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The objective of the present study was to evaluate the protective effects of

nanoemulsion of thyme (Thymus vulgaris) essential oil (EO) during the liquid state

preservation of ram semen. Storage media were prepared: one containing

Thymus vulgaris essential oil (Th), another with its nanoemulsion form (NTh),

and a control sample without essential oil (Dovx). The quality of the semen

diluted in the prepared media after preservation at 4°C and 15°C was examined

bymeasuring the two parameters indicative of semen quality: semenmotility and

progressivity refer to the ability of ram sperm cells to move actively and

efficiently, which is crucial for successful fertilization. The results showed a

decrease in the mobility and progressivity of the sperm in all the mediums, but

the thyme EO and its nanoemulsion showed slight decreases compared to the

control medium (p<0.05). On the other hand, the study identified a negative

impact of thyme EO nanoemulsions on catalase concentrations, potentially

leading to mobility inhibition (p<0.05). In addition, the nanoemulsion

significantly (p<0,05) decreased the malondialdehyde concentration, increased

the total protein and the glucose contents, the lactate dehydrogenase activity. A

significant decrease in calcium content was observed (p < 0.05). The essential oil

of Thymus vulgaris, combined with nanotechnology encapsulation as a delivery

method (nanoemulsion), demonstrated a notable and effective role in enhancing

the preservation of ovine semen.
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1 Introduction

The preservation of germ cells plays a pivotal role in the realm

of farm animal reproduction, enabling the strategic use of

spermatozoa for artificial insemination. This conservation not

only has localized applications but also facilitates the global

distribution of semen, allowing a single ejaculate to be divided

into multiple doses for inseminating several females, thereby

streamlining selective breeding (Aponte et al . , 2024).

Cryopreservation is a cornerstone of these efforts, allowing

spermatozoa to be stored at ultralow temperatures for extended

periods without significant loss of functionality (Augusto

et al., 2020).

Moreover, beyond its applications in agriculture, sperm

conservation plays a pivotal role in biodiversity conservation. By

safeguarding the genetic heritage of endangered species,

cryoconservation provides a lifeline for these populations,

ensuring the preservation of their unique genetic traits (Di Iorio

et al., 2023). Furthermore, sperm cryopreservation serves as a

valuable tool in addressing infertility issues in animal breeding

programs, offering new opportunities for assisted reproductive

technologies and ensuring the continued success of breeding

initiatives. However, the biology of sperm cryopreservation

reveals that spermatozoa are highly susceptible to damage from

environmental and chemical stressors (Khan et al., 2021). This

sensitivity to conservation processes poses challenges, particularly

in ovine species, where detrimental impacts on motility and viability

hinder practical applications. Traditional methods like dilution,

cooling, and freezing can cause irreversible damage, diminishing

fertilization potential (Lv et al., 2019). Moreover, oxidative stress

from reactive oxygen species (ROS) formation disrupts the oxidant/

antioxidant balance. In response to these challenges, researchers

worldwide are actively engaged in developing innovative

conservation technologies. Nanotechnology enables the

development of nanosized carriers like liposomes, polymeric

nanoparticles, and nanoemulsions that protect antioxidants from

degradation and enhance targeted delivery (Sova et al., 2021).

Studies highlight its role in increasing antioxidant bioavailability

by over 40% compared to conventional methods, as reported in

recent pharmaceutical research (Mishra et al., 2022). The

integration of natural substances with antioxidant properties,

such as essential oils, into the composition of preservation media,

presents a natural solution to enhance the quality parameters of

preserved sperm. Recent studies demonstrated the antioxidant

potential of nanoemulsified Thymus vulgaris essential oil (Ismail

et al., 2020). This essential oil, rich in thymol and carvacrol, exhibits

antioxidant and antimicrobial properties, enhancing sperm motility

and viability during cryopreservation (Kchikich et al., 2024). In this

context, the present study aims to advance sperm conservation

technologies by incorporating nanotechnology of encapsulation

with antioxidant-rich in Thymus vulgaris essential oil, into

nanoemulsions. This innovative approach seeks to address

cellular damage caused by oxidative stress and free radicals,

ultimately improving the efficacy of sperm preservation methods.

