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After cryopreservation, reactive oxygen species (ROS) can damage sperm. Antioxidants are the 
primary defense against oxidative damage. Berberine is a bioactive alkaloid found in Berberis vulgaris, 
Curcuma longa, and Ergon grape, and is a potent antioxidant. Due to the negative effects of free 
radicals in oxidative stress processes, antioxidant chemicals are required to protect sperm. However, 
berberine has low bioavailability, making it less effective. Loading techniques on nanoparticles and 
nanotechnology can help overcome this limitation. Selenium nanoparticles were synthesized with 
barberry extract, and berberine was loaded on them. Berberine nanoparticles were then synthesized 
using anti-solvent precipitation with a syringe pump technique. The synthesis of nanoparticles 
was confirmed by EDX, UV-visible, FE-SEM, Zeta-Potential, and FTIR tests. In this experiment, we 
aim to investigate the impact of nano-berberine and berberine loaded on Se-NPs on goat sperm 
parameters after freeze-thawing. We assessed the generation of reactive oxygen species (ROS), in vitro 
fertility, and the subsequent embryo development of zygote with treated sperm after determining 
the optimal concentration of various chemicals on sperm parameters. The study found that all 
treatments had significant differences from the control group in terms of motility, viability, DNA and 
membrane integrity, ROS level, lipid peroxidation, in vitro fertility ability, and the capacity to develop 
inseminated oocytes (p < 0.05). The most significant outcomes were observed with berberine loaded on 
Se-NPs and the combination of selenium nanoparticles with berberine nanoparticles.
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Artificial insemination (AI) is the oldest biotechnological method with roots dating back to the 18th century. 
It is a fundamental technology and an essential aid for modern methods in animal breeding1 Preservation of 
spermatozoa requires specific steps to avoid premature aging, including reducing sperm metabolism, depleting 
ATP, and preventing the production of detrimental byproducts including reactive oxygen species (ROS) by using 
chemical inhibitors or lowering the temperature2. When the production of free oxygen radicals increases, it 
leads to oxidative stress. ROS is generated by mammalian spermatozoa and is associated with defective sperm 
function. The imbalance between ROS and sperm antioxidant activity is the main cause of the cryo-damage of 
sperm3. Antioxidants are molecules that dispose of, scavenge, and inhibit the formation of ROS or oppose their 
actions4.

Berberine (Br) is an isoquinoline alkaloid found in the stem bark and roots of Berberis aristata (family 
Berberidaceae), commonly known as “Daru haldi” in Urdu. Br formulations are widely used in Ayurveda and 
traditional Chinese medicine to treat hypertension and inflammatory conditions5 However, the poor water 
solubility of Br affects its dissolution rate and bioavailability, limiting its clinical use6. With a log P-value of 
− 1.5, Br is classified as a class III drug in the biopharmaceutical classification system (BCS). Drugs in this class 
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are lipophobic, have poor membrane permeability, and their absorption is mainly limited to the paracellular 
pathway7. This leads to low bioavailability due to malabsorption of the drug and its first-pass effect in the 
intestine, with the absolute bioavailability of Br in rats being less than 1%8.

There have been various methods utilized to tackle the issues of reduced bioavailability and poor solubility. 
To enhance solubility, some of the techniques that have been employed include particle size reduction, solid 
dispersion, and the use of drug nanoparticles (NPs). NPs are smaller in size than typical drug particles, which 
results in an increased surface area for the drug9.

Nanotechnology is a powerful technology that has the potential to benefit the livestock industry, particularly 
through the manipulation of semen used in artificial insemination10. Nanoparticles have unique chemical, 
physical, and biological properties that have attracted scientific interest over the past few decades. However, 
their use in industries such as food science and cosmetics is limited due to concerns about their potential effects 
on the environment and bioaccumulation11. Nanoparticles with a diameter of 1–100 nanometers have shown 
promising results for improving fertility in different animal species12. Nano-elements have low toxicity and high 
bioavailability because they exhibit novel characteristics, such as more specific surface area, numerous active 
surface centers, high surface activity, high catalytic efficiency, and strong adsorption ability13.

Nanobiotechnology shows the merging of nanotechnology and biotechnology to develop a green, synthetic, 
and eco-friendly technology for the synthesis of nanomaterials14. The nanoparticles synthesized through the 
green method are found to be non-toxic, cost-effective, and biodegradable in nature15The green method of 
synthesizing nanoparticles utilizes natural materials such as fruits, flowers, roots, and microorganisms like 
bacteria, algae, and fungi15.

Numerous methods have been employed to address the issues of poor solubility and reduced bioavailability 
when it comes to medications. These findings are significant because they could potentially reduce the amount 
of medication required to treat illnesses16.

Certain studies have demonstrated that Selenium (Se) supplementation can have a protective effect during 
the storage and incubation of sperm in animal models17,18. Se nanoparticles (Se-NPs) are less toxic than sodium 
selenite19. Additionally, various clinical and experimental studies have investigated the impact of Se-NPs 
administration on semen quality in goat buck20, rats21, bull19, and in vitro in roosters22.

This study aimed to synthesize berberine nanoparticles and load them onto green selenium nanoparticles 
synthesized with barberry extract. The study focuses on the specific properties of these nanoparticles. Additionally, 
there is a lack of information regarding the effects of nano-berberine and berberine loaded on Se-NPs as an 
antioxidant on the quality of cryopreserved spermatozoa of goats. Therefore, this study aims to investigate the 
effect of nano-berberine and berberine loaded on Se-NPs on cryopreservation and in vitro fertilization in goat 
sperm. An eco-friendly approach will be employed by using aqueous extracts of Berberis vulgaris fruit.

Results
The results of making nanoparticles
Energy-dispersive X-ray analysis (EDX)
The synthesized nanoparticles were analyzed for their chemical elemental composition using EDX. In the case 
of Br-NPs, EDX analysis showed four signals: a high signal from the C atom (79.78%), signals from the O atom 
(16.36%), Cl atom (3.01%), and N atom (0.84%). Other elements did not have any peaks (Fig. 1A). The analysis 
revealed the existence of prominent peaks from Se atoms at 1.0–2.0 keV and additional faint signals of O and 
C for all nanoparticles connected to the samples’ organic molecules. The EDX analysis of Se-NPs revealed five 
signals: a high signal from the Se atom (57.72%), signals from the O atom (36.23%), C atom (4.98%), N atom 
(1.03%), and Cl atom (0.04%). Other elements did not show any peaks (Fig. 1B). Furthermore, the EDX spectra 
of Br loaded on Se-NPs showed four signals: a significant signal from the Se atom (59.49%), as well as signals 
from the C atom (35.55%), O atom (4.95%), and Cl atom (0.02%). Other elements did not have any peaks 
(Fig. 1C).

