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Effects of sodium selenite, 
cysteamine, bacterially synthesized 
Se‑NPs, and cysteamine loaded 
on Se‑NPs on ram sperm 
cryopreservation
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During the cryopreservation of sperm, the production of highly reactive oxygen species (ROS) can 
reduce their viability and fertility. However, the addition of antioxidants can help reduce the harmful 
effects of ROS. One such antioxidant is selenium, which is a co‑factor of the glutathione peroxidase 
enzyme that is effective in scavenging ROS. Cysteamine can also take part in the structure of this 
enzyme. The use of nanoparticles can be less toxic to cells than their salt form. To this end, researchers 
synthesized Se‑NPs using the streptococcus bacteria and loaded cysteamine onto the synthesized 
Se‑NPs. The biosynthesis of Se‑NPs and cysteamine loaded on Se‑NPs was confirmed by UV–visible 
spectroscopy, X‑ray diffraction (EDX), Fourier transforms infrared (FTIR) spectroscopy, and Field 
Emission Scanning Electron Microscope (FE‑SEM). For cryopreservation, ram semen samples were 
diluted, and different concentrations (0, 1, 5, 25, and 125 µg/mL) of cysteamine, Se‑NPs, cysteamine 
loaded on Se‑NPs, and sodium selenite were added. An extender containing no supplement was 
considered as control group. After cooling the semen samples, they were frozen and stored in liquid 
nitrogen for evaluation. The samples were thawed and analyzed for mobility, viability, membrane 
and DNA integrity, and sperm abnormalities, as well as malondialdehyde level (MDA) and superoxide 
dismutase (SOD). The data was processed using SPSS, and a significance level of p < 0.05 was 
considered. The results of this experiment showed that adding 1 μg/mL of cysteamine loaded on 
Se‑NPs to the diluent significantly increased the motility, viability, and membrane integrity and 
SOD of spermatozoa compared to the other treatment groups and control group, and reduced the 
abnormality, apoptosis, and MDA level of spermatozoa in comparison with the other treatment 
groups and control group (p < 0.05). In conclusion, the addition of cysteamine loaded on Se‑NPs was 
found to improve the quality of ram sperm after cryopreservation.

Cryopreservation of sperm as well as other assisted reproduction technologies (artificial insemination, in vitro 
fertilization, and intra-cytoplasmic injection) is widely used to solve infertility problems in animals, livestock, 
and  humans1,2. To increase productivity during sheep’s lives, most parts of the world use reproductive  techniques3. 
A variety of methods have been proposed, but artificial insemination is regarded as one of the  best4. For long-
term storage of semen and sperm, cryopreservation is an effective method. Thermal shock, ice crystal formation, 
oxidative stress, osmotic changes, and reorganization of proteins and lipids are caused by freezing  methods5. 
An important factor that influences the quality of semen is oxidative stress. Oxidative stress affects the balance 
between reactive oxygen species and antioxidant defenses in the body, leading to infertility and sperm quality 
reduction during sperm storage. Oxidative stress is caused by free  radicals6. Sperm cells have a small amount of 
cytoplasm, which means they also have a limited amount of enzymes and antioxidant systems. The sperm plasma 
membrane is highly susceptible to damage because of the high concentration of unsaturated fatty acids and the 
presence of double bonds. This can lead to a reduction in sperm concentration, motility, and morphology, and 
ultimately affect the fertilization  process7.
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The antioxidants in the body prevent the activity of ROS, thus protecting cells from the harmful effects of these 
 molecules8. Different antioxidants are present in spermatozoa, including superoxide dismutase and glutathione 
 oxidase9,10. In order to estimate the bioavailability of selenium in the body, glutathione peroxidase, which is a 
selenium-dependent peroxidase, must be  determined11. The testicles have both selenium-dependent and non-
selenium-dependent glutathione peroxidase  enzymes12. In spermatogenesis, glutathione peroxidase protects 
sperm and cell membranes, and regulates oxidative processes by scavenging  ROS13,14.

Selenium, a potent antioxidant, is essential to glutathione peroxidase. This material enhances sperm fertility 
and scavenges free radicals since it is a cofactor of antioxidant enzymes. Moreover, it is necessary for spermato-
genesis and good  functioning15. A limiting factor to the use of selenium is its bioavailability and toxicity, for 
example, selenium can be metabolized into hydrogen selenide, a very toxic form of  selenium16. Nanoparticles 
have a relatively small size and high surface area that increases their chemical activity and makes them efficient 
 catalysts17.

Selenium nanoparticles have been shown in a large number of comparative efficacy and toxicity studies to 
be capable of producing seleno-proteins with adequate bioavailability and minimal toxicity, such as glutathione 
 peroxidase18. A chemical process for making nanoparticles requires high temperatures, an acidic pH, and unde-
sirable chemical precursors, which may make nanoparticles unsuitable for medical applications. While biological 
production of selenium nanoparticles is cheaper and safer, and non-toxic biocompatible materials are used. As 
well as all the advantages, biological selenium nanoparticles are more stable, and since they contain organic mol-
ecules as coatings, they do not accumulate or form huge  masses19. Enzymes, plant extracts, and microorganisms 
are used to create selenium  nanoparticles20,21. In both aerobic and anaerobic conditions, microorganisms may 
decrease selenium oxyanions to create selenium nanoparticles. This study looks at how selenium nanoparticles 
affect the quality of sperm that has been frozen and thawed. Several studies have shown that supplementing 
semen extender with certain compounds can improve the quality and viability of cryopreserved sperm. One 
such compound is selenium nanoparticles (SeNPs), which have been found to increase the motility and viabil-
ity of bull spermatozoa. When combined with glutathione (GSH), SeNPs have also been shown to protect bull 
spermatozoa from cryoinjury, resulting in improved semen motility, mitochondrial activity, plasma membrane 
integrity, and acrosome integrity. The co-supplementation of GSH and SeNPs has also been found to enhance 
the antioxidant capacity and embryonic development potential of frozen-thawed bull  spermatozoa22. Addition-
ally, enriching semen extender with Se-NPs has been found to improve the post-thaw sperm quality of Holstein 
bulls and consequently increase the in vivo fertility rate by reducing apoptosis, lipid peroxidation, and sperm 
damage caused by  cryopreservation23.