This study seeks to advance sperm preservation techniques by

utilizing nanotechnology-based encapsulation to incorporate the
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antioxidant-rich Thymus vulgaris essential oil into nanoemulsions.

This innovative strategy aims to mitigate cellular damage caused by

oxidative stress and free radicals by improving the targeted delivery

of active molecules to cells. The research hypothesizes that

combining the antioxidant properties of natural products like

Thymus vulgaris essential oil with nanoemulsion delivery systems

can reduce oxidative stress and enhance the cryopreservation

outcomes for ovine sperm, which is particularly susceptible to

thermal shock.
2 Materials and methods

The experiment took place as part of collaboration between the

Laboratory of Animal and Forage Productions (INRAT), the

EcoChemistry Laboratory (INSAT), and the AGRIS Laboratory

(Regional Agency for Agricultural Research in Sardinia).
2.1 Plant material and essential oil
(EO) extraction

T. vulgaris plants were freshly collected from Aïn Draham,

Jendouba Governorate (North of Tunisia, the temperature average

is 18.6°C and the precipitation average is 825.4 mm) in spring.

Leaves were dried at room temperature and subjected to

hydrodistillation for 3 hours with distilled water using a

Clevenger-type apparatus. Distilled EO was dried over anhydrous

sodium sulfate, filtered, and stored in opaque bottles at 4°C.
2.2 Analysis of phytocompounds and
antioxidant activity

The procedures for analyzing total phenol content (TPC) were

adopted from previous research (Singleton and Rossi, 1965).

Similarly, total flavonoid content (TFC) was analyzed using the

methods described in earlier studies (Kim et al., 2003). Duplicate

samples of the Thymus vulgaris EO were tested. The antioxidant

activity of Thymus vulgaris essential oil was evaluated using the

anionic radical (DPPH) scavenging activity method, as outlined in

certain earlier research reports (Marinova and Batchvarov, 2011).

The essential oil was tested at three concentrations (2, 5, and 10

mg of Thymus vulgaris EO/mL) within a solution composed of 70%

ethanol and 30% distilled water. This approach allowed for a

thorough examination of TPC, TFC, and DPPH values, providing

insights into the essential oil's antioxidant potential across different

concentrations within the specified dilution medium.
2.3 Animals

The experimental protocols were approved by the Animal Care

and Use Committee at the University of Sassari, Italy. All

procedures took place at the experimental facilities of the

Department of Animal Production, AGRIS Sardegna, Bonassai,
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Sassari, Italy (coordinates 40° 40′ 26″ N, 8° 22′ 1″ E), which comply

with the European Union's standards for Scientific Procedure

Establishments. The experiments adhered to ethical guidelines

outlined in EC Directive 86/609/EEC for animal experiments.

Sarda ewes and rams were housed outdoors with indoor access

and provided with a maintenance ration based on live weight. All

chemicals and media used were obtained from Sigma Chemical Co.

(Germany), unless stated otherwise. To meet the objectives of this

experiment, we used 15 adult rams (Average of age: 20 ± 3.4

months; Average of weight: 61.1 ± 2.2; Average of testes

circumference: 32.57 ± 0,89) for sperm production and a single

ewe for the collection process.
2.4 Nanoemulsion preparation

In view of studying the impact of nanoemulsions as a delivery

system for antioxidant bioactive compounds, the optimization of

nanoemulsion preparation was conducted using the design of

experiment (DOE) procedure, particularly the centered mixture

design method (Maiza et al., 2020). Ten mixtures were analyzed by

measuring the average diameter of droplets dispersed in the

nanoemulsions. Only the optimal mixture, Thymus vulgaris

essential oil-based nanoemulsion (NTh) was selected for the rest

of the study to evaluate stability over 4 days. Based on a previous

study conducted at INSAT (National Institute of Applied Sciences

and Technology), the mixtures had a final volume of 4000 mL while

fixing the volume of the aqueous phase at 55% distilled water (2200

μL) and the volume of a certain component of the lipid phase at

15% Thymus vulgaris essential oil (600 μL) and 7.5% Tween 80 (300

μL), which were the most stable. The remaining volume (900 μL)

was determined using the centered mixture design statistical

approach by adding a combination ranging from 0% to 22.5% of

Tween 80 and Tween 20 as surfactants and sorbitol as a co-

surfactant as shown in Table 1. The percentages of components

in each mixture were summed up to 100%.
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The oil phase, consisting of 600 mL of Thymus vulgaris, 300 mL
of Tween 80, additional amounts of both surfactants, Tween 20 and

