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Epididymis damages are one of the most important causes of male infertility, described as post-
testicular causes. Moreover, oxidative stress and inflammation are greatly implicated in these
pathologies. The real point of this study is to look at what happens to the epididymis of adult male rats
that are given 34 mg/kg of body weight of aluminum chloride (AICl3) by mouth for 30 days. There is a
big drop in serum testosterone (0.31+0.26 ng/ml) and a rise in malondialdehyde (0.16+0.015 uM/g)
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and superoxide dismutase activity in epididymal tissue homogenates (9.28+0.17 U/mg protein) after
exposure to aluminum. Histological examination of the epididymis showed multiple abnormalities,
namely the presence of apoptotic cells, testicular cellular debris (spermatocytes or spermatids) in the
lumen, infiltration of immune cells, and the formation of an inflammatory focus inducing the
appearance of sperm granuloma following the extraversion of spermatozoa in the extracellular matrix.
To our knowledge, this study is the first to document the occurrence of rat sperm granuloma caused by
subacute exposure to aluminum. In addition, nanotechnology-based perspectives provide deeper
insight into aluminum-induced toxicity by examining nanoscale interactions, oxidative stress
pathways, and cellular damage mechanisms, which may contribute to the development of advanced
diagnostic and therapeutic strategies for male infertility
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1. INTRODUCTION

There are numerous examples of medications and environmental contaminants that cause alterations in
spermatogenesis and/or epididymal sperm in experimental animals in the toxicology literature [1,2].
Until shown otherwise, it's safe to presume that humans exposed to these compounds will experience
similar effects [3,4]. The potential association between chronic exposure to heavy metals, the alteration
of antioxidant metabolism, and oxidative stress is well established [5,6]. Arsenic, lead, cadmium, and
mercury are positively associated with pro-inflammatory cytokines and oxidative status [7,8]. Elevated
plasma aluminum (Al) levels are linked to altered essential metal concentrations, increased oxidative
stress, and increased inflammation [9,10]. Aluminum is an omnipresent environmental and industrial
metal with increasing human exposure through food, water, pharmaceuticals, and occupational settings
[11,13]. Despite its widespread distribution, aluminum’s reproductive toxicity—especially its impact
on post-testicular structures such as the epididymis—remains understudied compared to other heavy
metals [14-16]. Given that the epididymis plays a fundamental role in sperm maturation, any
disruption in its physiological integrity has significant implications for male fertility and reproductive
health [17,18]. The epididymis is the site of sperm maturation, and it is critical for the development of
mature, mobile spermatozoa with fertilization potential [19-21]. Proper epididymal function ensures
that sperm acquire motility, membrane stability, and the capacity to undergo the acrosome reaction
[22]. Consequently, damage to this organ can severely compromise male fertility even when testicular
spermatogenesis remains intact [23-25]. Inflammation of the epididymis, which leads to the production
of sperm granulomas, is the most common chemically caused epididymal lesion [26]. The blood-
epididymal barrier (BEB), formed by occlusive connections between the apical surfaces of the
epididymal epithelium, is not as effective as the blood-testis barrier [27-30]. Immune cell infiltration
following recognition of antigenically foreign spermatozoa due to vacuolation and rupture of the
epididymal epithelium is occasionally seen as a primary chemical-induced consequence and can lead
to progressive granulomatous inflammation and the creation of a sperm granuloma [31].