Cysteamine, or 2-mercaptoethylamine, is an aminothiol produced by body cells during coenzyme A 
 metabolism24. At low concentrations, cysteamine induces cysteine to enter cells and produce glutathione, which 
functions as an intracellular antioxidant. On the other hand, its thiol group reacts with the disulfide bonds of 
peptides and proteins, disrupting their function. Furthermore, cysteamine causes hydrogen peroxide production 
and oxidative stress, which decreases glutathione peroxidase activity at high  concentrations25. The addition of 
cysteamine to sperm cryopreservation media has been found to be an effective antioxidant, improving progressive 
motility, total antioxidant capacity, and decreasing MDA  content26. Another study found that adding cysteamine 
and ergothioneine to ram semen extender improved the post-thawing quality of cryopreserved  sperm27.

Research in the area of bio-synthesis of nanoparticles with low toxicity range and conjugation to antioxidants 
has become increasingly attractive for several biomedical applications. Nano-conjugates exhibited a notable 
increase in antioxidant molecules activity. Many studies indicate that the combination of antioxidants with 
Se-NPs improves the effectiveness of antioxidant activity. The decoration of the Se-NPs surface with lichenan 
endowed the L-Se-NPs with superior antioxidant capability, and their free radicals scavenging ability exhibited in 
a dose-dependent manner. Furthermore, L-Se-NPs showed excellent selenium controlled-release  performance28. 
Considering this fact, we report the bio-synthesis of Se-NPs using Staphylococcus aureus without the addition 
of any reducing agent and subsequent conjugation of the Se-NPs with cysteamine for the first time to enhance 
the antioxidant activities.

Therefore, the purpose of the present study was to determine the efficacy of different concentrations of 
sodium selenite, cysteamine, Se-NPs, and cysteamine loaded on Se-NPs as antioxidants on frozen-thawed ram 
sperm motility; total motility, viability membrane, DNA integrity, sperm abnormalities, level of malondialdehyde 
(MDA) and superoxide dismutase (SOD) activity.

Materials and methods
Chemicals
The chemicals used in this study were all obtained from Sigma-Aldrich, except otherwise that mentioned.

Synthesis of selenium nanoparticles
One colony (Staphylococcus aureus) was grown overnight in nutrient broth to prepare the bacterial suspension. 
Next, a nutrient broth solution supplemented with 0.1M sodium selenite was inoculated with  107 CFU/mL of 
bacterial suspension and incubated at 37 °C under static conditions for 48 h at 150 rpm. A UV–visible-spectro-
photometer (T80) was used to analyze the samples. The particles were separated from the reaction mixture by 
centrifugation at 12,000 rpm for 10 min and then washed several times with distilled water and ethanol. Next, the 
sediment was poured into the plate and placed in the dark to dry, and finally, the dried sediment was collected.

Conjugation of cysteamine with Se‑NPs (Cys‑Se‑NPs)
To synthesize cys-SeNPs, a mixture of biosynthesized Se-NPs and cysteamine in equal volumes was prepared 
in ethanol at a concentration of 1 mg/mL. This mixture was stirred at room temperature for 24 h, after which 
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the cys-SeNPs were separated by centrifugation at 7000 rpm for 20 min. The supernatant obtained from the 
centrifuge was analyzed using a UV–visible spectrophotometer to determine the efficiency of conjugation. An 
absorbance at 250 nm indicated the presence of unconjugated drug in the supernatant. To calculate the conjuga-
tion efficiency, the amount of non-conjugated drug in the supernatant was subtracted from the total amount of 
added drug. The standard curve equation was used to determine the conjugation efficiency of the drug.

A method has been developed to estimate drug concentrations in unknown samples by comparing them 
to standard samples of known concentrations. This method is reliable, simple, and reproducible. To obtain a 
calibration curve of cysteamine concentration in aqueous solutions, we plotted concentrations of cysteamine 
against absorbance (max 250 nm). The Beer-Lambert law was applied to measure the drug concentration in 
distilled water which ranged from 0.85 to 3.78 μg/mL. We computed line equations and plotted cysteamine’s 
linearly reverted standard curve based on linearly reverting concentrations and absorbances. The relevant coef-
ficient value in the standard graph was close to 0.944, which demonstrates that the medication complies with 
the Beer–Lambert rule within the concentration range of 0.1–0.8 μg/mL.

Ethical approval
Experiments were done in accordance with the approved protocols, institutional guidelines for the care and 
use of laboratory animals and ARRIVE recommendations. Animal husbandry and handling were conducted in 
accordance with the guidelines of Animal Ethics Committee (Permission number: IR.RAZI.REC.1399.069) of 
Razi University, Kermanshah, Iran.

Characterization
UV–Vis spectrophotometer
UV–visible spectra were used to monitor Se ion reduction by Staphylococcus aureus via Se-NPs, using a T80 
spectrophotometer for spectroscopy.

Fourier transform infrared (FTIR)
The spectrum of Se-NPs bio-synthesized by Staphylococcus aureus bacteria and cysteamine loaded on Se-NPs 
were determined using a Bruker Alpha FTIR spectroscopy with KBr pellets in the range 500–4000  cm−1.

FE‑SEM
An FE-SEM and EDS analysis was performed to analyze the surface shape and particle elements (FE-SEM TES-
CAN MIRA3). Se-NP surface charges and cysteamine loaded on Se-NPs were measured using a Zeta-Potential 
analyzer (Zeta SZ-100).

Animals and semen collection
Four adult Sanjabi rams (4 years old) were employed in this investigation to gather semen samples. The rams 
were housed under uniformly optimal nutritional conditions at Razi University, the Faculty of Agriculture, and 
Kermanshah. Through artificial vaginas, ejaculates were collected twice a week from rams. The ejaculates were 
collected and then immediately placed in a water bath at 33 °C to be inspected under a microscope. The analysis 
of all the semen was completed around 20 min after the semen was collected. To prevent individual variability 
among rams, ejaculates with a volume of 0.5–2 mL, a minimum semen concentration of 3 ×  109 spermatozoa/
mL, forward progressive motility of more than 80%, and less than 10% aberrant sperm were chosen and com-
bined before being utilized in the experiment. Each pool of semen was diluted with 20% egg yolk in a Tris-base 
extender to provide 200 ×  106 sperm/mL.