Tween 80, and co-surfactant (sorbitol) mixtures determined by the

centered mixture design method, were mixed in a vial for 10

minutes using a magnetic stirrer at 1500 rpm and heating at 40°

C. Subsequently, 2200 mL of distilled water, as the aqueous phase,

was added to the oil phase for NT. The mixture was stirred under

the same conditions for an additional 30 minutes. The coarse

emulsion was then covered and sonicated in a sonication bath for

10 minutes at 40°C using high-intensity ultrasound at 20 kHz. All

components used in nanoemulsion preparation were preheated in a

water bath set at 40°C. The resulting 10 nanoemulsions were

numbered and used for the rest of the study (Donsì et al., 2012).

The stability of the 10 designed nanoemulsions was assessed

over 4 days (Day 0, Day 2, and Day 4) by visually observing their

macroscopic appearance. The average droplet diameter of the NTh

was determined using ImageJ software (on Day 4). This parameter

is crucial for both preparation and evaluation, influencing the

mixture's stability, digestive processes, lipolysis, release of

molecules of interest, and subsequent absorption. For diameter

measurement, a drop of each sample was placed between a slide and

cover slip using a micropipette, and the microscope's X100 objective

was used to capture images for later analysis. ImageJ software,

which distinguishes droplets in emulsions based on color contrast,

was used to calculate diameters in nanometers. The diameters were

calculated using the formula:

Diameter nmð Þ =  2 √ Surface=pð Þ;   Surface is determined in nm2� �
2.5 Collection of semen using an
artificial vagina

Semen collections were carried out using an artificial vagina.

The method involved causing the ram to ejaculate into the artificial

vagina during mounting. The artificial vagina provides all the

conditions of the natural vagina during mating: the temperature

should be approximately 38 to 39°C, pressure was maintained by

insufflation of warm water through the faucet opening, and

lubrication was achieved with a substance insoluble in seminal

plasma and non-toxic to sperm (Vaseline).
2.6 Sperm preservation

After the analysis and approval of the semen, all ejaculates from

different rams were mixed in a single tube. The collected sperm was

divided into 5 aliquots and diluted using various prepared media.
2.7 Preparation of conservation media

A serial dilution was conducted to produce three conservation

media with various components, as shown in Table 2.
TABLE 1 Composition of the 10 mixtures of thyme essential oil nano-
emulsion ( NTh).

Mixtures Quantity
of Tween80

Quantity
of Tween20

Quantity
of sorbitol

1 900 μl 0 μl 0 μl

2 0 μl 900 μl 0 μl

3 0 μl 0 μl 900 μl

4 450 μl 450 μl 0 μl

5 450 μl 0 μl 450 μl

6 0 μl 450 μl 450 μl

7 300 μl 300 μl 300 μl

8 600 μl 150 μl 150 μl

9 150 μl 600 μl 150 μl

10 150 μl 150 μl 600 μl
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2.8 Liquid storage

Following the assessment of initial parameters (volume,

concentration, mobility), 5 tubes were taken, and in each tube, 0.5

mL of semen was combined with 0.5 mL of each preservation

medium. Subsequently, the semen is stored at 15°C (in a

refrigerator) for evaluation after 2 hours, 4 hours, and 6 hours,

and at 4°C (in a temperature-controlled incubator) for

measurements after 2 hours, 24 hours, and 48 hours of preservation.
2.9 Evaluation of parameters
after preservation

2.9.1 Sperm analysis
Utilizing the Computer-Assisted Sperm Analysis (CASA) with

CEROS II automated systems evaluation by Hamilton–Thorne

(USA). Sperm quality assessment is done with high precision

using HT CASA software, unique color-coded illumination to

optimize identification of the sperm head and tail and space-

saving sperm analyzer with external phase contrast microscope

included. This allowed for a thorough evaluation of spermatozoa

movements without manual intervention, streamlining the

assessment of sperm mobility (Rijsselaere et al., 2004; Van de

Hoek et al., 2022).
2.10 Oxidative stress and
biochemical parameters

The oxidative stress and biochemical parameters were assessed

using specific protocols and references. Oxidative stress parameters,

such as Malondialdehyde (MDA), were measured using the TBARS

method with absorbance at 530 nm as previously described

(Gdara et al., 2018). Catalase activity was assessed through

spectrophotometric measurement at 240 nm, as previously

detailed (Aebi, 1984).