Ultraviolet-visible (UV–visible) absorption spectrum
The absorption spectra of Se-NPs and Br-co-SeNPs synthesized through a green process were examined to 
determine the loading of Br on Se-NPs. The spectra were obtained by adding dried SeNPs and Br-co-SeNPs to a 
solution and then using double-distilled water to determine the absorbance after ultrasonic stirring for 10 min. 
The conjugation was found to be effective as the maximum wavelength shifted from 294 to 370 nm, an increase 
of around 76 nm. The quantity of medication combined with the synthesized Se-NPs was measured using a UV-
visible spectrophotometer. The unconjugated drug was separated by centrifugation to calculate the conjugation 
efficiency using the standard curve equation: y = 0.5935x + 0.0947. The results showed that the conjugation 
efficiency was approximately 42.25% (supplementary Fig. 1).

Field emission scanning electron microscopy (FE-SEM) analysis
FE-SEM can be used to study the surface topography of nanomaterials and determine their potential applications. 
Br-NPs, as observed in FE-SEM images, had a consistent rectangular shape and were less than 100 nm in size 
(Fig.  2A). The morphology of Se-NP is shown in Fig.  2B, and the results suggest the presence of clumps of 
nanoparticles that resemble porous structures. Spherical nanoparticles have a unique optical absorption peak of 
1.5 keV due to surface plasmon resonance. Figure 2 shows the size of the synthesized nanoparticles and FE-SEM 
images.

Zeta-potential
In supplementary Fig. 2A, a distinct peak at 0 mV (of ≥ ± 25 mV) is visible for the synthesized Br-NPs. To achieve 
stable dispersions, it is recommended to have a zeta potential of ≥ ± 25 mV. This is because repulsive forces 
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exist between the particles which prevent them from agglomerating and coming into contact with each other. 
The neutral particles obtained in this study can be considered intrinsically stable as they do not have any inter 
particulate molecular interactions, either attractive or repulsive. A zeta-potential study was performed to indicate 
the stability and surface charge of the created nanoparticles. The study showed the presence of a distinct peak at 
− 31 mV for nanoparticles synthesized using the green method, indicating their good stability (supplementary 
Fig. 2B). The nanoparticles synthesized have capping molecules that consist mostly of negatively charged groups. 
These groups are responsible for the moderate stability of the nanoparticles23–25. The zeta potential of Br loaded 
on Se-NPs shows a single net peak at − 23 mV, indicating good particle stability (supplementary Fig. 2C)26.

Fourier Transform Infrared spectrometer (FTIR)
In this study, The Fourier Transform Infrared spectrometer (FTIR) spectrum was used to identify the functional 
groups in the synthetic nanoparticles. In the FTIR spectra of Br-NPs, the following distinctive peaks can be 
observed: 700–1300  cm− 1 (skeletal C-C vibrations), 1103.28  cm− 1 (C-O), 1597.06  cm− 1 and 1504.48  cm− 1 
(aromatic C=C stretching), 1504.48 cm− 1 (skeleton vibration of aromatic C=C ring stretching), 1386.82 cm− 1 
and 1361.74  cm− 1 (C=C stretching), 1276.88  cm− 1 (C-O-C stretching), and 1035.77–1184.29  cm− 1 (in-
plane = C-H bending). Our investigation’s findings were consistent with prior research27–29. Functional groups 
present in the herbal extract, which contribute to the bonding process with Se-NPs, were identified using FTIR 
analysis. supplementary Fig. 3 compares the FTIR spectrum of the fruit extract with that of the manufactured 
Se-NPs. The O-H stretch of alcohol and phenol groups corresponded to a large vibration peak at 3430 cm− 1. The 
absorption peaks at 2977 and 2880 cm− 1 represented the C-H stretch of the alkynes groups. Nitro compounds 
(N-O asymmetric stretch) were represented by the tiny band at 2320  cm− 1. The strong band at 1570 and 
1480 cm− 1 was related to the aromatic and alkane rings (C-C and C-H stretching). The small vibrational peaks 

Fig. 1.  EDX spectra of nanoparticles synthesized (A + B) DX spectra of NBr-NPs, (C + D) EDX spectra of Se-
NPs, (E, F) EDX spectra of Br loaded on Se-NPs.
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between 1376 and 1250  cm− 1 represented the bending C-H, C-N, O-H, C-X, and C-N-C stretches, which 
were responsible for the alkanes, amines, and carboxylic groups. These functional groups confirm that several 
reducing and stabilizing agents were used in the synthesis of Se-NPs.

Determine the optimal concentration of Br, Br-NPs, Se-NPs, Br loaded on Se-NPs, and Se for 
sperm cryopreservation
After synthesizing nanoparticles and preparing treatments, various concentrations of Br, Br-NPs, Se-NPs, Br 
loaded on Se-NPs, and Se were added to fresh diluted goat semen to determine the optimum concentration. 
Results showed that 10 µM of Br significantly protected motility and viability rate compared to other 
concentrations (Fig. 3A,B). The optimal Br-NPs concentration had a significant impact on motility and viability 
at concentrations of 10, 1, and 0.1 µM, with 0.1 µM being selected for the next tests (Fig. 3C,D). During the 
process of identifying the ideal concentration, 100 µg of Se produced the best results for motility and viability 
rate compared to other concentrations (Fig. 3E,F). The ideal concentration of Se-NPs was found to be 1 µM, 
which is a hundred times lower than that of the non-nano form (sodium selenite) (Fig. 3G,H).

The study found that Br loaded on Se-NPs had a significant effect on motility and viability rate at 
concentrations of 10, 1, 0.1, and 0.01 µM. The concentration of 0.01 µM was ultimately chosen for the subsequent 
tests (Fig. 3I,J). After conducting tests, it was determined that the optimal concentrations for cryopreservation 
are as follows: 10 and 0.1 µM for Br and Br-NPs, 1 and 100 µg for Se-NPs and Se, and 0.01 µM for Br loaded on 
Se-NPs. Furthermore, the chosen concentrations for the subsequent experimental treatments were combined 
with the concentrations chosen for the nano and non-nano treatments.

Effect of the optimal concentrations of Br, Br-NPs, Se-NPs, Br loaded on Se-NPs, and Se on 
sperm parameters after thawing
The following table (Table 1) displays the effects of different treatments on goat sperm parameters after being 
through a freeze-thawing process. The treatments included optimal concentration of Br, Br-NPs, Se-NPs, Br-
loaded Se-NPs, and Se. Results were evaluated based on sperm motility, viability, plasma membrane, and DNA 
integrity, as well as the levels of reactive oxygen species and lipid peroxidation.

