges as a promising strategy to enhance
oocyte quality. Research indicates that incorporating free radical scav-
engers into the medium during IVF may foster oocyte maturation,
thereby enhancing the prospects of a successful pregnancy (Sugino,
2005; Ng et al., 2018).

Melatonin (MT), a naturally occurring hormone in the human body,
serves a pivotal role in various physiological functions encompassing
sleep regulation, thermoregulation, metabolism, circadian rhythm, and
reproductive physiology (Cipolla-Neto and Amaral, 2018). The presence
and levels of melatonin in follicular fluid exhibit a positive correlation
with oocyte quality and maturation. Moreover, melatonin and its me-
tabolites possess robust free radical scavenging capabilities (Reiter et al.,
2016). Previous research indicates that MT and its metabolites function
as direct scavengers and indirect antioxidants of free radicals by
modulating the gene expression of antioxidant enzymes like catalase,
glutathione peroxidase, and superoxide dismutase (Succu et al., 2014;
Liang et al., 2017; Ortiz et al., 2011). Melatonin supplementation during
in vitro maturation (IVM) has demonstrated the ability to enhance
oocyte maturation in mice, sheep, cattle, and pigs, significantly
improving early embryonic development (Ishizuka et al., 2000; Abecia
et al., 2002; Papis et al., 2007; Rodriguez-Osorio et al., 2007; Choi et al.,
2008). Bilirubin, an endogenous metabolite of heme breakdown, ex-
hibits exceptional antioxidative, anti-inflammatory, immune-modula-
tory, and cytoprotective properties (Yao et al., 2020a; Yao et al., 2020b;
Yao et al., 2020c; Huang et al., 2021; Zhao et al., 2021; Jiang et al.,
2022; Jiang et al., 2023; Yao et al., 2023a; Kou et al., 2022a; Huang
et al., 2024). Bilirubin alleviates oxidative stress by directly scavenging
reactive oxygen species (ROS) or inducing the antioxidative systems,
including HO-1, Nrf-2, and GPX4 (Yao et al., 2019a; Yao et al., 2020d;
Yao et al., 2019b; Yao et al., 2021; Zhao et al., 2024; Xia et al., 2024).
Additionally, the metabolic cycle of bilirubin/biliverdin further en-
hances its antioxidative properties. However, both compounds are
insoluble and susceptible to local oxygen levels, limiting their applica-
tion in oocyte IVM.

Based on these facts and our prior investigations, we endeavored to
create a nanoparticle formulation by directly combining bilirubin and
melatonin. This aimed to enhance the solubility of these compounds by
nano-sized delivery systems for potential application in oocyte in vitro
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maturation (IVM) (Xu et al., 2024; Shen et al., 2024; Li et al., 2024).
However, the resulting nanoparticles exhibited instability during stor-
age. To address this, we further coated the nanoparticles using a graft-
modified natural polymer known as bilirubin-conjugated glycol chito-
san. The grafting of bilirubin bolstered the polymer coating's adhesion to
the nanoparticles through a matching effect. This polymer coating not
only significantly improved the stability of the nanoparticles but also
conferred a positive potential, facilitating their adherence to oocytes for
immediate protection. The optimized formulation, bilirubin-conjugated
glycol chitosan-coated bilirubin/melatonin nanoparticles (MB@GBn),
displayed notable efficacy in safeguarding and promoting the matura-
tion of substandard oocytes (Fig. 1). These results highlight the
considerable potential of MB@GB for use in oocyte IVM applications.
Our study offers a fresh perspective on the utilization of nanomedicine
and addresses pertinent clinical challenges in this domain.

2. Materials and methods
2.1. Materials

Bilirubin, Coumarin 6 (C6) and glycol chitosan were procured from
Macklin Biochemical Co., Ltd. (Shanghai, China). Melatonin, N-(3-
Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC), and
N-Hydroxysuccinimide (NHS) were sourced from Aladdin Biochemical
Co., Ltd. (Shanghai, China). The ROS assay kit, Fluo-4 Calcium Assay Kit
were purchased from Beyotime Biotechnology Co. Ltd. (Shanghai,
China). The Mitochondrial membrane potential assay kit was acquired
from Abbkine Scientific Co., China. Bovine serum albumin (BSA) was
obtained from Solarbio Science and Technology (Beijing, China). Bovine
serum albumin (BSA) for oocytes, Medium199, and Dulbecco's modified
eagle medium (DMEM) were obtained from Gibco (Massachusetts,
USA). Cell culture dishes/plates and centrifuge tubes were procured
from NEST Biotechnology Co., Ltd. (Wuxi, China). All other chemicals or
solvents are of analytical grade.