In terms of biochemical parameters, glucose levels were

determined enzymatically at 505 nm. Total proteins were

measured using a colorimetric method at 546 nm, with references

to certain earlier research (Gornall et al., 1949). Calcium levels were

quantified using the o-Cresol phthalein complexone method at 570

nm (CPC), following the procedure outlined by certain researchers
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(Stern and Geary, 1957). Lactate dehydrogenase (LDH) levels were

determined kinetically at 340 nm following the method described in

previous research (Bergmeyer and Rozalskis, 1975).
2.11 Statistical analysis

All data were expressed as mean ± standard error of the mean

(SEM). GraphPad Prism 10 software (GraphPad Software Inc, San

Diego, CA) was used for all statistical analyses. Data as sperm

parameters, semen biochemical and oxidatif stress parameters were

analyzed using one-way analysis of variance (ANOVA) followed by

a post hoc Tukey’s test, as recommended by the GraphPad software.

The threshold for statistical significance was set to p < 0.05.
3 Results

3.1 Bioactive compounds content and
antioxidant activity of Thymus vulgaris EO

The analysis of Thymus vulgaris essential oil (EO) was

conducted at different concentrations (2, 5, and 10 mg of Th/mL)

focusing on Total Phenolic Content (TPC), Total Flavonoid

Content (TFC), and antioxidant activity measured through the

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay.

According to Table 3 which depicts the bioactive compounds

and antioxidant capacity of Thymus vulgaris, the essential oil

exhibited a concentration-dependent increase in TPC, with values

ranging from 9.96 to 13.28 mg GAE/g (p < 0.05)., indicating

richness in phenolic compounds and potential health benefits

associated with antioxidant activity. Similarly, TFC shows an

increasing, rising from 3.835 to 5.465 mg GAE/g at elevated

concentrations (p < 0.05)., signifying a higher concentration of

flavonoids. The radical trapping activity, assessed by DPPH CE50,

inversely related to antioxidant activity, ranges from 2.1 to 2.2 mg/

mL for Thymus vulgaris essential oil. The extract at 10 mg/mL

displays the most powerful DPPH scavenging activity with a CE50

of 2.1 mg/mL, emphasizing its potent antioxidant properties

(p < 0.05).
TABLE 3 Bioactive compounds and antioxidant capacity of Thymus
vulgaris essential oil.

Concentration
(mg of T. EO /ml)

TPC (mg
GAE /g)

TFC (mg
GAE/g)

DPPH
CE50
(mg/ml)

2 10.57
± 0,1135

4.29
± 0,01175

2.2

5 9.96
± 0,02548

3.835
± 0,02958

2.2

10 13.28
± 0,1668

5.465
± 0,01175

2.1
Values are presented as the mean ± SEM for each group. Th, Thymus vulgaris essential oil;
TPC, Total Phenolic Content; TFC, Total Flavonoid Content; DPPH CE50, The radical
trapping activity; GAE, Gallic Acid Equivalent.
TABLE 2 Conservation media formulations for effective preservation.

Media Media composition

Thyme essential oil media (Th) IMV Ovixcell = 9.9 ml
0.01% thyme essential oil = 1uL
1% DMSO = 100Ul

Thyme essential oil nano-
emulsion (NTh)

IMV Ovixcell = 9.9 ml
6.66 μl thyme essential oil nano-emulsion
/10 ml diluent
1% DMSO = 100uL

Control media (Dovx) IMV Ovixcell = 10 ml
1% DMSO = 100uL
Th, Thymus vulgaris essential oil; NTh, Nanoemulsion of Thymus vulgaris.
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3.2 Characteristics of nanoemulsion

Following the centered mixture design approach, ten distinct

mixtures of Th nanoemulsions were formulated, and the average

diameter of the dispersed droplets in each mixture was analyzed.