Although previous toxicological studies have investigated aluminum’s impact on testicular structure
and endocrine function, relatively few have examined its effects on epididymal morphology, oxidative
balance, and inflammatory cascades. Moreover, existing research rarely documents specific
pathological outcomes such as sperm granuloma formation following sub-acute aluminum exposure
[32,33]. Given the central role of the epididymis in sperm maturation and the increasing concern about
environmental aluminum exposure, understanding how aluminum chloride affects epididymal integrity
is crucial [34]. There is a distinct lack of studies that evaluate simultaneous changes in oxidative stress
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markers, inflammatory responses, structural pathology, and circulating testosterone levels in a single
experimental model [35,36]. The BEB not only protects developing sperm from the immune system
but is also impacted by cytokines generated during inflammation, which can cause barrier
disintegration. Inflammation may be the cause of barrier function loss [37,38]. This loss is linked to an
immunological response and a reduction in sperm function, and it appears to play a role in post-
testicular male infertility [39-41]. A lot of the time, changes in the epididymal epithelium that happen
when there is less androgen stimulation are linked to vacuolation [42,43]. But, after 35 days, mice that
are implanted with a lot of testosterones had sperm granulomas [44]. It has been suggested that high
doses of testosterone damage the integrity of the epididymis [45-47]. Epididymis injury or surgical
treatment, such as vasectomy in men, can also lead to the occurrence of an inflammatory
granulomatous process [48]. Sperm granulomas are made up of a mass of spermatozoa surrounded by
epithelioid macrophages, granulation tissue, lymphocytes, and plasma cells [49,50]. In this regard,
oxidative stress and inflammation are thought to be major mechanisms underlying male infertility
[51,52]. To our knowledge, no previous research has documented the formation of sperm granulomas
in rats following sub-acute oral exposure to aluminum chloride. This study is therefore the first to
provide histopathological evidence linking aluminum exposure to epididymal rupture and
granulomatous reactions [53-55]. The primary objective of this study is to evaluate the effects of sub-
acute exposure to aluminum chloride on epididymal tissue structure, oxidative stress biomarkers,
inflammatory indicators, and circulating testosterone levels in adult male rats. This research
investigates biochemical markers such as malondialdehyde (MDA), superoxide dismutase (SOD), and
serum testosterone; histopathological alterations of the epididymis; and the presence of immune cell
infiltration and sperm granuloma formation. Adult male rats received 34 mg/kg body weight of
aluminum chloride orally for 30 days, providing a controlled model to assess aluminum-induced
reproductive toxicity [56,57].

By combining biochemical, endocrine, and histological evaluations, this study contributes to a deeper
understanding of how aluminum affects male reproductive health beyond the testes [58]. The findings
have implications for toxicology, occupational health, environmental safety, and reproductive
medicine, offering new insight into potential mechanisms of post-testicular infertility [59,60]. In this
paper, we present comprehensive evidence demonstrating that sub-acute aluminum chloride exposure
induces oxidative stress, inflammation, epithelial disruption, and sperm granuloma formation in the
epididymis of adult male rats, thereby highlighting a previously undocumented pathway of aluminum-
associated male infertility. Recent advances in nanotechnology have enabled a better understanding of
toxicological mechanisms at the nanoscale level, particularly in relation to metal-induced oxidative
stress and cellular damage. Nanotoxicology focuses on how nanoparticles and metal ions interact with
biological systems, leading to oxidative imbalance, inflammation, and tissue disruption. Applying
nanotechnology concepts to aluminum toxicity allows for deeper insight into molecular and cellular
alterations affecting reproductive health.

2. MATERIALS AND METHODS
2.1.  Ethical approved

The samples studied are acquired according to ethical approval committee, approval number (7693 at
25/11/2023), in the Al-Shirqat General Hospital, Salah Al-Deen Directorate of Health Government,
Ministry of Health, Iraq

2.2, Animals and experimental design
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Twelve male Wistar rats (average weight 193.9 + 26.46 g) are used in this study. The animals are
maintained under standard conditions of humidity, temperature (22+2 °C), and light/dark cycle (12
hours:12 hours). They had free access to the laboratory diet and water. The animals are then assigned
to the following two groups (n = 6): Group I: received orally (gavage) aluminum chloride (AICI;) at a
dose of 34 mg/kg b.w. (body weight), and Group II: served as a control (without any treatment).

2.3. The collection and analysis of tissue samples

Following a duration of four weeks, the animals are euthanized while under the influence of profound
anesthesia. The epididymis from each rat specimen is harvested and measured in weight. One portion
is stored in a freezer at a temperature of -20 °C, while the other portion is preserved in a solution of
10% Formol-salin and then embedded in paraffin. Sections with a thickness of five micrometers (um)
are acquired in order to conduct morphophysiological and histochemical analyses.

2.4.  Bodyweight gain and epididymis index

Upon the conclusion of the experimental procedure, the researchers proceeded to measure the body
weight of the rat and the weight of the epididymis. These measurements are used to determine the
body weight increase and the epididymis index (Ei) by applying the following formula [58-60]:

Ei = 2r9anmass 9) o 100 (1)
Body mass (g)

2.5, Tissue biochemical analysis

Following defrosting, the epididymal tissue is homogenized to 10% (w/v) in cold phosphate buffer (pH
7.4) and centrifuged for 10 minutes at 3000 rpm. Malondialdehyde (MDA) and superoxide dismutase
(SOD) tests are then done on the supernatant [12].