2.2. Synthesis and characterization of bilirubin grafted glycol chitosan
(GC-BR)

The synthesis of the glycol chitosan-bilirubin conjugate (GC-BR)
involved coupling the carboxyl group of bilirubin with the amino group
of glycol chitosan. Initially, bilirubin, NHS, and EDC were added to
dimethyl sulfoxide (DMSO) and stirred at room temperature for 1 h.
Subsequently, glycol chitosan was introduced into the mixed solution,
and the stirring continued for 24 h. The resulting mixture was then
dialyzed in distilled water for an additional 24 h to remove unconju-
gated BR and residual chemicals. Post-lyophilization, the final product,
GC-BR, was obtained. Characterization of the synthesized GC-BR was
performed using 'H nuclear magnetic resonance (\H NMR) and Fourier
transform infrared (FTIR) techniques.

2.3. Preparation of glycol chitosan bilirubin conjugate-coated bilirubin/
melatonin nanoparticles (MB@GBn)

The process for preparing melatonin-loaded nanoparticles involved a
modified nanoprecipitation method. Initially, bilirubin and melatonin
were dissolved separately in DMSO and then combined at a molar ratio
of 1:5. Subsequently, GC-BR, constituting 20% of the total mass of
bilirubin and melatonin, was added to the mixture and vortexed for
approximately 30 s. Once evenly mixed, the solution was slowly drop-
ped into double-distilled water being stirred at a ratio of 1:10 (v/v) on a
magnetic stirrer (200 rpm) to yield the nanoparticle solution. The
resulting solution was then dialyzed in distilled water for 2 h to remove
the organic solvent and residual compounds. Post-lyophilization, the
final nanoparticles, MB@GBn, was obtained. Coumarin 6 (C6) was
selected to monitor the intracellular behavior of MB@GBn. The C6-
loaded MB@GBn was prepared by a similar method described above
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Fig. 1. Schematic diagram for the preparation of MB@GBn and its application for enhancing IVM. MB@GBn could bind to oocyte surface by mild electrostatic force,
and then display notable efficacy in safeguarding and promoting the maturation of substandard oocytes by scavenging ROS, regulating intracellular Ca**, and

modulating mitochondrial membrane potential.

except adding C6 (the molar ratio of C6:BR was 1:10) into the mixture
before GC-BR addition.

2.4. Characterization of MB@GBn

The prepared MB@GBn were characterized for evaluation and
optimization. The particle size, size distribution, and zeta potential of
MB@GBn were determined by NanoZetasizer (MALVERN Zetasizer
Nano ZS). The morphology of MB@GBn was observed using trans-
mission electron microscopy (TEM) with the JEM 1200EX instrument
(JEOL Ltd., Tokyo, Japan).

The encapsulation efficiency (EE) and drug load (DL) of melatonin in
MB@GBn was measured using HPLC, which was equipped with a Zorbax
Eclipse XDB C18 column (5 pm, 4.6 x 150 mm, Agilent, USA) at a
constant temperature of 25 °C and detection at a wavelength of 230 nm.
The mobile phase was a mixture of methanol and water (55/45, v/v) at a
flow rate of 0.8 mL/min. EE and DL were calculated using the following
formulas.

EE (%) = (weight of encapsulated drugs/weight of added drug) x
100%.

DL (%) = (weight of encapsulated drugs/weight of total nano-
particles) x 100%.

The release profiles of melatonin (MT) from the nanoparticles were
determined via a modified dialysis method (Kou et al., 2022b; Chen
et al., 2022a; Yao et al., 2024; Chen et al., 2024; Yao et al., 2023b).

Briefly, 1 mL of free MT or MT-loaded nanoparticles was incubated in a
dialysis bag (MWCO: 3000 Da) placed in 30 mL of pH 7.4 PBS containing
0.1% sodium dodecyl sulfate (SDS) at 37 °C and 100 rpm. Samples were
collected at specific intervals, and concentration determination was
performed using HPLC after filtration through a 0.22-pm filter. Addi-
tionally, the release assays were conducted in an environment enriched
with 0.3% H30, (v/v) to simulate a ROS-rich condition.