The extender supplemented with Br-NPs (0.1  µM), Se-NPs (1  µg), and Br loaded on Se-NPs (0.01  µM) 
showed a significant increase in the percentage of sperm motility compared to all other treatments (p < 0.05). In 
addition, all treatments showed a significant increase in the percentage of motile spermatozoa compared to the 
control group (p < 0.05).

We used the DCFHA staining method to measure the intracellular levels of H2O2 and determine if ROS 
caused the observed damage. The proportion of sperm that was DCF positive decreased when exposed to the 
various treatments, with the least quantity of DCF-positive sperm being present in Br-co-Se-NPs 0.01, Br-NPs 
0.1 + Se-NPs 1, and Br-NPs 0.1 (P < 0.05) (Fig. 4 from A to H).

To measure lipid peroxidation, we used the Bodipy staining method. The percentages of Bodipy-positive 
sperm significantly decreased in each treatment compared to the control group. The two treatments Br-co-Se-
NPs 0.01 and Br-NPs 0.1 + Se-NPs 1 showed the lowest levels (P < 0.05) (Fig. 4 from I to P).

Fig. 2.  FE-SEM picture of nanoparticles synthesized, (A) FE-SEM picture of synthesized Br-NPs with an 
average size of 75 nm. (B) FE-SEM picture of Se-NPs with an average size of 18 nm (C) FE-SEM picture of Br 
loaded on Se-NPs with an average size of 35 nm.
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Effect of the optimal concentrations of Br, Br-NPs, Se-NPs, Br loaded on Se-NPs, and Se on 
in vitro embryo development
The rate of successful embryo development, including cleavage, blastocysts formation, and hatched blastocysts, 
significantly increased in all treatment groups compared to the control group (Table  2). However, the rate 
was significantly higher in the oocytes fertilized with Br -co-Se-NPs 0.01 and Br-NPs 0.1 + Se-NPs1 treated 
spermatozoa than in all other treatment groups (P < 0.05). There was no significant difference between the Br-

Fig. 3.  Determining the optimal concentration of Br (A, B) and Br nanoparticles (C, D), Se (E, F) and Se-NPs 
(G, H) and Br loaded on Se NPs (I, J) by examining sperm motility and viability.
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Fig. 4.  Intracellular ROS levels were evaluated based on the percentage of DCF fluorescence intensity with a 
higher DCF considered to be an indicator of higher intracellular ROS. (A) control; (B) Br-10; (C) Br-NPs-0.1; 
(D) Se-100; (E) Se-NPs-1.0; (F) Br10 + Se100; (G) Br-NPs0.1 + Se-NPs1.0 and (H) Br-co-Se-NPs 0.01. Lipid 
peroxidation levels were evaluated based on the percentage of BODIPY 581/591 C11 fluorescence intensity 
with a higher BODIPY considered to be an indicator of higher lipid peroxidation. (I) control; (J) Br-10; (K) Br-
NPs-0.1; (L) Se-100; (M) Se-NPs-1.0; (N) Br10 + Se100; (O) Br-NPs0.1 + Se-NPs1.0 and (P) Br-co-Se-NPs 0.01.

 

Treatment Motility (%) Viability (%) ROS Lipid peroxidation (LPO) Membrane integrity (%) DNA damage (%)

Control 35 ± 2.89d 41.67 ± 6.01d 53.7 ± 2.6a 45 ± 0.57a 48.6 ± 1.85d 30 ± 1.52a

Br10 40 ± 2.89c 58.33 ± 1.76b 48 ± 0.57b 39 ± 1.45b 50 ± 1.52c 24 ± 2.88b

Br-NPs 0.1 51.6 ± 1.67b 62.67 ± 1.45b 25 ± 2.08d 35 ± 1.15b 58 ± 1.52b 17 ± 2.18c

Se 100 40 ± 2.89c 53.67 ± 4.48c 44 ± 1.45b 40 ± 1.15b 51 ± 1.76c 17 ± 2.02c

Se-NPs 1 45 ± 2.90c 56.34 ± 3.28b 32 ± 1.73c 36 ± 0.88b 58 ± 2.08b 19 ± 2.08c

Br10 + Se100 48.33 ± 4.41b 71.33 ± 1.45b 42 ± 3.78b 43 ± 1.15b 55 ± 3.46b 23 ± 2.64b

Br-NPs0.1 + Se-NPs 1 55 ± 2.90a 58.66 ± 1.45a 23 ± 0.57d 25 ± 1.16c 62 ± 1.85a 14 ± 1.76cd

Br-co-Se-NPs 0.01 58.8 ± 1.67a 70.66 ± 1.42a 24.4 ± 2.9d 23 ± 1.73c 67 ± 2.33a 10 ± 1.20d

Table 1.  Effect of Br, Br-NPs, Se-NPs, Br loaded on Se-NPs and Se, and their best combination on sperm 
parameters (Mean ± SD) of goat semen following freeze-thawing. Values (Mean ± SD) within a column 
with different superscript letters are significantly different at P < 0.05. Br: berberine, Br-NPs: berberine 
nanoparticles, Se: sodium selenite, Se-NPs: selenium nanoparticles, Br + Se: berberine + sodium selenite, Br-
NPs + Se-NPs: berberine nanoparticles + selenium nanoparticles, Br-co-Se-NPs: berberine coated on Se-NPs. 
Reactive oxygen species (ROS); Lipid peroxidation (LPO).
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NPs 0.1 and Se-NPs groups, as well as the Br10, Se 100, and Br10 + Se100 groups in terms of blastocysts and 
hatched blastocyst rate, but there was a significant difference with the control group (P < 0.05).

Effect of the optimal concentrations of Br, Br-NPs, Se-NPs, Br loaded on Se-NPs, and Se on 
embryo quality
In Figs. 5 and 6, it is evident that the control group had a lower ICM number compared to the rest of the treatment 
groups. Among all the groups, the extender that contained Br-co-Se-NPs 0.01 and Br-NPs 0.1 + Se-NPs1 had the 
highest ICM number (P < 0.05). Similarly, the TE number in the control group was lower compared to all the 
other treatment groups. The extender containing Br-co-Se-NPs 0.01 and Br-NPs 0.1 + Se-NPs1 had the highest 
TE number among all the groups (P < 0.05).