This systematic approach aimed to determine the optimal

proportion of nanoemulsions leading to a minimal mean

diameter and a stable structure. The results of these

measurements are presented in the Table 4. According to Table 4,

which details the average diameters of (NTh) observed values based

on surfactant and co-surfactant content (Tween 80, Tween 20, and

sorbitol): Mixtures 1, 5, and 8, consisting of pure Tween 80, Tween

80 and sorbitol only, and Tween 80, sorbitol, and Tween 20 with a

dominance of Tween 80, exhibited the smallest average diameter

(<50 nm). Similarly, mixtures composed of 100% Tween 20, equal

amounts of Tween 20, Tween 80, and sorbitol, and only Tween 20

and Tween 80 (mixtures 2, 7, and 4, respectively) showed a reduced

average diameter (50-70 nm).

The highest diameters were observed when using pure sorbitol

(mixture 3) and excluding Tween 80 while using equal amounts of

Tween 20 and sorbitol (mixture 6), reaching 125-150 nm and >220

nm, respectively. However, with a high sorbitol concentration

(>15%), regardless of the quantity of Tween 20 and Tween 80,

the diameter increased proportionally with the amount of sorbitol

(>150 nm).
3.3 Analysis of sperm parameters

Figure 1 depicts the percentage of sperm mobility over time at

4°C and 15°C under various treatments (p<0.001). According to

panels A and B, a decrease in the percentage of sperm mobility over

time was observed, with improved mobility in the medium

containing Thymus vulgaris essential oil (T. EO) and Thymus

vulgaris nanoemulsion at 15°C even after 5 hours (p<0.05).

The percentage of progressive spermatozoa is illustrated in

Figures 2A, B, showing better progressivity in the medium with

Thymus vulgaris according to the findings, enhanced progressivity
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was noted in the medium with Thymus vulgaris EO nanoemulsion

at 4°C after 2 until 24 hours (p<0.05). Our results suggest that

different extenders preserve motility parameters during the initial

storage hours. It is noteworthy that extenders did not behave the

same at the two studied refrigeration temperatures.
3.4 Oxidative stress parameters in semen

Malondialdehyde (MDA) is a marker of lipid peroxidation, a

process where reactive oxygen species react with lipids in cell

membranes, leading to the formation of MDA, which is produced

through the degradation of polyunsaturated fatty acids, serves as a

reliable indicator to determine the extent of peroxidation reaction

and lipid damage (Asadpour et al., 2011). The results presented in

Figure 3 reveal a decrease in MDA concentrations (p<0.05) in

sperm preserved with various antioxidants compared to the control

(DOvx). Among these, the inclusion of Thymus vulgaris essential oil

(Th) yielded the most significant decrease, with levels at 49% of the

control sample (DOvx). Conversely, the addition of NTh showed a

result nearly equivalent to that of the control (DOvx).

Catalase (CAT) is an antioxidant enzyme crucial for defending

cells against oxidative stress. It functions by breaking down

hydrogen peroxide (H2O2) into water and oxygen, neutralizing

this reactive oxygen species and preventing potential cellular

damage (Nandi et al., 2019). Analysis of the results recorded in

Figure 4 revealed variability in catalase content (p<0.05) in seminal

plasma among different antioxidants. The catalase concentration

notably decreases, exhibiting a reduction of approximately 87.5%

compared to the control (DOvx) when using the nanoemulsion of

Thymus vulgaris essential oil as an antioxidant, dropping from 0.8 x

10-6 UI mg-1 P to 2.9 x 10-7 UI mg-1 P.
3.5 Biochemical analysis of some
parameters in semen

A comprehensive analysis of calcium, protein, glucose, and

lactate dehydrogenase (LDH) content in the seminal plasma of

rams subjected to diverse antioxidant treatments is shown in

Table 5. The recorded results unveil significant variability in LDH

content across different antioxidants. Particularly, the introduction

of Thymus vulgaris essential oil (EO) leads to a significantly elevated

LDH value, representing an increase of 55.88% compared to the

control. Seminal plasma treated with Thymus vulgaris essential oil

nanoemulsion (NTh) and Thymus vulgaris essential oil individually

exhibited lower glucose levels, with reductions of approximately

13.30% and 15.97%, respectively, compared to the control (Dovx),

which shows the highest glucose content. The observed variations in

glucose levels are deemed significant, shedding light on the efficacy

of added antioxidants.