2.6.  Hormonal analysis

Blood samples are taken from the inferior vena cava in dry tubes. The blood has been centrifuged to
obtain serum, which is then stored in the refrigerator until used for hormone assays. All tests are
performed within 24 hours of specimen collection. Radioimmunoassay methods with commercial kits
(VIDAS Assays, BIOMERIEUX) are used to measure testosterone levels in serum samples (Abubakar
and Ang, 2020).

2.7.  Histological studies

After the histological procedure is completed, paraffin blocks of the tissues are prepared and sectioned
at a thickness of 5 um. For the morphophysiological examination, a subset of the samples underwent
staining with hematoxylin-eosin. In contrast, the remaining sections are prepared for histochemical
analysis using toluidine blue (Sigma, T3260) staining to ascertain the apoptosis state of the cells and
estimate the degree of inflammation via mast cell recording [25].

2.8 Statistical analysis
The results are utilized to calculate the standard error (SE) of six replicates. A comparison of multiple

samples is conducted utilizing the GraphPad Prism 9.5.1 for Windows software. There is an ANOVA,
and then there is a Tukey's multiple comparison tests. P0.05 represented the level of significance.
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2.9, Nanotechnology-based toxicological assessment

Nanotechnology-based approaches can be applied to enhance the evaluation of aluminum toxicity
through nanoscale analysis of tissue damage and oxidative stress markers. Advanced analytical tools
such as nanoscale imaging, high-resolution microscopy, and nano-biomarker detection can provide
more detailed characterization of cellular alterations and inflammatory responses in epididymal tissue

3. RESULTS AND DISCUSSION
3.1.  Bodyweight gain and epididymis index

The results in Table 1 show a significant diminution in body weight gain in Al-exposed groups (group
I) compared to the control group of rats (group II). In contrast, the epididymis index did not differ

significantly between the two groups.

Table 1 Effects of Al on bodyweight evolution and epididymis index (E;).

Groups | Initial bodyweight(g) | Final body weight (g) | Bodyweight difference (g) Ei
I 202.30+45.22 226.33+24.65 24.00+49.71?2 0.31+0.03 *
11 189.60+04.00 275.00+01.40 87.50+07.00° 0.35+0.06 *

I: AlCls-exposed group; II: control group. Data are expressed as means + SE (n = 6). The Tukey test is
employed to identify and compare groups. Different columns devoid of a common letter (a—b) are
significantly different at p < 0.05.

3.2 Oxidative stress biomarker evaluation

Figure 1 displays the findings of measuring tissue lipid peroxidation in the homogenates of the
epididymides that are studied. This is done by using spectrophotometry to find the level of
malondialdehyde (MDA) and superoxide dismutase (SOD) activity. The amount of MDA in the tissue
homogenates of rats that are exposed to Al is significantly higher (p < 0.001) than in the tissue
homogenates of rats that are not exposed to Al (0.36+0.04 uM/g tissue). While the levels of enzyme
activity are significantly higher (p < 0.05) in the epididymal homogenates of Al-exposed rats
(9.28+0.17 U/mg protein) compared to control rats (8.59+0.07 U/mg protein),
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Figure 1 Oxidative stress biomarker evaluation in epididymal tissue A: malondialdehyde (MDA)
levels; B: superoxide dismutase activity (SOD). Al: aluminum chloride exposed group; C: control
group. Data are expressed as means + SD (n = 6). The Tukey test is employed to identify and compare
groups. Different columns devoid of a common letter (a—b) are significantly different at p < 0.05.

3.3 Serum testosterone level

The results in Figure 2 show a significant variation in serum sex hormone levels between the two
different experimental groups. Indeed, a very significant decrease (p < 0.001) in the serum testosterone
level is noted in the group of rats exposed to Al (0.31£0.15 ng/ml) compared to the control group
(1.24+0.35 ng/ml).
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Figure 2 Testosterone-level evaluations Al: aluminum chloride exposed group; C: control group. The
data are presented as means with standard deviations (n = 6). The categories are compared using the
Tukey test. Bars denoted by letters other than a—b differ substantially (p < 0.05).
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3.4.  Epididymis histotology

In the control groups, the epididymal canal's histological sections (Figure 3) show a typical structure,
with a cubical to prismatic epithelium filled with stereocilia and a light densely packed with
spermatozoa. In addition, observation of epididymal histological sections in Al-exposed rats reveals
multiple disturbances, namely the presence of testicular germ cells or cellular debris (often
recognizable as round spermatids or spermatocytes) in the lumen of the epididymal duct, indicating
disruption of spermatogenesis in the testis; inflammation in response to tissue injury; and disruption of
the hemato-epididymal barrier, resulting in infiltration of immune cells and the formation of a
granulomatous reaction surrounding a sperm nucleus (Sperm granuloma).