Discussion
The synthesized nanoparticles were analyzed for their chemical elemental composition using EDX. In the case of 
Br-NPs, EDX analysis are consistent with those of previous research by Abdollahnia et al.30 and Kalishwaralal et 
al.31. The peaks composed of related elements in Se-NPs and Br-co-SeNPs are also considered as a confirmation 
of the construction of these nanoparticles. Also, our findings regarding UV-visible absorption spectrum 
are consistent with the studies conducted Chung Lin et al.32 and Ozgul et al.33. Furthermore, our results are 
consistent with the research published in 2020, 2018, and 2023 by Ahmed et al.34, Pouri et al.35 and Mohammed 
Ali et al.36 respectively.

Based on the field emission scanning electron microscope (FE-SEM) images obtained, it can be observed 
that Se-NPs are almost spherical with an average diameter of approximately 18 nm. These results are consistent 
with previous studies, where the size of Se-NPs was found to be less than 50 nm36–38. The FE-SEM images of 
berberine nanoparticles reveal an average particle size of about 76 nm. This confirms the synthesis of berberine 
nanoparticles39–41. The FE-SEM picture of berberine loaded on Se-NPs demonstrates an average particle size of 
about 35 nm and a spherical shape. This is consistent with the present study, where the average size of berberine 
loaded on Ag-NPs was found to be between 30 and 50 nm42.

Zeta potential analysis In the case of the synthesized Se-NPs, the analysis revealed a distinct peak at − 41.8 
mV, indicating good stability. This suggests that the capping molecules covering the surface of the Se-NPs are 
mainly composed of negatively charged groups, which help to maintain the particles’ stability. These results are 
consistent with prior studies23,24,43. On the other hand, the zeta potential results of the synthesized Br-NPs have 
a distinct peak at 0 mV (± 25 mV). A zeta potential of ± 25 mV is recommended to achieve a stable dispersion. 
This is because repulsive forces exist between particles, preventing them from coming into contact with each 
other and agglomerating.

Thus the obtained neutral particles can now be considered intrinsically stable because no interparticle 
molecular interactions (both attractive and repulsive) are expected from these particles. Positively charged 
nanoparticles are absorbed into the cell membrane at a faster rate than neutral or negatively charged particles44. 
Particles with a zeta potential between − 30 and 30 mV tend to clump together, which is called the isoelectric 
point, where the zeta potential is zero mV45. Nanoparticles that have strong negative or positive surface charges 
are stable. If the zeta potential estimate is a flat ± 30 mV, then it’s a general indication that the colloidal solution 
is highly stable46. Recent research has shown that the peak zeta-potential for the co-assembly of berberine and 
tannic acid was about + 33.28, which is not consistent with our study’s results47 but has been confirmed in Saba’s 
study (2019)48.

An FTIR spectrum ranging from 500 to 4000 cm−1 was used to examine the molecules responsible for the 
construction and coating of nanoparticles. The results of our study regarding Se-NPs are consistent with previous 
research, with minor differences possibly due to the use of different types of regenerative plant types23. The FTIR 
spectrum of berberine nanoparticles in the frequency range of 500 to 4000 cm. These results are consistent with 
previous studies28. FTIR spectrum of Br-co-SeNPs spectrum provides information about the chemical structure 

Embryo development

Treatment Cleaved Blastocysts Hatched Blastocyst

Control 73.45 ± 3.51c 43.25 ± 6.81c 33.33 ± 2.89d

Br10 79.35 ± 1.73bc 54.75 ± 7.02b 40.09 ± 3.06c

Br-NPs 0.1 84.67 ± 5.00b 62.33 ± 4.5b 50.45 ± 5.13b

Se 100 81.42 ± 3.78b 57.11 ± 5.03b 44.67 ± 5.29bc

Se-NPs 1 83.67 ± 4.04b 59.25 ± 4.73b 46.00 ± 5.29bc

Br10 + Se100 84.67 ± 2.08b 55.15 ± 4.58b 42.12 ± 9.18c

Br-NPs0.1 + Se-NPs 1 93.00 ± 6.50a 71.94 ± 11.51a 56.96 ± 4.16a

Br-co-Se-NPs 0.01 94.67 ± 5.80a 68.75 ± 13.03a 59.73 ± 12.20a

Table 2.  Effect of sperms treated with br, Br-NPs, Se-NPs, Br loaded on Se-NPs and Se, and their best 
combination on in vitro goat embryo development. Values (Mean ± SD) within a column with different 
superscript letters are significantly different at P < 0.05. Br: berberine, Br-NPs: berberine nanoparticles, Se: 
sodium selenite, Se-NPs: selenium nanoparticles, Br + Se: berberine + sodium selenite, Br-NPs + Se-NPs: 
berberine nanoparticles + selenium nanoparticles, Br-co-Se-NPs: berberine coated on Se-NPs.
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of the sample in the frequency range of 500 to 4000 cm. The peaks seen in this spectrum indicate the presence 
of various chemical bonds and functional groupsthat, these observations are consistent with previous studies in 
this regard28.

It has been found that storing semen in liquid or frozen form can cause damage to the structure, biochemistry, 
and function of sperm. This leads to reduced motility, viability, and fertility of the sperm. Studies have shown 
that natural antioxidants can improve the quality of mammalian semen49–51. It has not yet been determined 
whether Br in different forms can improve sperm quality after freeze-thawing in goat semen. In this study, we 
evaluated the effect of selected concentrations of Br in different forms, including Br, Br-NPs, Br loaded on Se-
NPs, and Br combined with Se and Se-NPs, on cryopreservation goat semen. The study examined the qualitative 
parameters of sperm, including motility, viability, membrane and DNA integrity, ROS production rate, and LPO.

Sperm motility is a crucial factor in evaluating the fertility and energy status of sperm, as well as a useful test 
for reproductive toxicity52. In this study, we observed an increase in the motility, viability, and plasma membrane 
integrity of sperm treated with various forms of Br in vitro. Our results show that the administration of Br-10 
and Br-NPs-0.1 had a dual effect on sperm motility and viability. Lower doses of Br and Br-NPs (0.1, 1, and 
10 µMol) significantly increased motility and viability (P < 0.05). However, in experimental groups exposed to 
higher concentrations of Br-10 and Br-NPs-0.1 (100 µmol), motility and viability were lower compared to the 
control group. Our findings regarding motility and viability are in agreement with those reported by Chen et 
al.49 and Tvrdá et al.53. Br administered to rats with varicocele improved their motility, viability, and membrane 
integrity54. In another study, it was observed that Br restored reproductive functions in diabetic rats by reducing 
ROS production, inhibiting apoptosis, reducing Janus kinase2 (JAK)2 activity, activating the Nuclear factor 
kappa B (NFκB) pathway, and improving the disorders caused by type 2 diabetes55.This is in line with current 
research findings on reducing levels of ROS and LPO, while also increasing sperm motility and viability56.