Analyzing the recorded results further uncovers variability in

protein content within seminal plasma treated with diverse

antioxidants. Thymus vulgaris essential oil nanoemulsion

demonstrates the highest protein content, showing an increase of

approximately 54.07% compared to the control, while Thymus
TABLE 4 Mean droplet diameter of the 10 mixtures.

Mixtures Mean Diameter (nm)

1 46,307

2 65,125

3 145,344

4 48,976

5 54,117

6 220,779

7 73,836

8 25,418

9 96,736

10 84,983
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vulgaris essential oil individually exhibits a protein content increase

of about 42.35% relative to the control. The statistical analysis

revealed a substantial difference (p ≤ 0.05) in protein content

attributed to the addition of antioxidants.
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Moreover, an intriguing observation emerges concerning

calcium content in seminal plasma treated with Thymus vulgaris

essential oil without nanoemulsion, showcasing the highest calcium

levels, with an increase of approximately 36.39% compared to the
FIGURE 2

The percentage of sperm progressivity over time at 4°C and 15°C under various treatments. (A) Variation in the sperm progressivity at 4°C during 48
hours. (B) Variation in the sperm progressivity at 15°C during 5 hours. Th: Thyme essential oil, NTh: Thyme essential oil nanoemulsion, Dovx: DMSO
+ Ovixcell (control media).
FIGURE 3

MDA concentration in the seminal plasma of rams with various
treatments. Different letters (a, b) indicate the statistically significant
difference (p<0.05) between the different concentrations of MDA in
different media. Th: Thyme essential oil, NTh: Thyme essential oil
nanoemulsion, Dovx: DMSO + Ovixcell (control media).
FIGURE 4

Catalase concentration in the seminal plasma with various
treatments. Different letters (a, b) indicate the statistically significant
difference (p<0.05) between the different concentrations of CAT in
different media. Th: Thyme essential oil, NTh: Thyme essential oil
nanoemulsion, Dovx: DMSO + Ovixcell (control media).
FIGURE 1

The percentage of sperm mobility over time at 4°C and 15°C under various treatments. (A) Variation in the sperm motility at 4°C during 48 hours.
(B) Variation in the sperm motility at 15°C during 5 hours. Th: Thyme essential oil, NTh: Thyme essential oil nanoemulsion, Dovx: DMSO + Ovixcell
(control media).
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control (Dovx). Conversely, the nanoemulsion demonstrates a

slight reduction in calcium content compared to Thymus vulgaris

essential oil alone, showing a decrease of about 16.13%. The results

underscore significant variations (p<0.05) in calcium levels among

the studied rams, emphasizing the intricate influence of antioxidant

treatments on this particular parameter.
4 Discussion

Antioxidant treatments aimed at preventing sperm damage

during cryopreservation often yield conflicting results in studies.

While some experiments have reported protective effects against

cryo-induced oxidative damages (Riesco et al., 2021), others have

failed to demonstrate significant effects, with some even showing

impairment of sperm function (Bahmyari et al., 2020).

Free radicals can induce changes in sperm composition by

activating intracellular pathways that regulate processes such as

chromatin condensation, motility, capacitation, acrosome reaction,

and chemotaxis (Aprioku, 2013). However, excessive levels of

reactive oxygen species (ROS) can have detrimental effects on

sperm, leading to reduced concentration, motility, and

fertilization potential. Thus, ROS act as a double-edged sword

(Dutta et al., 2019). Although semen possesses an antioxidant

system, its activity is compromised during cryopreservation,

leading to increased lipid peroxidation (Catalán et al., 2024).

Therefore, supplementation with natural antioxidants may be

insufficient to prevent lipid peroxidation during freezing and

thawing. Consequently, the addition of antioxidants to the

extender used in cryopreservation may have beneficial effects

(Banday et al., 2017).