For stability assay, the nanoparticles were dispersed in distilled
water, and their size and Polydispersity Index (PDI) were measured
using NanoZetasize at 4 °C. Concurrently, to test ROS-response char-
acteristics, the nanoparticles were dispersed in double-distilled water
containing 0.3% H0,. Measurements of particle size and PDI were
taken at 0, 10, 30, and 60 min, and morphological changes were
observed via TEM.

2.5. Cell line and animals

The Human Umbilical Vein Endothelial Cells (HUVEC) were sourced
from the Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The HUVEC cells were culti-
vated in Dulbecco's Modified Eagle's Medium (DMEM), supplemented
with 10% Fetal Bovine Serum (FBS), 50 units/mL of streptomycin, and
100 units/mL of penicillin. These cells were maintained in an incubator
at 37 °C with 5% COs.

Female Institute of Cancer Research (ICR) mice aged 4 weeks were
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procured from Wenzhou Medical University Experimental Animal Cen-
ter and were housed under specific pathogen-free (SPF) conditions. All
animal-related procedures adhered to the regulations outlined by the
Wenzhou Medical University Experimental Animal Center and were
approved by the Experimental Animal Ethics Committee of Wenzhou
Medical University (wydw2021-0333).

2.6. Collection and treatment of mouse oocytes

Ovaries were harvested from 4-week-old female ICR mice approxi-
mately 46-48 h post intraperitoneal injection of 10 IU pregnant mare
serum gonadotropin (NSHF, Ningbo, China). Using a 1 mL syringe
equipped with a 26-gauge needle, germinal vesicle (GV)-stage oocytes
were extracted by puncturing the ovaries. Following extraction, the
oocytes were segregated into two groups: the control group (I0s, COCs)
and the experimental group. The cumulus cell layer surrounding the
oocytes was removed using fine glass capillaries in all groups, excluding
the COCs group. Various concentrations of MB@GBn (0.5, 1, 2.5 x 107>
M, equivalent to the concentration of MT in MB@GBn) were introduced
into the medium of the experimental group and incubated for approxi-
mately 16 h. Post-treatment, the samples were prepared for subsequent
experiments.

2.7. Cellular uptake assay

Cellular uptake was performed to investigate the behavior of
MB@GBn when incubated with HUVEC cells or mouse oocytes. Briefly,
HUVEC cells were seeded in 12-well plate containing cover slips with a
concentration of 1.0 x 10> cells/well. After 12 h for cell adherence, the
cells were treated with Coumarin 6 (C6)-loaded MB@GBn (4 pg/mL of
C6) with difference time. Following that, the cells were washed with
cold PBS for three times, and the cover slips were collected and placed
onto the glass slides with a drop of mountant containing DAPI. Afte 1 h,
the slides could be observed under a fluorescence microscope. The
fluorescence was quantified by Image J software.

For the uptake of MG@GBn in mouse oocytes, the procedure was
similar. Oocytes were dispersed in culture media, and the Coumarin 6
(C6)-loaded MB@GBn (4 pg/mL of C6) was added into the media for
incubation. After certain times, the oocytes were collected and visual-
ized under a fluorescence microscope. The fluorescence was quantified
by Image J software.

2.8. In vitro maturation

The oocytes from each group grow in M199 medium (Gibco, USA)
supplemented with 0.1 mM sodium pyruvate, 75 mIU/mL FSH, 10%
bovine serum albumin (Gibco, USA) and 1% penicillin-streptomycin and
incubated in a humidified 5% CO; incubator at 37 °C for approximately
16 h. During this period, germinal vesicle (GV)-stage oocytes progress
through germinal vesicle breakdown (GVBD), metaphase of meiosis I
(MI), and reach the metaphase II (MII) stages. The maturation ratio was
determined by calculating the proportion of mature oocytes to the total
number of oocytes.

2.9. Mitochondrial membrane potential (MMP) detection in oocytes

The mitochondrial membrane potential (MMP) of the oocytes was
assessed using the Mitochondrial Membrane Potential Assay Kit (Abb-
kine Scientific Co., China). In brief, mouse oocytes were exposed to 10
pM JC-1 in 100 pL of working solution at 37 °C for 30 min, followed by
three washes with PBS. Subsequently, the fluorescence intensity was
visualized under a fluorescence microscope (LSM 800, Zeiss, Germany).
The MMP was quantified as the ratio of red fluorescence (indicating
activated mitochondria, JC-1 polymers) to green fluorescence (repre-
senting less activated mitochondria, JC-1 monomers). The imaging pa-
rameters remained consistent across all examined oocytes during image
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2.10. Measurement of intracellular ROS

Intracellular ROS level in the oocytes were measured using the ROS-
sensitive fluorescent probe DCFH-DA (Beyotime Biotechnology Inc.,
China). In brief, oocytes were loaded with 5 pM DCFH-DA at 37 °C for
30 min, and then were washed three times using PBS to remove the
surface fluorescence. The intensity of the fluorescence from each oocyte
was measured by a fluorescence microscope (LSM 800, Zeiss, Germany)
and quantified using ImageJ (National Institutes of Health, USA). The
parameters used for image acquisition were similar for all examined
oocytes.