Fig. 5.  Comparison between (A) inner cell mass (ICM), (B) trophectoderm cells (TE), (C) total cell mass 
(TCM), and (D) ICM/TCN, in embryos derived from frozen/thawed goat spermatozoa with extender 
supplemented with Br, Br-NPs, Se, Se-NPs, Be0-Se, Br-NPs + Se-NPsand Br-co-Se -NPs mean ± standard 
deviation (SD), and different letters indicate significant differences (P < 0.05).
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Berberine has a strong effect on inhibiting lipoxygenase and xanthine oxidase. These two enzymes are 
important sources of reactive oxygen species (ROS) generation. This indicates that berberine hydrochloride has 
antioxidant properties57. Studies have shown that berberine can prevent the oxidation of low-density lipoprotein 
(LDL) caused by Ca + 2 and protect cells from dysfunction caused by oxidized LDL58.

Zeng and colleagues demonstrated that berberine has significant effects on cell health. It increases the activity 
of superoxide dismutase, reduces the formation of harmful superoxide anion and malondialdehyde (MDA), 
and inhibits the damaging effects of H2O2

59. This is achieved through increased cell viability, nitric oxide (NO) 
production, and superoxide dismutase activation, while reducing the release of lactic acid dehydrogenase and 
MDA60.

In this research, it was found that the treatment of Br-co-Se-NPs 0.01 and Br-NPs0.1 + Se-NPs1 during 
the freezing process can significantly improve the quality of goat sperm. This indicates that Se-NPs are a very 
effective carrier for Br delivery. The results of Yin et al.61 are also consistent with this research. Their study 
investigated the effect of Se as an oral nano-carrier of Br on hyperglycemia and anti-diabetic effects.

The results of this study showed that the problem of very low bioavailability of berberine can be solved with 
the nanobiotechnology method62.

Both Se and Se-NPs have been used to improve semen quality in different animal species36. Similar to 
our study, several studies have shown that Se-NPs supplementation at a concentration of 1  mg/mL Se-NPs 
demonstrated the best motility and viability in sperm19,63. In our experiment, a study showed that Se-NPs, 
compared to Se, have a significant effect on the quality of mouse sperm64 However, the study of Hawkes et al.65 
found a positive effect of Se on human sperm at 200 mg/mL, which did not agree with our results. This may be 
due to the difference between the animal species tested.

Selenium is an essential component of selenoproteins such as glutathione peroxidase and thioredoxin 
reductase, which play vital roles in antioxidant protection and maintaining male fertility19. It is also a part of 
the glutathione enzyme found in the head and middle part of sperm, protecting them from oxidative damage66. 
Additionally, selenium is involved in regulating the capacitation process and the acrosome reaction, both of 
which are crucial for sperm fertility. These processes require precise, timely, and regular performance67.

The study found that the combined treatment of Br10 and Se100 improved motility and viability more than 
the control group. The results were also better than treatments with Br and Se alone, likely due to the synergistic 
effects of these two substances54. The research added the tested treatments to the cryopreservation extender, 
which improved the structure of the plasma membrane of the sperm after the process, preserving its motility and 
viability. The exposure of sperm to extracellular ROS leads to the loss of membrane integrity, which is directly 
related to the reduction of cell viability and function49. The study’s findings regarding the integrity of the plasma 
membrane for Se-NPs at a concentration of 1 mg/ml were consistent with the research of Natiq et al.68.

ROS, are harmful by-products that can result from cellular metabolism or exposure to certain substances 
known as xenobiotics. These by-products can cause oxidative stress in sensitive cells, which can be particularly 
damaging to sperm due to their high content of PUFAs, especially docosahexaenoic acid (DHA)69. To investigate 
the potential role of ROS in causing damage to sperm, we assessed intracellular H2O2 levels using a staining 
method called 2′,7′-Dichlorofluorescein diacetate (DCFHA). We found that the percentage of positive DCF 
sperm was significantly lower in all treatments compared to the control group. Furthermore, the percentage of 

Fig. 6.  Representative pictures of embryo development and differential staining of hatched blastocyst on day 
8 derived from oocytes fertilized by frozen/thawed goat spermatozoa with extender supplemented with Br-10, 
Br-NPs-0.1, Se-100, Se-NPs-1.0, Be10 + Se100, Br-NPs-0.1 + Se-NPs-1.0 and Br-co-Se-NPs 0.01.(A) control; 
(B) Br-10; (C) Br-NPs-0.1; (D) Se-100; (E) Se-NPs-1.0; (F) Be10 + Se100; (G) Br-NPs0.1 + Se-NPs1.0, and (H) 
Br-co-Se-NPs 0.01.
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positive DCF sperm exposed to Br-NPs0.1 + Se-NPs1 and Br-co-Se-NPs0.01 was significantly lower than that 
of the control group and other treatments. These two treatments had the lowest level of positive DCF among all 
treatments, as well as the control group (p < 0.05). It is believed that disruption of the mitochondrial electron 
transport system can lead to excessive production of ROS, which can then cause oxidative damage when released 
into the extracellular space.

Br has been found to have a protective effect on mammalian cells by maintaining cellular communication 
channels, which helps to prevent apoptosis or necrosis. This effect is most likely due to its ability to restore the 
balance between complexes I, II, and IV50. In another study, it was discovered that cow sperm exposed to Br 
at concentrations of 1, 10, and 50 µM showed the lowest levels of ROS production over 24 h, in comparison to 
higher concentrations of 100 and 200 µM. These results are consistent with previous findings49.

The study evaluated lipid peroxidation through pie staining and confirmed the potential antioxidant 
capabilities of Br by assessing LPO in sperm. In the case of mammalian sperm, the suppression of LPO has been 
successfully achieved through the administration of antioxidants that can stop lipid peroxidation or counteract 
oxygen toxicity49. Natural antioxidants have been shown to improve the quality of stored mammalian semen 
in several in vitro studies50,51,64. The study conducted by Eva Tvrdá et al. also showed a positive effect of Br in 
reducing LPO, which was confirmed by the results of positive Bodipy sperm that showed the same pattern as the 
percentage of positive DCF (P < 0.05)49.

A study has shown that Se and Se-NPs have a decreasing effect on LPO in rat sperm. Se-NPs were found to 
have a more significant effect on sperm quality compared to s Se70. Another study evaluated the quality of ram 
semen after thawing and found that the addition of Se-NPs to a seminal fluid extender reduced lipid peroxidation 
while increasing sperm viability and motility63. Acridine orange (AO) staining was used to evaluate any breaks in 
the two strands of sperm DNA, identifying sperm with broken DNA71. All treatments significantly reduced the 
percentage of sperm with DNA damage compared to the control group. Sperm chromatin condensation protects 
sperm DNA content against ROS-induced damage. Sperm cells are very sensitive to lipid peroxidation caused by 
ROS due to the presence of high levels of unsaturated fatty acids in their membrane structure72.