Extender preparation and sperm dilution
A portion was diluted in 100 mL of distilled water with Tris (0.2975 M), citric acid (0.1053 M), fructose 
(0.0826 M), penicillin (100,000 IU), and streptomycin (100 mg). Then, 74 mL of this solution was combined 
with 6 mL of glycerol and 20 mL of egg yolk. Two mL of the diluents were spilled into 17 sterile tubes and 
cysteamine, Se-NPs, cysteamine loaded on Se-NPs, and sodium selenite (0, 1, 5, 25, and 125 µg/mL) were added 
to each tube. A supplement-free extender was used as the control group. Every treatment groups cooled slowly 
up to 5 °C and equilibrated for 4 h. The semen samples were then packed into 0.25 mL polyvinyl French straws 
manufactured by IMV, France. After the equilibration period, the straws were placed horizontally on a rack and 
frozen at a distance of 4 cm above liquid nitrogen (LN2) in vapor for 10 min. They were later dipped in liquid 
LN2. Upon thawing, the frozen straws were kept at a temperature of 37 °C for 45 s.

MTT assay
A colorimetric test called the MTT assay is used to assess the metabolic activity of cells. Tetrazolium can be 
reduced by mitochondrial enzymes to an insoluble  formazan29. Using the protocol outlined by Mohammadi 
and  Soltani30, the MTT test was performed to evaluate the vitality of diluted fresh sperm. Dulbecco’s phosphate-
buffered saline (DPBS) was used to generate a 5 mg/mL MTT solution, which was then filtered and stored at 4 °C 
in the dark for a maximum of 2 weeks. Next, the sperm suspension was placed in an Eppendorf tube with 100 µL 
of diluted sperm and 10 µL of the MTT stock solution added. The tube was then incubated with various concen-
trations (0, 1, 5, 25, and 125 µg/mL) of sodium selenite, cysteamine, and Se-NPs. After a 2-h incubation period, 
the MTT reduction rates were measured using an ELISA reader (BioTek (Power Wave XS2)) at a wavelength of 

(1)Conjugation efficiency = [(Total Drug− Unconjugated Drug)/Total Drug] × 100
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570 nm. In order to determine the number of viable cells, a standard curve was prepared by combining varying 
ratios of viable and freeze-killed sperm (v/v) namely 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10. The viability of sperm in 
each sample was then determined using the MTT test. MTT reduction rates were measured right away and after 
a 2-h incubation period at 37 °C. The data obtained from the experiment was used to formulate a regression 
equation that would describe the relationship between the MTT reduction rate and sperm viability.

Total motility
To assess the total motility of the sperm, a phase contrast microscope was used at 400×  magnification31. 10 µL 
of thawed sperm were placed on a warm slide, followed by placing it on a second slide. The percentage of total 
mobility was calculated by counting the number of sperm in five fields on each slide.

Sperm viability
The viability of sperm was assessed through eosin-nigrosin staining  method32. The staining process involved 
mixing 10 µL of sperm with 20 µL of stain on a warm slide and then shedding the stain with another slide. After 
drying, under phase-contrast microscopy (CKX41; Olympus, Tokyo, Japan), viable and non-viable spermatozoa 
were examined. Nonviable spermatozoa were stained purple, while viable ones were without coloration.

Assessment of sperm membrane integrity
To test for the integrity of the sperm membrane, three drops of samples were placed in Eppendorf tubes con-
taining 1 mL of the hypoosmotic swelling (HOS) solution. The HOS solution is composed of 62.5 mL formalin 
(37%), 150 mL sodium saline solution, 150 mL buffer solution, and 500 mL double-distilled  water33. A drop of 
this mixture was placed on a slide and covered with a cover slip. Under phase-contrast microscopy, 200 sperma-
tozoa were counted to determine the percentage of sperm membrane integrity at a magnification of 1000× using 
oil immersion.

Sperm abnormalities
The total number of abnormalities in spermatozoa was determined by homogenizing three drops (10 µL) of 
semen with 1 mL of Hancock’s  solution34. After freezing and thawing, the total morphological abnormalities in 
sperm, such as macrocephaly, loose head, degenerated head, proximal gout, curled tail, and short tail, were exam-
ined. 15 µL of prepared sperm were placed on glass slides with coverslips to examine for complete abnormalities. 
The percentage of total abnormalities was determined by counting two hundred sperms under a phase-contrast 
microscope (1000×).

Sperm chromatin structure assay
The denaturation of DNA was detected by staining with acridine orange. To perform this procedure, a 1% AO 
solution was required. The semen samples were fixed in Carnoy’s solution (methanol:glacial acetic acid in a 3:1 
ratio) for 3 h, washed, and air-dried. After immersing the slides in a working solution of AO (prepared daily by 
mixing 2.5 mL of 1% AO stock solution, 10 mL of 0.1 mol/L citric acid, and 400 L of 0.3 mol/L  Na2HPO4·H2O), 
they were rinsed in water and then mounted wet. The percentage of spermatozoa with normal DNA (green 
fluorescence) was determined using a fluorescence microscope and an excitation wavelength of 450–490 nm. A 
DNA fragmentation index was calculated based on the percentage of spermatozoa with normal DNA.

Superoxide dismutase (SOD)
The SOD activity was measured in accordance with the manufacturer’s instructions, using a SOD assay kit (Teb 
Pazhouhan Razi). The spectrophotometer measured the SOD activity at 560 nm. The total SOD activity in each 
sample was calculated as units per milligram of total protein in spermatozoa (U/mg protein).

MDA content assay
To measure lipid peroxidation, we used a kit from Teb Pazhouhan Razi (TPR) to measure MDA (malonyl dial-
dehyde). The samples were prepared following the instructions provided with the kit. The readings were then 
taken at 530 nm using an ELISA device, and the results were expressed in nmol/mg.

Statistical analysis
The analysis was carried out using SPSS (version 16). The results of the semen analysis were expressed as 
means ± standard deviations. Among treatments, mean values were compared using one-way ANOVA. Data 
were analyzed using the Duncan test. The level of significance was set at p value < 0.05.