2.11. Determination of Ca®" level in oocytes

The intracellular Ca®" levels within the oocytes were assessed uti-
lizing the Ca?'-sensitive fluorescent probe Fluo-4 AM (Beyotime
Biotechnology Inc., China). Oocytes from each group were exposed to 5
pM Fluo-4 AM at 37 °C for 30 min and then underwent three washes
with PBS to eliminate surface fluorescence. The fluorescence intensity
within the intracellular oocytes was measured using a fluorescence
microscope (LSM 800, Zeiss, Germany). Consistent imaging parameters
were applied across all oocytes during the image acquisition process.

2.12. IVF and development of embryos

The procedures for in vitro fertilization and blastocyst culture are
presented as follows. (1) Sperm capacitation: The male epididymis was
surgically removed and placed in G-mops plus solution. Subsequently,
the epididymal tail was dissected under a microscope to extract sper-
matozoa, which were then aspirated and capacitated for 1 h in HTF
capacitation solution that had been equilibrated overnight. (2) Laser-
assisted zona pellucida dissection of stage MII oocytes: Stage MII oo-
cytes were immobilized in G-mops plus solution and precisely pierced
using a micromanipulator equipped with a laser system to create per-
forations on the zona pellucida. Following this procedure, the oocytes
were submerged again into G-mops plus solution. (3) In vitro fertiliza-
tion: The perforated oocytes were transferred into HTF medium that had
been equilibrated overnight, followed by addition of highly motile
energized spermatozoa. Subsequently, the embryos were incubated for
fertilization purposes within an incubator. After six hours, the resulting
embryos were transferred to cleavage medium while recording rates of
fertilization as well as development at stages including 2-cell, 4-cell, and
blastocyst.

2.13. Statistical analysis

The data were presented as mean =+ SD. GraphPad Software 8.0 was
utilized for statistical analyses, employing either Student's t-test or one-
way ANOVA. A significance level of P < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Preparation, optimization, and characterization of MB@GBn

Firstly, an amphiphilic biodegradable nanocarrier GC-BR was syn-
thesized as the presented reaction (Fig. 2A). This involved the conju-
gation of bilirubin to glycol chitosan through a carboxyl ammonia
condensation reaction facilitated by EDC and NHS catalysis. The syn-
thesized GC-BR was characterized using FTIR spectra (Fig. 2B) and 'H
NMR spectra (Fig. 2C). The reuslts indicated that the GC-BR conjugate
was successfully synthesized.

Following that, we tested the self-assembly capacity of MT and BR.
We tested four different BR/MT molar ratios, and the results showed that



H. Xi et al.

Ho” \0 [ O/ Son] 0/ Son

0 0
HO. 0 o]

H.N OH »HO NH, | HO NH,

Glycol Chitosan(GC)
B C
_______ — GC-BR
\/\_/ T ™~ ]
g | |
= P BR
] ' S
E - 5 S
£ B N
” :
c :
© :
= s GC
L 1 1
4000 3000 2000 1000
Wavelength (cm™)

International Journal of Pharmaceutics: X 8 (2024) 100268

Bilirubin(BR) Glycol Chitosan-Bilirubin Conjugate(GC-BR)
BR ‘
GC
GCBR {~]
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(NMR) spectra of GC-BR.

all these formulations could self-assembly into nanoparticles (Fig. 3A).
Interestingly, the higher concentrations of BR led to larger particle sizes,
reaching approximately 220 nm; conversely, when the concentration of
melatonin surpassed that of bilirubin, the particle size was around 100
nm. All the PDI values were <0.25 and showed minimal differences
between groups. For finer particles, we selected 1:5 of BR/MT ratio for
the following experiments. DLS results showed the uniform and narrow
distribution of MBn (1:5 of BR/MT ratio), and the zeta potential was
—26.93 mV (Fig. 3C). We further investigated the stability of MBn when
dispersed in distilled water. The results showed that MBn aggregated
together in the third day, evidenced by the significantly increased par-
ticle size and PDI value (Fig. 3E).