When considering antioxidant treatment, it is crucial to note

that each type of ROS could be neutralized by a specific antioxidant

system (Aprioku, 2013). Thus, a random selection of antioxidants

may not effectively reduce oxidative damage. The protective role of

natural antioxidants against oxidative stress in avian species has

been demonstrated in various studies, suggesting their potential

utility in mitigating oxidative damage in sperm (Ratchamak et al.,

2023). Thymus vulgaris and its essential oil are highlighted for their

effectiveness as supplements in rooster sperm cryopreservation

extenders (Ros-Santaella and Pintus, 2021).

In our study, we investigated the potential of Thymus vulgaris

essential oil nanoemulsion as a supplement in cryopreservation

extenders to mitigate oxidative damage. Remarkably, high levels of

Thymus vulgaris essential oil at a concentration of 10 mg/mL

showed positive effects, restoring quality parameters to levels
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comparable to the control group. However, it is worth noting that

excessive scavenging of free radicals by antioxidants may have

negative effects by altering physiological levels.

The study focused on optimizing nanoemulsion preparation for

delivering antioxidant bioactive compounds using a centered mixture

design method. Higher levels of Tween 80 and lower levels of Tween

20 and sorbitol in different formulations, resulted in smaller droplet

sizes. These findings align with previous research (Arianto and Cindy,

2019), which demonstrated stable nanoemulsions with reduced

diameters using similar surfactant compositions.

Among the non-ionic surfactants studied, Tween 80 showed

notable efficacy in stabilizing nanoemulsions and reducing particle

sizes, depending on its concentration within the formulation. This

observation is consistent with previous studies (Maccelli et al., 2019),

which reported a decrease in particle size with increasing Tween 80

concentration. Furthermore, surfactant type played a significant role

in droplet characteristics, with Tween 20 leading to larger droplets

and broader size distribution compared to Tween 80, likely due to

differences in their hydrophilic-lipophilic balance (Xue et al., 2014).

While some research reports (Ezzat Ahmed et al., 2020) suggested

a potential relationship between nanoemulsion stability and Thymus

vulgaris concentration, this study noted a consistent reduction in

droplet diameter over time, potentially influenced by structural or

compositional changes in the nanoemulsion components.

From a physiological perspective, our results indicated that

incorporating of Thymus vulgaris essential oil and of Thymus

vulgaris oil's nanoemulsion into a sperm preparation improved

total and progressive sperm motility when compared to the control

group. This is consistent with prior research demonstrating the

positive impact of Thymus vulgaris essential oil on sperm

characteristics like motility and viability (Lounas et al., 2020).

Thymus vulgaris essential oil has been shown to chelate iron and

decrease ROS production under stressful conditions. Therefore,

supplementation with Thymus vulgaris essential oil and its

nanoemulsion in the cryopreservation medium may alleviate

cooling-induced stress, leading to increased sperm progressivity

and motility (Gumus et al., 2017). Our study also underlines the

sperm progressive improvement in the nanoemulsion of Thymus

vulgaris essential oil medium at 4°C after 24 hours and sustained

motility at 15°C even after 5 hours, suggesting its potential as a

cryoprotective agent.

Our study has adopted an approach to the study of the relation

between sperm variables and MDA levels. Malondialdehyde

(MDA), a marker of lipid peroxidation and oxidative stress,

decreased in sperm samples preserved with various antioxidants

compared to the control. Interestingly, Thymus vulgaris essential oil
TABLE 5 Concentrations of biochemical components in different media.

Media Calcium mg/l Glucose g/l Protein g/l LDH U/l

Dovx 115.844 ± 1.049c 1.315 ± 0.030a 11.954 ± 0.314c 52.615 ± 1.787b

Th 158.017 ± 1.440a 1.105 ± 0.060b 17.016 ± 0.604b 82.017 ± 2.363a

NTh 134.545 ± 3.488b 1.14 ± 0.076b 18.412 ± 0.380a 60.352 ± 2.363b
Values are presented as the mean ± SEM for each group. Dovx, DMSO+ Ovixcell; Th, Thymus vulgaris; NTh, Thymus vulgaris essential oil nanoemulsion. Different letters (a,b,c) indicate the
statistically significant difference (p<0.05) between the different concentrations of MDA in different media. Conversely, identical letters signify no statistically significant difference.
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demonstrated the lowest MDA concentration, indicating its

potential to reduce oxidative damage during cryopreservation.