Our result revealed that Br had a significant positive effect on sperm chromatin condensation. This is 
consistent with the findings of Hassni et al.73 who observed similar results in rats with varicocele. Najarian et al. 
(2018) also confirmed the results of our research. In our study, all treatments showed a significant decrease in 
sperm with damaged DNA compared to the control group. However, there was no significant difference between 
the Br10 and Br10 + Se100 groups, although these groups did show a significant difference compared to the 
Br-NPs0.1, Se100, Se-NPs1, and Br-NPs0.1 + Se-NPs1 groups (P < 0.05). Sperm DNA damage was significantly 
improved in the Br-co-Se-NPs0.01 groups compared to all other groups in the AO test (P < 0.05). In a similar 
study, Najarian et al.54 observed that Br improved sperm DNA integrity, motility, and viability54. Jingyu et 
al.55 investigated the protective effect of Br on reproductive performance and spermatogenesis in diabetic rats 
through inhibition of the ROS/JAK2/NFκB pathway and confirmed its efficacy. In another study, Hosni et al.73 
investigated the effect of Br on sperm parameters in varicocele patients and observed a significant improvement 
in the quantitative and qualitative parameters of mouse sperm.

The present study evaluated the effect of different cryopreservation treatments on the fertility ability of goat 
sperm and the potential development of blastocysts. Our findings indicate that the tested treatments had a 
positive impact on in vitro fertilization parameters and improved the developmental competence of goat 
oocytes. Specifically, spermatozoa treated with Br-co-Se-NPs 0.01 and Br-NPs0.1 + Se-NPs 1 showed increased 
fertilization ability and subsequent embryo development compared to the control group and other treatments. 
Additionally, the nano-groups and non-nano groups respectively showed significant differences compared to the 
control group. In summary, the treatments used in this study were able to positively affect the quality of in vitro 
fertilization, either by increasing the quality of sperm or maintaining its initial quality and fertility.

It has been suggested that the outcomes of In vitro fertilization (IVF) for cryopreservation are a reliable 
representation of sperm quality investigations. This is because the reduced fertilization ability of spermatozoa 
in IVF embryo production is likely due to a decline in motility, viability, plasma membrane integrity, and 
an increase in the formation of ROS and LPO of sperm74. In 2013, a study was carried out on women with 
polycystic ovaries to investigate the effect of Br and metformin on this disease. The results indicated that these 
two substances improved the condition of patients with polycystic ovaries and increased the fertility rate. It has 
also been reported that higher conception rates are observed in IVF75.

Conclusion
The study conducted has demonstrated the effects of Br in various forms, including macromolecule Br, Br-
NPs, Br loaded on Se-NPs, combination with Se, as well as the effect of Se and green synthesized Se-NPs on 
goat sperm cryopreservation. It has also examined the in vitro fertility of these sperms and subsequent in vitro 
goat embryo development. The results of the study show that all of these treatments have positive effects on the 
sperms’ motility, viability, and membrane integrity, and reduce the quantity of ROS, LPO, and DNA damage. 
Additionally, these modifications helped sperm’s capacity for in vitro fertilization to rise. In particular, Br loaded 
on Se-NPs at a concentration of 0.01 µM in goat semen diluent has been found to have positive effects on sperm 
performance and in vitro fertility of sperm kept in frozen conditions. This is because it improves the motility, 
viability, and integrity of the plasma membrane, and reduces ROS, LPO, and damaged DNA. The antioxidant 
properties of these compounds and their status as drug-carrying nanoparticles are likely connected to this 
improvement. These discoveries might aid in the creation of new methods for shielding animal or human sperm 
from environmental stressors like cryopreservation.

In our study, we found that Berberine in various nano and carrier-loaded forms has protective effects on goat 
sperm fertility by reducing reactive oxygen species (ROS). However, it’s important to note that our study has 
some limitations. We focused solely on frozen sperm and did not investigate non-frozen sperm, oocytes, and 
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the culture medium for oocyte growth and maturation. To address these limitations, we plan to conduct future 
studies to confirm the effects of this bioactive substance. Additionally, further research on the mechanisms and 
signaling pathways involved in the effects of different forms of nanoparticles on the protection of sperm, oocytes, 
and embryos is necessary.

Materials and methods
Media and reagents
All chemicals and media were obtained from Sigma Aldrich Chemical Co. (St. Louis, MO) and Gibco (Grand 
Island, NY), respectively, unless stated. The Royan Institute Committee approved the experimental designs and 
the protocol conformed to the guidelines of the Nutrient Requirements of Laboratory Animals (NRC, 2007) 
and Ethics Committee of Isfahan University of Technology, Isfahan, Iran (license no. 66445 National Institute 
for Medical Research Development). Animals were housed in standard cages under standardized laboratory 
conditions.

Preparation of the extract
The fruits of Berberis vulgaris bought from herbal shop were washed thoroughly with tap water and distilled 
water to remove contamination. They were then dried in the shade at room temperature for a week. After 
that, the dried fruits were powdered and 20 g of the powder was mixed with 200 milliliters of deionized water. 
The mixture was heated to 80 °C using a heater-stirrer for 30 min. The solution was then centrifuged and the 
supernatant was separated and filtered through Whatman’s paper. The extract was obtained, stored in the 
refrigerator, and used the next day.

Green synthesis of Se-NPS
Depicts the preparation of Se-NPs through a green synthesis approach using the fruit extract of Berberis vulgaris. 
To prepare Se-NPs, a 0.1 M aqueous Se solution was added drop-wise to 50 mL of distilled water while constantly 
stirring at room temperature. The resulting solution was then mixed with 50 mL of fruit extract and stirred 
continuously for 24 h at 25 °C. Finally, the brick-colored powder containing Se-NPs was obtained.

Synthesis of Br nanoparticles
Br-NPs were prepared using the APSP method. In this method, a solvent (ethanol) was used to create a saturated 
solution of Br. This solution was then rapidly injected into a certain volume of deionized water (which acted as 
an anti-solvent) at a fixed flow rate of 1 mL/min. The injection was done with the help of a syringe and under 
mechanical stirring (3000 rpm). After stirring, the resulting mixture, which was in the form of a turbid/opaque 
suspension, was quickly evaporated in a vacuum using a rotary evaporator to obtain nano-sized drug particles28.