To improve the stability of MBn, we then coated the nanoparticles
with GC-BR conjugate. We tested different weight ratio (5%, 10%, 15%,
20%, 25% w/w) of GC-BR/MBn (Fig. 3B). When 5% GC-BR was added in
the formulation, the nanoparticles would aggregate, and the particle size
was increased up to 900 nm. This outcome might be attributed to the
insufficient presence of GC-BR, unable to effectively adhere to the inner
core's surface, leading to system destabilization. With the ratio
increased, the particle size decreased; when the ratio was over 20%, the
particle size would not decreased any more. In addition, with the
addition of GC-BR, the zeta potential of nanoparticles were increased to
the positive. Usually, chitosan always showed positive potential when
formulated into nanoparticles due to the residual amino groups (Chen
et al., 2023). Considering the experimental outcomes, our aim to achieve
optimal drug delivery and higher drug utilization while practicing
conservation and environmental protection, led us to select the 20%
MB@GBn formulation as the final nanoparticle configuration for further

biological evaluation. DLS reuslts showed that MB@GBn also showed
unifom distribution (PDI = 0.1807), and the zeta potential was increased
up to 11.35 mV (Fig. 3D). After coating, the nanoparticle size was
increased from 85 nm to 128 nm, and the zeta potential was increased
from —26.93 mV to 11.5 mV, indicating the successful coating. This
change might be attributed to the electrostatic attraction between the
negatively charged MB and the positively charged GC-BR, allowing GB
to adhere to the MB surface and augment the particle size. Figs. 3F
display the seven-day stability of MB@GBn, including particle size and
PDI. It's evident that the long-term stability of MB@GBn surpassed that
of MB. These results also signified that the presence of GC-BR as a carrier
significantly improved the stability of MBn.

TEM analysis showcased the spherical shape of MB@GBn (Fig. 4A),
albeit slightly smaller in size compared to the measurements obtained
via the DLS method. This difference could be attributed to the drying
process under TEM versus the aqueous dispersion utilized for DLS
analysis. Moreover, MB@GBn showed significant structural alterations
under hydrogen peroxide exposure, indicating the ROS-responsiveness
(Fig. 4B). In addition, DLS results also suggested an unstable particle
size in the presence of hydrogen peroxide, showcasing a dual peak and
signaling structural dissociation with a considerable increase in particle
size (Fig. 4C). The release behavior of MB@GBn was investigated in the
presence or absence of HyOy (Fig. 4D). Due to that BR was easily
oxidized and therefore hard for quantification, MT was served as an
indicator for the release profiles of MB@GBn. The graph illustrated that
free MT was rapidly released, with over 80% released within approxi-
mately 24 h. Notably, the addition of HyO» significantly accelerated the
release rate of MB@GBn, reaching around 80% release after 48 h.
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Conversely, in the absence of H,02, MB@GBn exhibited a slower release
pattern. These results demonstrated the ROS-responsive behavior of
MB@GBn, which could be attributed to the bilirubin core. Under ROS-
rich conditions, the hydrophobic bilirubin likely undergoes oxidation,
transforming into hydrophilic bilirubin, thereby disassembling the

nanoparticle and initiating drug release (Yao et al., 2020e). These results
suggested MB@GBn disassembles under ROS-rich conditions to release
loaded drugs. Additionally, the MT encapsulation efficiency (EE) and
drug load (DL) in MB@GBn were determined as 70.1% and 38.7%,
respectively.

3.2. The biocompatibility of MB@GBn and its effect on oocyte maturation

The in vitro toxicity assessment of MB@GBn on HUVEC cells was
conducted using the MTT method. Notably, when BR concentrations
ranged from 1 to 10 pM, the cell viability was observed within the range
of 72% to 80% (Fig. 5A) The slightly decrease in cell viability might be
due to the low solubility of BR and the sediment affecting cell growth.
Meanwhile, for MT concentrations spanning from 5 to 50 pM, the
viability reached approximately 90% or higher (Fig. 5B). For MB@GBn,
neglectable decrease was observed, similar as MT, indicating the
favorable biocompatibility and low toxicity (Fig. 5C). these results
suggested that nanoparticle strategy addressed the low solubility of BR
induced cell viability decrease and improved the draggability of BR.