Results
Following the addition of sodium selenite solution, the reaction product changes color to brick in the first sign 
of synthesis of Se-NPs35. This Fig. 1 shows how the reaction solution changes color from green to brick color 
after being treated with sodium selenite solution for 96 h at 25 °C.

UV–visible
This figure shows the absorption peak at 262 nm at the wavelength of 200–800 nm in ultraviolet–visible spec-
troscopy, which is related to Se-NPs, as seen in the ultraviolet–visible spectroscopy (Fig. 2a).
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Cysteamine loaded on selenium nanoparticles
The study involved analyzing the UV–Vis absorption spectra of biosynthesized Se-NPs and cysteamine loaded 
on Se-NPs, as shown in Fig. 2. Prior to analysis with a UV–Vis spectrophotometer, Se-NPs and cysteamine-
loaded Se-NPs were mixed with double-distilled water and agitated ultrasonically for 10 min. The maximum 
wavelength (262 nm) of Se-NPs shifted to a shorter wavelength (202 nm), indicating that the conjugation process 
was  successful36. The amount of antioxidant that loaded on Se-NPs was measured using an UV–visible spec-
trophotometer (Fig. 2b). The unconjugated medication was found in the supernatant after centrifugation and 

Figure 1.  Color change of nanoselenium reaction solution.
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Figure 2.  UV–Vis spectra of (a) bacterially synthesized Se-NPs, (b) cysteamine loaded on Se-NPs; (c) 
supernatant of cysteamine loaded on Se-NPs; (d) standard diagram of different concentrations of cysteamine.
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measured at a wavelength of 250 nm (Fig. 2c). The efficiency of the antioxidant conjugation was determined 
using the standard curve equation (Fig. 2d):

Based on the results, it was determined that the conjugation efficiency was approximately 32.42%.

Field emission scanning electron microscopy
The scanning electron microscope images in Fig. 3 display the size and shape of Se-NPs, which were synthe-
sized by Staphylococcus aureus bacteria (Fig. 3a) and loaded with cysteamine (Fig. 3b). The sizes of bacteria-
synthesized Se-NPs and cysteamine-loaded Se-NPs were found to be 119.59 ± 7.92 nm and 250.96 ± 10.66 nm, 
respectively. The size of the nanoparticles was calculated using Image J 1.48v. In synthetic nanoparticles, the 
shape is often round and spherical, whereas the cysteamine coating changes its shape and size, which is likely 
due to the cysteamine coating on synthetic nanoparticles.

Elemental analysis was conducted to determine the presence of selenium in the sample and to analyze the 
chemical composition of the produced Se-NPs, as shown in Fig. 4. This X-ray diffraction analysis determines the 
elements present in the sample based on the X-ray energy emitted by it. For each element, this energy has a differ-
ent value. According to the elemental analysis of Se-NPs synthesized by Staphylococcus aureus bacteria (Fig. 4a), 
there are four main signals: one from a selenium atom (75.69%), carbon atom (12.45%), nitrogen atom (6.69%), 
and oxygen atom (5.19%). On the basis of the elemental analysis of cysteamine loaded on Se-NPs (Fig. 4b), four 
signals can be identified: a selenium atom (43.74%), a carbon atom (25.55%), a nitrogen atom (16.44%), and an 
oxygen atom (14.26%). For other elements, no visible peaks were observed. The change in signal number may 
be attributed to the cysteamine loaded on Se-NPs.

Microorganisms have the remarkable ability to synthesize metal nanoparticles. Enterococcus faecalis bacteria, 
in particular, have been studied for their ability to synthesize selenium nanoparticles (Se-NPs) from sodium 
selenite. The Se-NPs that were biosynthesized were spherical in shape and had a size range of 29–195 nm. When 
there were high concentrations of sodium selenite in the medium, only small amounts of selenium nanostruc-
tures were produced by bacteria. In addition, Se-NPs can be used as an anti-staphylococcal element to effectively 
prevent and treat S. aureus  infections37.

Zeta potential
The Zeta potential was used to investigate the stabilized and surface-charged nanoparticles. Figure 5 shows a 
distinct peak at − 77.4 mV for Se-NPs synthesized by Staphylococcus aureus bacteria (Fig. 5a), while a peak at 
− 19.2 mV is observed for cysteamine loaded onto Se-NPs (Fig. 5b). The negative charges on the surface of the 
synthesized nanoparticles, along with other factors contributing to their stability, are primarily responsible for 
their stability. The cysteamine loaded on Se-NPs may be due to displacement of its negative charge compared 
to the Se-NPs in the present study. Overall, the results suggest that good stability is achieved through negative 
charges on the surface of the nanoparticles.

In a study by Borah et al.38, selenium nanoparticles were synthesized using Bacillus paramycoides bacteria 
after 72 h of culture from sodium selenite salt. The average size of the synthesized nanoparticles was 149.1 ± 29 
nm, and their zeta potential was − 29.9 mV.

Fourier transform infrared spectroscopy (FT‑IR)
In order to gain a better understanding of the process of synthesizing Se-NPs and cysteamine loaded on Se-NPs, 
we conducted an FT-IR analysis to identify the presence of organic substances on the surface of the synthesized 
nanoparticles. Figure 6a,b show the results of our analysis.

The FT-IR spectra of Se-NPs synthesized by Staphylococcus aureus bacteria (Fig. 6a) revealed several 
functional groups on the surface, including peaks at 474, 567, 1066, 1385, 1461, 1632, 2854, 2923, and 3433 
 cm−1, which corresponded to O–H, N–H, and O–H, primary and secondary amines, and C–H, N–H, O–H, 
 respectively39.

Meanwhile, the FT-IR spectra of Cysteamine loaded on Se-NPs (Fig. 6b) exhibited different peaks at 598, 1061, 
1458, 1636, 2854, 2922, and 3429, which are associated with functional groups O–H and N–H, while primary 
and secondary amines are C–H and C–H  respectively40. Dobias et al.41 demonstrated that proteins attached to 
nanoparticle surfaces are important for controlling the size of selenium nanoparticles synthesized by  bacteria41.