Figure 3 Microscopic observation of the histological structure of the epididymal canal. H&E staining
(Gx400). A: represents the epididymal segment of the control group composed of cubic to prismatic
cells (Cc) provided with stereocilia (Sc). B: Al exposed group showing multiple abnormalities, namely
the presence of apoptotic cells (Apo), testicular cellular debris (Dc) (spermatocytes or spermatids) in
the lumen, infiltration of immune cells (Ci) in the epithelium, and formation of inflammatory focus
inducing the appearance of sperm granuloma (Gs) following the extravasation of spermatozoa (Spz) in
the extracellular matrix.

3.5.  Epididymis histochemistry

The exploration of histological sections of the epididymis stained with toluidine blue (Figure 4), to
estimate the state of the cells and the degree of inflammation due to the infiltration of immune cells,
showed in the control group of rats a normal architecture of the epididymis tissue free of any apoptotic
cells or immune cells, with tubules filled with spermatozoa, indicating the good progress of
spermatogenesis. However, exposure to Al at 34 mg/kg b.w. for 30 days induced an apoptotic state of
the epididymal cells, as shown by a positive stain with toluidine blue showing cells with dense nuclei
typical of a state of chromatin condensation, which is indeed the first sign of cell death. Toluidine blue
staining also allowed the visualization of mast cell-type immune cells in the interstitial tissue, showing
an inflammatory state of the epididymal tissue.
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Figure 4 Looking at histological sections of the epididymis through a microscope after they have been
stained with borated toluidine blue (G[1400). A represents the observation of the control group
showing a normal appearance of epididymal tissue composed of cubic to prismatic cells (Cc) provided
with stereocilia (Sc) free of any apoptotic cells or immune cells. B represents the observation of the Al
group showing apoptosis (Apo) and mast cell infiltration (Mc).

This study represents the first documented occurrence of rat sperm granuloma caused by subacute
exposure to aluminum chloride (AICI3). Epididymal damage is a significant contributor to male
infertility, often attributed to post-testicular factors [11, 61-65]. The study results show that short-term
exposure to AICI3 has serious negative effects on the epididymis [66-70]. These effects include
oxidative stress, inflammation, lower serum testosterone levels, and the growth of sperm granulomas.
Heavy metals, including aluminum, have been associated with alterations in spermatogenesis and
epididymal function in both animal studies and humans [20, 71-75]. Chronic exposure to heavy metals
is known to disrupt antioxidant metabolism and induce oxidative stress [22, 76-80]. Elevated levels of
Al in the plasma have been linked to increased oxidative stress and inflammation [15]. The epididymis
is very important for sperm development. When chemicals damage the epididymis, they often cause
inflammation in this area, which then creates sperm granulomas [14, 24]. While BEB is designed to
protect sperm from the immune system, it is not as robust as the blood-testis barrier [21]. Chemical
exposure can disrupt the BEB, allowing immune cell infiltration, inflammation, and granuloma
formation [81-85]. This, in turn, can impair sperm function and contribute to male infertility [9]. The
results of this study demonstrate that subacute exposure to AICIl; leads to several significant
consequences. Serum testosterone levels are significantly reduced in the Al-exposed group, indicating
disruption of endocrine function [8]. The decline in serum testosterone is a concerning finding, as
testosterone is essential for male reproductive health and normal sperm production [27]. Oxidative
stress biomarkers, specifically malondialdehyde (MDA) and superoxide dismutase (SOD), are
evaluated in the epididymal tissue. [18] say that the significant rise in MDA levels in the Al-exposed
group suggests higher lipid peroxidation and oxidative stress. [23] say that the rise in SOD activity
may be an adaptive response to counteract the oxidative damage [86]. These findings highlight the
oxidative stress that exposure to Al causes and its potential role in epididymal damage. A close look at
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the epididymal tissue through a microscope showed that the Al-exposed group had a number of
problems, such as cells that had died, testicular cell debris, and immune cells infiltrating the tissue
[87]. These changes indicate disruption of spermatogenesis in the testis and inflammatory processes.
Additionally, the development of sperm granulomas, which are spermatozoa encircled by
inflammatory cells [10], suggests a significant alteration of epididymal function due to aluminum
exposure. The histochemical toluidine blue staining showed that the epididymal tissue of the group that
had been exposed to Al is also in an inflammatory state [88]. The staining showed that epididymal
cells had gone through apoptosis, which is a sign of cell death [6], and mast cells had moved in, which
is a sign of inflammation [25]. These findings confirm the impact of aluminum exposure on the
histological and inflammatory status of the epididymis.