After verifying the safety of MB@GBn, we proceeded to assess its
efficacy (Fig. 5D). GV stage oocytes were obtained from 4-week-old fe-
male ICR mice post-ovulation induction and were categorized into
different groups: the control group, which included IOs (inferior oo-
cytes) and COCs (cumulus cells retained); the experimental group con-
sisting of various concentrations of MB@GBn (0.5, 1, 2.5 x 1073 M,
expressed as MT concentration in MB@GBn). The granulosa cell, being
the predominant cell population within the follicle, plays a pivotal role
in supporting the oocyte, its abundance being intricately linked to
oocyte quality. These cells produce various substances that act as nu-
trients, crucial for nurturing the growth and maturation of the oocyte
(Canipari, 2000; Richani et al., 2021). Therefore, I0s and COCs were
selected as controls. During in vitro maturation (IVM), oocytes from the
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experimental group were treated with different MB@GBn concentra-
tions, progressing through GVBD, MI, and finally reaching the M II stage,
indicative of mature oocytes suitable for IVF or ICSL. Analysis of the
oocyte images post-IVM revealed that the maturation rate (Fig. 5E) in
the I0s group was only 58%, whereas COCs exhibited a 100% matura-
tion rate, mirroring in vivo conditions where cumulus cells were pre-
served, ensuring healthier oocyte development. In vitro fertilization
treatments involving oocytes removed from their in vivo environment
and support structures showed reduced maturation rates. However, the
addition of MB@GBn to IOs resulted in a 79% maturation rate ata 10 pM
MT concentration within MB@GBn, surpassing the I0s group. This
outcome underscored the substantial role of MB@GBn treatment.
Consequently, this concentration was selected for subsequent thera-
peutic applications in our study.

3.3. The uptake profiles of MB@QGBn in HUVEC and mouse oocytes

Based on the impressive results, we further investigated the uptake
behaviors of MB@GBn after incubating with HUVEC or mouse oocytes,
and coumarin 6 (C6) was selected as a probe. As shown in Fig. 6A&B, we
monitored the uptake of MB@GBn on HUVEC cells within 4 h. With the
incubation time increasing, the intracellular fluorescence intensity in
HUVEC increased, indicating the time-dependent uptake profiles within
4 h. We further investigated the uptake profiles of MB@GBn in mouse
oocytes (Fig. 6C&D). The results also showed a time-dependent trend.
However, the uptake amount of MG@GBn in oocytes was much lower
than that in HUVEC cells. This might be due to the zona pellucida sur-
rounding oocytes restricting the uptake of MB@GBn to a certain exert.
Even so, with the uptake rate, MB@GBn was sufficient to promote
oocyte maturation for I0s.
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3.4. MB@GBn improving the quality of mouse IVM-MII oocytes

To assess the impact of MB@GBn supplementation on oocyte
maturation in vitro, germinal vesicle (GV) oocytes were cultured using
an in vitro maturation medium, and subsequently, the collected meta-
phase II (MII) oocytes were studied. To further investigate the influence
of MB@GBn supplementation on the quality of mouse IVM-MII oocytes,
we evaluated intracellular levels of ROS, MMP, and Ca®", crucial factors
associated with oocyte quality and developmental capability.

ROS, essential byproducts of various biochemical reactions within
cell organelles, play a pivotal role in nuclear maturation, dependent on

ROS levels in the IVM-MII oocytes

oxidative phosphorylation and oxygen supply in oocytes. However,
excessive ROS production impedes oocyte growth, leading to oxidative
stress and disrupting mitochondrial function. Maintaining a balance
between ROS generation and antioxidative capacity is crucial for oocyte
development and quality. The intracellular ROS level greatly influences
spindle formation, chromosome sequencing, and oocyte maturation. IOs
showed significantly increased ROS level compared to COCs (Fig. 7).
Notably, following exposure to MB@GBn, there was a significant
decrease in the relative fluorescence intensity of ROS. Each component
could suppress the ROS production, and the ROS level in oocytes of
MB@GBn group were even lower than that in COCs group. These results
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Fig. 7. The effect of MB@GBn on the intracellular ROS of oocytes. (A) Representative images of ROS in mouse oocytes (scale bar = 100 pm). (B) Quantitative
analysis of fluorescence intensity in mouse oocytes (n = 3). Data are shown in Mean =+ SD. **, P < 0.01, indicating statistical difference between groups as indicated.
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demonstrated the potent antioxidant property of MB@GBn.