MTT assay
The study aimed to test the toxicity of semen samples diluted with different compounds. The results showed that 
the groups that received 1 μg/mL of Se-NPs synthesized by bacteria had significantly increased sperm viability 
(p < 0.05) compared to the control and other treatment groups (Supplementary Table 1). The highest viability 
was observed in the groups that received 1 μg/mL of Se-NPs synthesized by bacteria and cysteamine loaded on 
Se-NPs. On the other hand, the groups that received 125 μg/mL of sodium selenite had a significantly lower 
sperm viability (p < 0.05) compared to the control and other treatment groups (Supplementary Table 1). The 
lowest viability was observed in the groups that received 125 μg/mL of sodium selenite and cysteamine loaded 
on Se-NPs.

y = 2.341x − 0.0646
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on sperm motility after frozen‑thawed
The addition of 1 μg/mL of cysteamine loaded on Se-NPs to ram semen diluent significantly increased sperm 
total motility after the freeze-thawing process, compared to other treatment groups (Table 1). However, when 
sodium selenite was added to the diluent at concentrations of 25 and 125 μg/mL, the average total motility was 
significantly reduced (p < 0.05) after freezing and thawing, when compared to other treatment groups (Table 1).

Figure 3.  FE-SEM image of (a) bacterially synthesized Se-NPs, (b) cysteamine loaded on Se-NPs.
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on the sperm plasma membrane integrity 
after frozen‑thawed
Furthermore, the addition of 1 μg/mL of cysteamine loaded on Se-NPs to the ram semen diluent improved the 
plasma membrane integrity of ram sperm, compared to other treatment groups (p < 0.05; Table 1). However, when 
125 μg/mL of sodium selenite was added to the diluent, the integrity of the plasma membrane in spermatozoa 
was significantly decreased (p < 0.05) after freezing–thawing when compared to other treatment groups (Table 1).

Figure 4.  DEX analysis of (a) bacterially synthesized Se-NPs, (b) cysteamine loaded on Se-NPs.
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on the sperm viability after frozen‑thawed
The addition of 1 μg/mL of cysteamine loaded on Se-NPs to the ram semen diluent significantly increased 
spermatozoa viability when compared to other treatment groups (Table 2). Conversely, adding sodium selenite 
at a concentration of 125 μg/mL to the diluent of ram semen significantly reduced sperm viability after freez-
ing–thawing when compared to other treatment groups (p < 0.05) (Table 2).

Figure 5.  Zeta potential analysis of (a) bacterially synthesized Se-NPs, (b) cysteamine loaded on Se-NPs.
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on the activity of superoxide dismutase 
enzyme (U/mg protein) of frozen‑thawed sperm
The study showed that adding cysteamine loaded on Se-NPs, as well as Se-NPs synthesized by bacteria, to ram 
semen diluent significantly (p < 0.05) increased SOD activity in sperm cells when compared to other treatment 
groups (Table 2). On the other hand, SOD activity in sperm cells decreased significantly when 125 μg/mL of 
sodium selenite and cysteamine were added to the ram semen diluent, compared to the other treatment groups 
(p < 0.05; Table 2).

Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on the production of malondialdehyde 
(nanomol/mg) of frozen‑thawed sperm
The addition of 1 μg/mL of cysteamine loaded on Se-NPs to the ram semen diluent significantly reduced the 
malondialdehyde levels after the freezing–thawing process compared to other treatment groups (p < 0.05; Table3). 
The study showed no significant difference between 1 μg/mL of Se-NPs synthesized by bacteria and those loaded 
with cysteamine (p > 0.05) (Table 3). On the other hand, adding 125 μg/mL of sodium selenite to the diluent of 
ram semen significantly (p < 0.05) increased the level of malondialdehyde in spermatozoa cells after the freeze-
thawing process compared to other treatment groups (Table 3).

Figure 6.  FT-IR spectra of (a) bacterially synthesized Se-NPs, (b) cysteamine loaded on Se-NPs.
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacteria, 
cysteamine loaded on Se‑NPs and sodium selenite on total abnormality of frozen‑thawed 
sperm
By adding cysteamine loaded on Se-NPs at a concentration of 1 μg/mL to the ram semen diluent, the abnor-
mality in sperm after freeze-thawing was significantly reduced (p < 0.05) compared to other treatment groups 
(Table 3). However, the addition of sodium selenite at concentrations of 25 and 125 μg/mL to the ram semen 
diluent significantly (p < 0.05) increased the abnormalities in spermatozoa after freeze-thawing, as compared to 
other treatment groups (Table 3).

Table 1.  Motility and membrane integrity of sperm after the addition of sodium selenite, cysteamine, 
bacterially synthesized Se-NPs, and cysteamine loaded on Se-NPs as well as sodium selenite. The values 
shown are the mean ± SD of each treatment group. a–l Means represented within the same column with various 
superscripts are significantly different at p < 0.05. N = 6 biological replicates for each treatments.

Treatment groups Total motility (%) Membrane integrity (%)

Control 56.07 ± 0.85e 54.80 ± 0.79d

1 µg/mL of cysteamine 56.23 ± 1.07f. 55.64 ± 0.97d

5 µg/mL of cysteamine 55.11 ± 0.84f. 55.99 ± 0.66d

25 µg/mL of cysteamine 67.70 ± 1.18c 64.72 ± 0.77b

125 µg/mL of cysteamine 34.11 ± 0.48k 31.11 ± 0.95i

1 µg/mL of bacterially synthesized Se-NPs 67.06 ± 1.21b 65.03 ± 0.86b

5 µg/mL of bacterially synthesized Se-NPs 61.70 ± 0.68d 60.44 ± 0.98c

25 µg/mL of bacterially synthesized Se-NPs 43.50 ± 0.81h 41.58 ± 1.06f.