Catalase, a pivotal antioxidant, plays a crucial role in

neutralizing reactive oxygen species (ROS) and protecting sperm

from oxidative damage (Rubio-Riquelme et al., 2019). Studies have

demonstrated the presence of catalase in sperm, emphasizing its

significance in counteracting oxidative stress-induced sperm

damage (Yang et al., 2022).

In our study, we observed a significant variability in catalase

concentration in seminal plasma among different antioxidants.

Notably, the addition of Thymus vulgaris essential oil

nanoemulsion as an antioxidant led to a decrease in catalase

concentration compared to the control. This data illustrates the

best progressivity and motility, possibly due to the positive impact

of NTh on reducing oxidative stress in seminal plasma.

However, these outcomes might be attributed to our

assessments being conducted after a two-week treatment period,

coinciding with the phase of antioxidant activity depletion (Shaw

et al., 2022). This discovery contradicts earlier research that linked

higher catalase levels with enhanced sperm motility and progressive

movement, indicating intricate relationships between antioxidants

and sperm function (Lounas et al., 2020). Lactate dehydrogenase

(LDH), an enzyme crucial for sperm metabolism, exhibited

variability in activity with different antioxidants. While previous

studies (Qiu et al., 2016) have reported higher LDH levels in certain

breeds of rams, our results showed lower LDH activity in seminal

plasma mixed with Thymus vulgaris essential oil and other

antioxidants. Reduced LDH activity may signify disruptions in

sperm function and metabolism (Wu et al., 2021), highlighting

the need for further investigation into the effects of antioxidants on

sperm biochemistry. Our biochemical analysis extends to glucose

levels in seminal plasma, revealing a significant increase with

antioxidant supplementation. The nanoemulsion of Thymus

vulgaris essential oil emerges as particularly effective, showcasing

the highest glucose content.

These results align with studies emphasizing the role of glucose

in sustaining sperm motility during liquid sperm storage (Zhang

et al., 2022), shedding light on the potential benefits of specific

antioxidants in supporting energy metabolism.

Variability in seminal plasma protein levels is observed with

different antioxidants (Bubenickova et al., 2020), among which

Thymus vulgaris essential oil nanoemulsion and Thymus vulgaris

essential oil show the highest protein content, in turn motility,

and progressivity. This indicates their efficacy in combating

oxidative stress, maintaining protein integrity, and potentially

improving sperm motility and progressivity. Moreover, elevated

concentrations of specific proteins such as kallikrein and

angiotensin-converting enzyme (ACE) can enhance sperm

function by improving motility and capacitation, essential for

successful reproduction, through interactions with sperm

membranes and receptors (Moura et al., 2018).

However, some research, such as a study by (Khnissi et al.,

2023), suggests a contrasting view. They found that elevated levels
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of stallion seminal plasma proteins are associated with decreased

total and progressive sperm motility, indicating a potential

negative impact.

Calcium levels in seminal plasma show significant variation

with antioxidant treatment, emphasizing the complex interplay

between antioxidants and sperm physiology. Thymus vulgaris

essential oil, when used without nanoemulsion, enhance calcium

levels, possibly due to its direct effects on cellular processes or

calcium channels. The introduction of nanoemulsion alongside

Thymus vulgaris essential oil may alter its bioavailability or

cellular uptake, resulting in a slight reduction in calcium content

compared to the non-nanoemulsified form. Comparisons with

existing studies (Casao et al., 2012) underscore the need for

nuanced interpretations and a deeper exploration of how

antioxidants modulate calcium levels in sperm.

In conclusion: Our comprehensive study navigates the

multifaceted landscape of antioxidant influence on sperm

variables and oxidative stress. The intricate interplay between

antioxidants, catalase, LDH, MDA, glucose, protein, and calcium

underscores the need for nuanced interpretations and further

research. These findings contribute to the evolving discourse on

optimizing antioxidant formulations for enhancing sperm quality

and fertility potential. Further researches are warranted to optimize

antioxidant formulations and elucidate their mechanisms of action

in protecting sperm from oxidative stress-induced damage.
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