During maturation onset (germinal vesicle breakdown, GVBD), cal-
cium signals play critical roles (Campos et al., 2023; Whitaker, 2006).
Calcium, as a critical second messenger in cells, significantly influences
oocyte maturation and fertilization. The intracellular Ca%* level serves
as an indicator of mitochondrial function, as mitochondria regulate
calcium storage and maintain calcium homeostasis in oocytes. In com-
parison with the IOs group, treatment with MB@GBn significantly
reduced the intracellular calcium level (P < 0.01) (Fig. 8). Here,
although each component showed inhibitory effect on the intracellular
Ca®* to some extent, MB@GBn showed remarkably enhanced effect. BR
showed potent antioxidative property but was less effective in sup-
pressing intracellular calcium level in oocytes; while MT was more
effective in reducing Ca?" level compared to scavenging ROS; the
combination of BR and MT in the nanoparticle form exerted synergistic
effect to retain the oocyte quality.

Sufficient ATP is crucial for continuous transcription and translation
during oocyte maturation, making the presence of an appropriate
number of functional mitochondria vital (Kirillova et al., 2021). MMP
stands as a pivotal indicator reflecting mitochondrial function, closely
linked to oocyte development. Positive correlations have been estab-
lished between oocyte development and mitochondrial functionality. To
assess mitochondrial function, we measured the MMP of oocytes. The
JC-1 monomer emits green fluorescence in the FITC channel (indicative
of low polarized mitochondria), while the JC-1 polymer emits red
fluorescence (indicative of highly polarized mitochondria). The relative
levels of red to green fluorescence were used to assess mitochondrial
polarization. As shown in Fig. 9, a significant difference was observed
between the IOs group and the MB@GBn group. Notably, treatment with
MB@GBn led to an increase in the MMP level in oocytes compared to the
I0s group. Interestingly, BR exerted potent effect on scavenging ROS
and modulating MMP but was less effective in regulating intracellular
Ca?* level, while MT showed considerable effect on all these aspects.
MB@GBn showed robust effect to modulate IOs to healthy state.

These results display notable distinctions in the levels of intracellular
ROS, MMP, and Ca?" between the cumulus-oocyte complexes (COCs)
culture group and the IOs culture group. Quantitative analysis revealed
a marked increase in the relative fluorescence intensity of ROS and Ca?*
in the I0s group, while the MMP level notably decreased in the same
group. These observations suggest that in vitro culture of degranulated
cells has an adverse effect on oocyte quality. However, fluorescence
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staining revealed the levels of ROS, Ca®*, and MMP in the IVM-MII
oocytes, highlighting the impact of MB@GBn treatment on oocyte
quality and maturation compared to the I0s group. We observed a sig-
nificant decrease in ROS and Ca®' levels in oocytes treated with
MB@GBn, alongside a noteworthy increase in MMP. These outcomes
strongly suggest an enhancement in oocyte quality and maturation. Our
findings indicated lower levels of intracellular ROS and Ca®" in the
MB@GBn-treated groups compared to the I0s groups, while MMP levels
in these treated oocytes were higher than those in the I0s groups and
similar to those in the COCs groups. Based on these findings, the
MB@GBn treatment effectively preserved oocyte quality during IVM
culture.

3.5. MB@GBn did not affect IVF and development of embryos

Clinically, in vitro maturation culture is employed to obtain more
mature oocytes for IVF. Therefore, we investigated the impact of
MB@GBn addition on subsequent IVF and embryo development in
mouse oocytes. The fertilization and developmental outcomes were
compared among different groups after IVF. Optical microscope images
revealed that the addition of MB@GBn did not significantly affect the
morphological characteristics of embryos; their cells appeared spherical
and glossy without evident degeneration (Fig. 10A). The COCs group (n
= 128) exhibited a fertilization rate of (51.96 + 5.23)%, while the
MB@GBn group (n = 108) showed a rate of (52.71 + 6.34)% (Fig. 10B).
Moreover, the cleavage rates were found to be (84.75 + 5.59)% for the
COCs group and (83.33 + 15.27)% for the MB@GBn group, respectively
(Fig. 10C). Similarly, blastocyst rates were observed to be (40 + 10)%
for COCs group and (43.45 + 6.27)% for MB@GBn group following IVF
procedures (Fig. 10D). Compared to the COCs group, there were no
statistically significant differences observed in the rates of fertilization,
cleavage, and blastocyst formation following IVF. In conclusion, the
addition of MB@GBn can enhance oocyte maturation without impacting
the fertilization competence and developmental potential of mature
oocytes.