125 µg/mL of bacterially synthesized Se-NPs 40.19 ± 0.45j 36.48 ± 1.15h

1 µg/mL of cysteamine loaded on Se-NPs 69.19 ± 0.81a 66.57 ± 0.83a

5 µg/mL of cysteamine loaded on Se-NPs 67.59 ± 0.81c 64.02 ± 1.58b

25 µg/mL of cysteamine loaded on Se-NPs 42.40 ± 1.12i 39.06 ± 0.46g

125 µg/mL of cysteamine loaded on Se-NPs 34.84 ± 0.89k 31.92 ± 0.72i

1 µg/mL of sodium selenite 63.95 ± 0.95d 60.45 ± 0.87c

5 µg/mL of sodium selenite 50.90 ± 1.44g 48.31 ± 1.19e

25 µg/mL of sodium selenite 30.09 ± 1.06k 31.13 ± 0.98i

125 µg/mL of sodium selenite 29.55 ± 1.42L 26.28 ± 1.35j

Table 2.  Viability and SOD activity of sperm after the addition of sodium selenite, cysteamine, bacterially 
synthesized Se-NPs, and cysteamine loaded on Se-NPs as well as sodium selenite. The values shown are the 
mean ± SD of each treatment group. a–l Means represented within the same column with various superscripts 
are significantly different at p < 0.05. N = 6 biological replicates for each treatments.

Treatment groups Viability (%) SOD

Control 61.02 ± 0.87e 32.73 ± 0.13f.

1 µg/mL of cysteamine 58.50 ± 1.29f. 32.10 ± 0.37g

5 µg/mL of cysteamine 58.70 ± 1.96f. 33 ± 0.24d

25 µg/mL of cysteamine 68.58 ±  2c 35.78 ± 0.32d

125 µg/mL of cysteamine 35.91 ± 1.25k 27.50 ± 0.13L

1 µg/mL of bacterially synthesized Se-NPs 70.14 ± 0.46b 40.39 ± 0.39a

5 µg/mL of bacterially synthesized Se-NPs 63.94 ± 0.72d 36.63 ± 0.25c

25 µg/mL of bacterially synthesized Se-NPs 46.08 ± 0.54h 31.21 ± 0.19h

125 µg/mL of bacterially synthesized Se-NPs 41.64 ± 0.72j 31.03 ± 0.15h

1 µg/mL of cysteamine loaded on Se-NPs 72.53 ± 0.79a 40.53 ± 0.17a

5 µg/mL of cysteamine loaded on Se-NPs 68.40 ± 1.08c 37.89 ± 0.15b

25 µg/mL of cysteamine loaded on Se-NPs 44.27 ± 0.69i 30.44 ± 0.22i

125 µg/mL of cysteamine loaded on Se-NPs 36.82 ± 0.63k 28.77 ± 0.46k

1 µg/mL of sodium selenite 64.93 ± 1.06d 33.70 ± 0.13e

5 µg/mL of sodium selenite 52.28 ± 1.71g 31.13 ± 0.18h

25 µg/mL of sodium selenite 35.89 ± 0.5k 29.39 ± 0.72j

125 µg/mL of sodium selenite 32.07 ± 1.15L 27.48 ± 0.02L
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Results of the investigation of the effect of cysteamine, Se‑NPs synthesized by bacte-
ria, cysteamine loaded on Se‑NPs and sodium selenite on apoptosis (DNA damage) of fro-
zen‑thawed sperm
Table 4 shows that the presence of 1 μg/mL of cysteamine loaded on Se-NPs in ram semen diluent increased the 
percentage of spermatozoa with intact DNA compared to other treatment groups (p < 0.05). However, there was 
no significant difference in the percentage of spermatozoa with intact DNA between the groups treated with 
1 or 5 μg/mL of cysteamine loaded on Se-NPs (p > 0.05). On the other hand, when 125 μg/mL of cysteamine 
loaded on Se-NPs was added to ram semen diluent, it significantly decreased the percentage of spermatozoa 

Table 3.  Total abnormality and MDA production of sperm after the addition of sodium selenite, cysteamine, 
bacterially synthesized Se-NPs, and cysteamine loaded on Se-NPs as well as sodium selenite. The values 
shown are the mean ± SD of each treatment group. a–l Means represented within the same column with various 
superscripts are significantly different at p < 0.05. N = 6 biological replicates for each treatments.

Treatment groups Total abnormality (%) MDA

Control 19.88 ± 0.83d 10.39 ± 0.13g

1 µg/mL of cysteamine 19.89 ± 0.48d 9.97 ± 0.1f.

5 µg/mL of cysteamine 19.39 ± 0.48d 9.51 ± 0.23e

25 µg/mL of cysteamine 15.80 ± 1.13b 8.56 ± 0.07cd

125 µg/mL of cysteamine 25.81 ± 2.6f. 12.78 ± 0.02j

1 µg/mL of bacterially synthesized Se-NPs 15.63 ± 0.58b 8 ± 0.14ab

5 µg/mL of bacterially synthesized Se-NPs 16.40 ± 0.9c 8.71 ± 0.39cd

25 µg/mL of bacterially synthesized Se-NPs 23.16 ± 1.48e 10.47 ± 0.37g

125 µg/mL of bacterially synthesized Se-NPs 25.29 ± 2.06f. 11.78 ± 0.45i

1 µg/mL of cysteamine loaded on Se-NPs 13.95 ± 0.52a 7.96 ± 0.02a

5 µg/mL of cysteamine loaded on Se-NPs 16.65 ± 0.96c 8.35 ± 0.21bc

25 µg/mL of cysteamine loaded on Se-NPs 22.69 ± 1.05d 11.24 ± 0.03h

125 µg/mL of cysteamine loaded on Se-NPs 24.94 ± 1.22f. 11.73 ± 0.05i

1 µg/mL of sodium selenite 17.38 ± 0.97c 8.83 ± 0.19d

5 µg/mL of sodium selenite 24.61 ± 0.51e 11.02 ± 0.18h

25 µg/mL of sodium selenite 27.82 ± 1.16e 13.22 ± 0.15k

125 µg/mL of sodium selenite 28.67 ± 0.86e 13.94 ± 0.082L

Table 4.  DNA integrity of sperm after the addition of sodium selenite, cysteamine, bacterially synthesized 
Se-NPs, and cysteamine loaded on Se-NPs as well as sodium selenite. The values shown are the mean ± SD of 
each treatment group. a–g Means represented within the same column with various superscripts are significantly 
different at p < 0.05. N = 6 biological replicates for each treatments.