Conjugation of Br on Se-NPs (Br- co-SeNPs)
Green synthetic Se-NPs were dissolved in ethanol at a concentration of 1 mg/mL along with Br. The resulting 
mixture was stirred at room temperature for 24 h and then centrifuged at 7000 rpm for 20 min to extract the 
Br-Se-NPs. The supernatant from the centrifugation was analyzed by a UV-visible spectrophotometer to confirm 
the effectiveness of the conjugation process. The unconjugated drug was identified by its absorbance at 250 nm 
and was subtracted from the total quantity of the added medication to determine the conjugation efficiency. The 
conjugation efficiency was calculated using the formula76:

	 Conjugation efficiency = [(Total Drug − Unconjugated Drug) / Total Drug] � (1)

A reliable, simple, and reproducible method was developed to estimate drug concentrations in unknown samples 
by comparing them to standard samples of known concentrations. A calibration curve was created to determine 
the concentration of Br in methanol solutions by plotting Br concentrations against absorbance (max 250 nm). 
The Beer-Lambert law was used to calculate the drug concentration in methanol as (0.85–3.78 µg/mL). Line 
equations and graphs were created based on linearly reverting concentrations and absorbances. The standard 
curve for Br was displayed, with a relevant coefficient value of 0.944, which demonstrates that the drug complies 
with the Beer-Lambert rule in the concentration range of 0.1 to 0.8 µg/mL.

Characteristics of the synthesized nanoparticles
Various techniques were employed to investigate the synthesized nanoparticles. Morphological and elemental 
analyses of Se-NPs, Br-NPs, and Br loaded on Se-NPs (Br-co-Se-NPs) were carried out using Energy-dispersive 
X-ray spectroscopy (EDX) with field emission scanning electron microscopes (FE-SEM). Dry powder samples 
were sprayed onto carbon tape and coated with gold for the FE-SEM analysis. After the reaction, 1 mL of the 
purified sample was taken and sonicated at 1790 g for 15 min to prepare for ultraviolet-visible spectroscopy (UV-
vis) examination. The UV-Vis spectrum was measured in the 200–800 nm wavelength range. Fourier transform 
infrared (FTIR) spectra were recorded in the 4000 –400 cm−1 region.

The electrophoretic mobility of nanoparticles in a U-type tube at 25  °C was measured using a zeta-sizer 
(Horiba- SZ-100-Z model) to determine the zeta-potential. FE-SEM images were also analyzed in Image J® 1.48v 
software (National Institute of Health, USA) to determine the size of the nanoparticles.

Animals and semen collection
The study used semen samples from five adult goats, aged 2 to 3 years. The goats’ ejaculates were collected twice 
per week for two months using an artificial vagina, and then immediately transferred to a laboratory under 
appropriate conditions. There, the samples were analyzed for sperm quality using a microscope. The Royan 
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Institute Committee approved the experimental designs and the protocol conformed to the guidelines of the 
Nutrient Requirements of Laboratory Animals (NRC, 2007) and Ethics Committee of Isfahan University of 
Technology, Isfahan, Iran (license no. 66445 National Institute for Medical Research Development). Animals 
were housed in standard cages under standardized laboratory conditions.

Semen extender and semen processing
The Andromed extender was used as the base extender. The volume of ejaculate was measured in a conical tube 
which was graduated at 0.1 mL intervals. To determine the ejaculate concentration, a hemocytometer was used. 
The semen parameters for the samples ranged from 0.75 to 2 mL in volume, sperm concentration of ≥ 3 × 109 
spermatozoa/mL, sperm motility of ≥ 80%, and frequencies of total morphological abnormalities of ≤ 10%77.

Experimental design
In experiment 1, the objective was to determine the potential effective concentration of Br in different forms. 
Br nanoparticles (Br-NPs: 0.01, 0.1, 1, 10, and 100 µM), Se (Se: 0.1, 1, 10, 100, and 200 µg/mL), Se-NPs (0.1, 1, 
10, and 100 µg/mL), and Br loaded on Se-NPs (Br-co-Se-NPs: 0.001, 0.01, 0.1, 1, 10, and 100 µM) were tested at 
concentrations. The samples were incubated for 30, 90, 150, 210, and 270 min with 250 × 106 spermatozoa/mL in 
an Andromed extender at a temperature of 38.5◦C and 5% CO2. The motility and viability were assessed visually 
and with a nigrosin–eosin staining assay at each time point.

Experiment 2 was conducted to assess whether biologically produced nanoparticles could enhance the quality 
of goat spermatozoa. For this experiment, goat sperm was collected using a synthetic vagina. Samples from five 
adult goats were combined for cryopreservation. The diluted semen samples were cooled gradually at 4 °C for a 
few hours before being filled into 0.25 mL French straws. The straws were then placed 4 cm above liquid nitrogen 
(LN2) for 12 min before being submerged in LN2 and kept until the time came to measure the parameters of 
the sperm. After collection and evaluation, the pooled semen was divided into 8 aliquots. Each aliquot was 
extended with different substances, including no additives (control), Br 10 µM (Br10), Br-nanoparticles 0.1 
µM (Br- NPs0.1), Se 100 µg (Se100) and selenium-nanoparticles 1 µg (Se-NPs 1). Additionally, Br loaded on 
selenium nanoparticles 0.01 µM (Br-co-Se-NPs) and combined concentrations of Br and selenium nanoparticles 
(Br-NPs0.1 µM + Se-NPs1 µg) and Br and selenium salt (Br10 µM + Se 100 µg) were used. After thawing, the 
evaluated parameters included sperm motility, viability, lipid peroxidation, total ROS, membrane, and DNA 
integrity. These were determined at the best concentrations from experiment 1 synthesized nanoparticle 
treatment groups.

Post-thaw semen evaluation
Sperm motility
Approximately 10  µl of the sperm suspension was placed on a warmed microscope slide and viewed at a 
magnification of 400x (using an Olympus CX31 microscope; Japan) to measure the spermatozoa motility. By 
separating immotile from motile spermatozoa in at least ten different microscopic fields, the motility of the 
sperm was evaluated. Finally, the following equation was used to assess sperm motility78:

	 Motility (% ) = [motile sperm / motile + non-motile sperm]

The percentage of live and dead sperm
Using nigrosin-eosin staining, the sample’s live sperm content was quantified as a percentage. To determine the 
viability of the sperm, one drop of freshly diluted or thawed sperm was mixed with two drops of 1% aqueous 
eosin. Then, two drops of 10% aqueous nigrosin were added to this mixture to create two thin smears for each 
sample. At least 200 sperm cells were examined using bright-field microscopy (1000x; Olympus CX31, Japan). 
Sperm heads that appeared white or light pink were considered viable, while those that appeared red or dark 
pink were considered non-viable.