4. Discussion
Even though many compounds from herb medicine have shown

potent capacity to scavenge overproduced ROS (Kaur et al., 2022; Qin
et al.,, 2022; Tai et al., 2022; Chen et al., 2022b), the endogenous
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property of melatonin and bilirubin makes them more potential for IVF
application, especially the ideal safety. The existing body of research
demonstrates the favorable impacts of melatonin on reproductive pro-
cesses. As a safe and natural small molecule medicine, melatonin pos-
sesses essential antioxidant and anti-inflammatory properties,
contributing to the enhancement of oocyte quality and maturation
(Chuffa et al., 2021; He et al., 2016). Nevertheless, these studies have
primarily focused on the application of melatonin in its singular form.
Despite the promising therapeutic potential of melatonin, its inherent
limitations should not be disregarded, such as its specific solvent

10

requirements, poor water solubility, and short half-life, imposing con-
straints on its utilization. Similarly, bilirubin was also a star compound
in relieving ROS, inhibiting inflammation, and modulating immune re-
action. But its low solubility severely restricts its further application.
Our study aimed to develop a nanocarrier system to address these
shortcomings and enable a more efficient harnessing of the therapeutic
effects of these two compounds. During the experiment, we found the
carrier-free nanoparticles by assembling melatonin and bilirubin were
not stable enough for further biological application. We further syn-
thesized bilirubin-grafted chitosan (GC-BR) to coat and stabilize
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melatonin/bilirubin nanoparticles. The synthesized GC-BR could coat
the nanoparticles by bilirubin-match property, evidenced by the
reversed zeta potential. In addition, the stability of new formed nano-
particles, MB@GBn, was significantly enhanced. The nanoparticles were
designed to dissolve in water rather than organic solvents, ensuring high
solubility and favorable biosafety as well as addressing the limitations of
themselves. Crucially, the nanoparticle displays ROS-responsive fea-
tures. In environments with high ROS levels, the outer shell disintegrates
gradually, allowing the controlled release of melatonin and bilirubin.
This feature eliminates the need for multiple dosing, enhancing the
clinical feasibility and practicality of this approach.

Extensive research has underscored the profound impact of envi-
ronmental changes during oocyte development on the subsequent stages
of zygote development (Dvoran et al., 2022; He et al., 2021). Oocyte
maturation encompasses a multifaceted process entailing cell cycle
regulation, spindle assembly mediated by microtubules, chromosome
segregation, organelle redistribution, spindle migration via microfila-
ment backbone, and cytoplasmic division (Coticchio et al., 2015). Al-
terations in environmental factors could influence morphological
changes, gene recombination, epigenetic modifications, and germ cell
metabolism, consequently impacting the zygote, embryo development,
and potentially the long-term health of the offspring (Dvoran et al.,
2022; Sales et al., 2017; Telfer et al., 2023). Notably, our evaluation of
MB@GBn's efficacy was confined to not only the oocyte level, but also
extending to appraise zygote quality and subsequent developmental
stages. The addition of MB@GBn demonstrates effectiveness in miti-
gating high ROS risks during IVM, as well as its negligible impact on
oocytes and subsequent embryo development. Our results confirmed the
potential benefits concerning oocyte maturation and drug's safety in
oocyte fertilization and embryo development. Nonetheless, it's impor-
tant to acknowledge the limitations of this study, primarily that our
evaluation of MB@GBn's efficacy was confined to the oocyte level,
fertilization, and developmental stages, without extending to appraise
pregnancy rate and baby growth/development. Consequently, future
studies will prioritize assessing the effects of MB@GBn on pregnancy
rate and baby growth/development to further confirm the benefits. This
comprehensive evaluation aims to establish a robust safety and efficacy
assessment framework, offering a new approach to optimize IVM and
enhance oocyte quality.

5. Conclusion

In this study, we developed nanoparticles by self-assembling
endogenous bilirubin and melatonin hormone coated with bilirubin-
conjugated glycol chitosan (MB@GBn) to alleviate oxidative stress and
enhance oocyte maturation and quality during IVM. These nanoparticles
could adhere to the oocyte surface by electrostatic interaction for im-
mediate protection. MB@GBn treatment showed potent effect in sup-
pressing ROS production, inhibiting calcium ions, and improving
mitochondrial membrane potential, collectively contributing to an
enhancement in the quality of 10s. Consequently, the application of
MB@GBn demonstrates promise as an effective therapeutic strategy for
IVM.
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