Treatment groups DNA integrity (%)

Control 85.63 ± 2.63cd

1 µg/mL of cysteamine 84.49 ± 1.92d

5 µg/mL of cysteamine 84.65 ± 3.79d

25 µg/mL of cysteamine 88.90 ± 2.44b

125 µg/mL of cysteamine 71.40 ± 3.4fg

1 µg/mL of bacterially synthesized Se-NPs 89.30 ± 0.47ab

5 µg/mL of bacterially synthesized Se-NPs 85.52 ± 0.90cd

25 µg/mL of bacterially synthesized Se-NPs 81.02 ± 1.04e

125 µg/mL of bacterially synthesized Se-NPs 71.09 ± 1.41fg

1 µg/mL of cysteamine loaded on Se-NPs 91.60 ± 0.43a

5 µg/mL of cysteamine loaded on Se-NPs 89.38 ± 0.69ab

25 µg/mL of cysteamine loaded on Se-NPs 73.31 ± 1.94f.

125 µg/mL of cysteamine loaded on Se-NPs 70.60 ± 0.88g

1 µg/mL of sodium selenite 87.53 ± 2.04bc

5µg/mL of sodium selenite 84.28 ± 2.03d

25µg/mL of sodium selenite 72.23 ± 1.15fg

125µg/mL of sodium selenite 70.70 ± 0.5g
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with intact DNA after freeze-thawing (p < 0.05). In addition, there was no significant difference (p > 0.05) in 
the effect of cysteamine, Se-NPs synthesized by bacteria, cysteamine loaded on Se-NPs at a concentration of 
125 μg/mL, and sodium selenite salt at concentrations of 25 and 125 µg/mL on the percentage of spermatozoa 
with intact DNA (Table 4).

Discussion
Motility and membrane integrity of sperm after the addition of cysteamine, bacterially syn-
thesized Se‑NPs, and cysteamine loaded on Se‑NPs as well as sodium selenite
The present study observed that adding 1 µg/mL of Cysteamine loaded on Se-NPs to ram semen extenders 
significantly improved total motility rate and plasma membrane integrity in spermatozoa after freezing–thaw-
ing (p < 0.05). The highest motility and plasma membrane integrity were found with 5 µg/mL of Cysteamine 
loaded on Se-NPs and 1 µg/mL of Se-NPs synthesized by bacteria to ram semen extenders after thawing, with 
the exception of 1 µg/mL of Cysteamine loaded on Se-NPs. A similar finding was found in the study of Vaal 
Khalil et al.23 that investigated how Se-NPs affected the quality of bovine sperm after thawing. They found that: 
0.5 and 1 µg Se-NPs were associated with a significant improvement in progressive motility and membrane 
integrity compared to controls. Selenium at 1 and µg/mL in diluent has also been shown to improve water buf-
faloes (Bubalus bubalis) sperm motility and membrane  integrity42. The significant increase in sperm motility 
observed in the present study is probably due to selenium’s effect on mitochondrial oxidative phosphorylation in 
 sperm43. Oxidative stress and the peroxidation of unsaturated fatty acids in the plasma membrane are the main 
causes of mitochondrial dysfunction in the sperm cell. A mitochondrial function is to provide energy for the 
motility of sperm. Glutathione peroxidase supports these mitochondria by providing energy to the tail of the 
sperm, which increases the motility efficiency of the sperm. The reduction of sperm motility percentage can be 
explained by the disruption of the plasma membrane and sperm mitochondria in groups receiving 25 and 125 
µg/mL of Cysteamine loaded on Se-NPs, Se-NPs synthesized by bacteria and sodium selenite, and 125 µg/mL 
of cysteamine and 5 µg/mL of sodium selenite.

Viability and superoxide dismutase activity of sperm after the addition of cysteamine, bacte-
rially synthesized Se‑NPs, and cysteamine loaded on Se‑NPs as well as sodium selenite
In the present study, the groups receiving 1 and 5 µg/mL of cysteamine loaded on Se-NPs and Se-NP synthesized 
using bacteria had the highest viability and SOD activity in spermatozoa cells. Kamrani et al.44 reported that add-
ing Se-NPs to the extender significantly improved the viability percentage and SOD activity as compared to other 
treatments. These results are consistent with this research. Seleno-proteins protect the sperm membrane from 
damage caused by ROS and scavenge semen from ROS. A reduction in cell damage increases the percentage of 
live sperms and decreases the percentage of dead and damaged sperms. The results of the current study contradict 
those of Khoramabadi et al.45. In research that Khorramabadi et al.45 investigated the effect of adding Se-NPs in 
the semen extender on sperm parameters after freezing Farahani rams semen, they showed that: sperm viability 
after freezing–thawing was not significantly affected by the use of different levels of Se-NPs (1, 2, 4 and 8), but 
compared to the control group after freezing, the highest level of Se-NPs was 4%, and the lowest level was 8%. It 
is possible that this discrepancy is due to the fact that dosage is very important when prescribing antioxidants. 
A report showed that rats receiving a high level of selenium had a large number of vacuoles in their testicles, 
which indicates high levels of selenium are toxic, and selenium itself causes cell cycle arrest and cell death by 
producing  ROS46. Antioxidants are therefore double-edged swords, whose dosage is extremely important, and 
whose improper use has the opposite  effect7.

Abnormality and malondialdehyde level of sperm after the addition of cysteamine, bacterially 
synthesized Se‑NPs, and cysteamine loaded on Se‑NPs as well as sodium selenite
In the current study, groups receiving 1 µg/mL of cysteamine loaded on Se-NPs and Se-NPs synthesized using 
bacteria had lower abnormalities and malondialdehyde levels in spermatozoa cells than other treatment groups, 
and these results are consistent with those of Lukasa et al.47. investigated cooling and freezing, which showed 
that selenium was significantly protective against lipid peroxidation (production of malondialdehyde) on sperm 
 parameters47. Furthermore, Natiq et al.48 reported that Se-NPs treated with 1 and 2 µg/mL had lower malon-
dialdehyde levels than the control group. Moreover, concentrations of 1 and 2 µg/mL of Se-NPs significantly 
improved sperm morphology and reduced abnormality when compared with controls. In order to reduce the 
percentage of abnormal sperm, it is necessary to enhance the integrity of sperm membranes and reduce the 
destructive effects of ROS and other factors that cause the oxidation of membrane lipids and eventual cell 
abnormalities. ROS causes cell dysfunction during membrane exchanges, and as a result, the cell is  destroyed48.