Evaluation of sperm plasma membrane integrity
The Hypo-Osmotic Swelling Test (HOST) is a method used to assess the functional integrity of the sperm plasma 
membrane based on coiled and swollen tails. During the procedure, 30 µL of semen is incubated at 37 °C for 
60 min with 300 µL of a 100 mOsm hypo-osmotic solution. After incubation, 0.2 mL of the mixture is placed on 
a warm slide using a cover slip. 400 sperms are examined using bright-field microscopy at 400x magnification. 
Sperms with coiled tails are considered to have an intact membrane79.

AO staining
AO is a fluorescent stain used to identify sperm DNA damage and maintain chromatin integrity in sperm nuclei. 
To prepare the samples, air-dried smears were fixed with Carnoy’s fixative (3:1 mixture of methanol and acetic 
acid) at 4 °C for two hours. The slides were then removed from the fixative and allowed to dry briefly before 
being stained with newly prepared AO (1  mg/mL) at room temperature for 10  min. Finally, the slides were 
cleaned in distilled water and examined using an Olympus BX51 fluorescence microscope on the same day. 
At least 200 spermatozoa from each preparation were examined at a 1000x magnification. When attached to 
native double-strand DNA (ds-DNA), AO emits green fluorescence; when bound to fully denatured single-
strand DNA (ss-DNA), AO emits red fluorescence. A change in red-high cells provides a measurement of sperm 
DNA fragmentation. Thus, we determined the distribution of spermatozoa that fluoresced greenly and redly80.
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Assessment of reactive oxygen species (ROS)
The amount of intracellular H2O2 in the sperm was measured by using H2DCFDA staining. H2DCFDA is a dye 
that penetrates cells and binds to hydrophobic areas of cells. Cellular esterases break the acetate moiety, releasing 
an impermeable, non-fluorescent 2′,7′- dichlorodihydrofluorescein (H2DCF). Intracellular H2O2 oxidizes 
H2DCF into dichlorofluorescein (DCF), which binds to DNA and produces fluorescence at 530 nm in response 
to 488 nm illuminations. The 2 × 106 sperm/mL in PBS that had been combined with H2DCFDA (1 µM) and 
incubated at 37 °C for 20 min on the experimentation day were analyzed by a FACSCalibur flow cytometer78.

Assessment of lipid peroxidation
BODIPY 581/591 C11 was used to measure lipid peroxidation. A suspension of 2 × 106/mL spermatozoa was 
exposed to 5 µM BODIPY 581/591 for 30 min at 37 °C. The sperm solution was then washed to remove any 
unbound probe before being analyzed using a FACSCalibur flow cytometer. An argon laser (488 nm) was used 
to excite the sample. Red fluorescence was measured using an FL3 long-pass filter (> 670  nm), while green 
fluorescence was detected using an FL1 bandpass (BP) filter at 530/30. The analysis of 10,000 sperm-specific 
events was performed81.

In vitro production of caprine embryos
Oocytes collection and in vitro maturation (IVM)
Goat ovaries were obtained from two nearby slaughterhouses in Khomeini Shahr and Fasaran. Upon arrival 
at the embryology lab, the surrounding tissues were removed and the ovaries were stored in normal saline 
supplemented with penicillin/streptomycin82. The ovaries were then cleaned and cumulus-oocyte complexes 
(COCs) were extracted from follicles with a diameter of 2–6 mm using a disposable 21-gauge needle attached 
to a vacuum pump. Aspiration media consisting of tissue culture medium 199 (TCM199; HTCM199), 10% fetal 
bovine serum (FBS), and heparin (10 µl/mL) were used. Only grade I and II oocytes were selected for in vitro 
maturation (IVM), and the aspirated media was transferred to a 10-cm culture dish83.

To summarize, immature COCs of grades I and II were washed using H-TCM199 + 10% FBS before being 
randomly placed in groups of 10 in 50 µl droplets in a predetermined maturation medium. The maturation 
medium contained TCM-199 tissue culture medium, 10% FBS, 1 µg/mL estradiol 17-ß, 0.01 UI/mL LH, 0.01 
UI/mL FSH, 0.1 mM cysteamine, 10 ng/mL epidermal growth factor (EGF), and 100 ng/mL insulin-like growth 
factor (IGF)-1. The COCs were then cultured for 20 h at 38.5 °C, 5% CO2, and maximum humidity.

IVF and in vitro culture (IVC)
Two straws containing frozen spermatozoa from a single treatment were thawed and combined for insemination. 
The motile spermatozoa were separated using centrifugation with a two-layered gradient of 40% and 80% Pure 
Sperm (Nidacon; Gothenburg, Sweden) for 15 min at room temperature. The resulting pellet was washed using 
Tyrode’s albumin lactate pyruvate medium. The matured COCs were also washed in a fertilization medium 
before insemination. For IVF, 10 mature oocytes were placed in a 50  µl drop of fertilization medium (Fert-
TALP). The oocytes were then incubated for 22 h at 38.5  °C under 5% CO2 in humidified air, covered with 
mineral oil, along with 2 × 106 spermatozoa as the final concentration.

After vortexing for three minutes in 1 mL of H-TCM, the cumulus cells were removed from the presumed 
zygotes. Six zygotes were then transferred into 20 µl drops of a culture medium consisting of synthetic oviduct 
fluid (SOF) supplemented with 8 mg/mL bovine serum albumin (BSA). The embryos were cultured in modified 
SOF (mSOF: SOF + FBS (10%) and glucose (1.5 mM)) for an additional 4–5 days at 38.5 C, 5% O2, and 5% CO2 
under mineral oil starting on day 3 (day 0 = day of insemination) to allow them to reach the blastocyst phase. 
On days 3, 5, and 7 following insemination, the cleavage, blastocyst, and hatching rates in each group were 
assessed84.

Differential staining
The blastocyst’s quality was determined by differential staining. Briefly, the blastocysts were washed in 
H-TCM supplemented with 5 mg/mL BSA as a base medium. Then, the blastocysts were located in the base 
medium + 0.5% Triton X-100 for 20 s. Next, the fixed blastocysts were exposed to 30 mg/mL propidium iodide 
in the base medium for 20 s. In the last step, the blastocysts were washed and stained with ten µg/mL of Hoechst 
in ethanol for 15 min at 4 °C. The blastocysts were mounted and observed by a fluorescent microscope (Olympus 
BX51). Inner cell mass (ICM) and trophectoderm (TE) cells become visible as blue and red under UV light, 
respectively.

Statistical analysis
The data analysis was performed using SPSS20 software and either the Independent Samples T-test or the 
OneWay ANOVA procedure, based on the number of treatment groups tested. Tukey’s test was utilized, with a 
significance threshold set at less than 0.05.

Data availability
“Data is provided within the manuscript or supplementary information files”.
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