Through the reduction of malondialdehyde, selenium improves sperm  quality49. Malondialdehyde in semen 
is associated with poor sperm motility. Khalil et al.23 showed that adding 1 µg/mL of Se-NPs to bovine sperm 
extender containing Tris-egg yolk and fructose increased the total antioxidant capacity in seminal plasma and 
decreased malondialdehyde. According to this study, the total antioxidant capacity correlated negatively with 
malondialdehyde, indicating that lipid peroxidation was significantly reduced in frozen semen plasma containing 
Se-NPs at a concentration of 1 µg/mL23. It exerts its physiological actions as selenocysteine, which is derived from 
selenoprotein’s primary  structure50. In the sperm mitochondrial capsule, seleno-proteins are mostly phospholipid 
hydroperoxidase and glutathione peroxidase, which act both as enzymes as well as structural elements, primarily 
as active enzymes protecting the sperm against lipid peroxidation (producing malondialdehyde) and secondarily 
as an inactive enzyme protein that has a structural role in the formation of the mitochondrial  capsule51. It has 
been reported that the activity of the seminal glutathione peroxidase enzyme relates positively to the percentage 
of sperm with healthy membranes, as well as to the percentage of sperm with normal  morphology52. Ultimately, 
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glutathione peroxidase protects sperm membranes from lipid peroxidation, resulting in an increase in sperm 
function.

In the present study, adding 1 and 5 µg/mL of cysteamine to the diluent did not significantly differ from the 
control treatment in terms of sperm abnormality, and this is in accordance with Abdollahi et al.’s53 findings. 
According to the study by Abdollahi et al.53, cysteamine antioxidants have no effect on sperm morphology 
after freezing–thawing. Furthermore, adding 1 and 5 µg/mL of cysteamine to the semen extender significantly 
(p < 0.05) reduced malondialdehyde levels in sperm compared to the control group, which is consistent with 
Abdollahi et al.53. The researchers found that when cysteamine was used in sperm freezing extenders, the low-
est levels of malondialdehyde production, an indicator of membrane lipid peroxidation, were found in groups 
receiving 2 mM cysteamine, which is the difference between other treatment groups.

This study found that adding 125 µg/mL of cysteamine significantly increased malondialdehyde levels in the 
sperm (p < 0.05) compared to the control group, in agreement with Abdollahi et al.53. According to their findings, 
8 mM of cysteamine caused the highest level of malondialdehyde production, indicating the negative effects of 
this antioxidant. A high concentration of cysteamine can increase membrane fluidity unfavorably, which makes 
sperm more susceptible to lipid peroxidation and causes adverse  effects54.

DNA integrity of sperm after the addition of cysteamine, bacterially synthesized Se‑NPs, and 
cysteamine loaded on Se‑NPs as well as sodium selenite
According to the findings of this study, the groups receiving 1 µg/mL cysteamine loaded on Se-NPs and Se-NPs 
synthesized by bacteria, along with 5 µg/mL Se-NPs synthesized by bacteria, experienced the lowest rates of 
spermatozoa cell apoptosis, which is consistent with other studies. According to Vaal Khalil et al.23, treated sperm 
cells with 1 µg/mL of Se-NPs showed a lower percentage of early apoptosis, necrotic, and apoptotic sperm cells 
than  controls23. The study by Hozyen et al.55 showed that 0.5 µg/mL of selenium provided the greatest protection 
against sperm DNA  damage55.

Overall, the present study found that adding 1 µg/mL cysteamine loaded on Se-NPs improved sperm charac-
teristics, such as motility, viability, DNA integrity, abnormality, and SOD activity, as well as reducing malondial-
dehyde levels. The glutathione peroxidase enzyme is dependent on selenium as an  antioxidant56. Seleno-proteins 
scavenge ROS from semen and protect the sperm membrane. By reducing cell damage, the percentage of viable 
sperm increases and the percentage of dead and damaged sperm  decreases57. Dorostkar et al.42 concluded in a 
study that nanoparticles of selenium at very low concentrations significantly improved sperm quality compared 
with sodium  selenite42. Due to their smaller size, selenium nanoparticles can remove a larger percentage of free 
radicals by improving access and activity in antioxidant  systems18. As a glutathione synthesizer, cysteamine can 
play a significant role in reducing ROS as a glutathione supplement. Cysteine is an amino acid that contains 
sulfur (thiol group), proven to have antioxidant properties in the sperm of cobs, roosters, and  rams58,59. Cysteine 
scavenges free radicals from sperm cells in order to reduce cell damage. In this regard, in research, Uysal and 
 Bucak60 reported that adding cysteine to ram sperm diluent increased their viability  rate60. According to Par-
tyka et al.61, cysteine added to rooster sperm diluent improved total and progressive motility and  viability61. 
In addition, Funahashi et al.62 observed that adding cysteine to the diluent improved pig sperm  viability62. 
High concentrations of cysteamine produce hydrogen peroxide, which increases oxidative stress and decreases 
glutathione peroxidase activity. Low concentrations of cysteamine cause cysteine to enter the cell, which then 
produces glutathione as an intracellular  antioxidant63. Thus, it is reasonable to conclude that 1 µg/mL cysteamine 
loaded on Se-NPs enhances sperm parameters such as motility, viability, DNA and plasma membrane integrity, 
abnormality, and SOD activity and reduced malondialdehyde levels than other treatments. The research findings 
indicate that out of the four levels of cysteamine, Se-NPs, cysteamine loaded on Se-NPs, and sodium selenite, 
the lowest level of mobility, viability, plasma membrane integrity, and SOD activity was observed at a concentra-
tion of 125 µg/mL of sodium selenite salt. Additionally, this concentration resulted in the highest level of MDA, 
which caused abnormality and cell death.

Data availability
The data that support the findings of this study are available from the corresponding upon reasonable request.
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