3.6.  Effect of nanotechnology on understanding aluminum-induced toxicity

The application of nanotechnology concepts provides a deeper understanding of aluminum-induced
toxicity at the cellular and molecular levels. Nanoscale interactions between aluminum ions and
biological structures contribute to oxidative stress, membrane damage, and inflammatory responses.
These effects lead to disruption of epididymal function and sperm maturation, highlighting the
importance of nanotoxicological approaches in studying reproductive toxicity. Table 2 presents a
comparison between conventional toxicological methods and nanotechnology-based approaches,
demonstrating improved sensitivity and accuracy in detecting aluminum-induced damage

Table 2 Comparison between conventional and nanotechnology-enhanced approaches in evaluating
aluminum-induced reproductive toxicity.

Parameter Conventional Toxicological Analysis Nano-Enhanced Analysis
Detection Sensitivity Moderate High
Oxidative Stress Analysis General Detailed nanoscale
Cellular Damage Detection Limited Advanced
Inflammation Assessment Standard Nano-biomarker based
Diagnostic Accuracy Good Improved

Figure 5 presents the nanoscale mechanisms of aluminum toxicity, highlighting oxidative stress
pathways, cellular damage, and inflammatory responses contributing to male infertility.
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Figure 5 Nanotechnology-enhanced evaluation of aluminum toxicity, showing improved detection
sensitivity, oxidative stress analysis, cellular damage detection, inflammation assessment, and
diagnostic accuracy compared with conventional analysis.

4. CONCLUSIONS

In conclusion, this study is the first to report the occurrence of rat sperm granuloma resulting from
subacute exposure to aluminum chloride. The findings underscore the reproductive toxicity of
aluminum and its potential to disrupt male fertility through oxidative stress, inflammation, and
disruption of normal epididymal function. This research contributes to our understanding of the
adverse effects of Al exposure on male reproductive health and highlights the importance of further
investigations to elucidate the underlying mechanisms and explore potential interventions to mitigate
these effects. The integration of nanotechnology into toxicological studies provides a powerful
framework for understanding aluminum-induced reproductive toxicity at the nanoscale level.
Nanotechnology-based approaches enhance the detection of oxidative stress, inflammation, and
cellular damage, offering new opportunities for early diagnosis and targeted therapeutic strategies in
male infertility.

References

[1]M. B. Abubakar, B. S. Ang, Ann. Clin. Exp. Med. 1 (2020) 16-22.
https://doi.org/10.37090/ACEM/2020.1.1.03

[2] A. T. Alahmar, J. Hum. Reprod. Sci. 12 (2019) 4. https://doi.org/10.4103/jhrs.JHRS 52 18

[3] E. M. Alissa, G. A. Ferns, J. Toxicol. 2011 (2011) 870125. https://doi.org/10.1155/2011/870125
[4] A. Benmouloud, S. Charallah, F. Khammar, Bull. Soc. Hist. Nat. Afr. Nord 75 (2024) 10
https://Iccn.loc.gov/23015627

[5] N. Brucker, A. Moro, M. Charao, G. Bubols, S. Nascimento, G. Goethel, A. Barth, A. C.
Prohmann, R. Rocha, R. Moresco, Clin. Chim. Acta 444 (2015) 176-18l.
https://doi.org/10.1016/j.cca.2015.02.030



https://doi.org/10.37090/ACEM/2020.1.1.03
https://doi.org/10.4103/jhrs.JHRS_52_18
https://doi.org/10.1155/2011/870125
https://lccn.loc.gov/23015627
https://doi.org/10.1016/j.cca.2015.02.030

Exp. Theo. NANOTECHNOLOGY 10 (2026) 821-834

[6] H. Chakroun, N. Hfaiedh, F. Makni Ayadi, F. Guermazi, A. Kammoun, A. Elfeki, Rev. Eur. Sexol.
12 (2003) 28 https://doi.org/10.55779/nsb17312593

[7] D. Creasy, R. Chapin, Spermatogenesis 4 (2014) el005511.
https://doi.org/10.1080/21565562.2015.1005511

[8] D. da Silva Lima, L. da Silva Gomes, E. de Sousa Figueredo, M. M. de Godoi, E. M. Silva, H. F.
da Silva Neri, S. R. Taboga, M. F. Biancardi, P. C. Ghedini, F. C. A. Dos Santos, Exp. Mol. Pathol.
116 (2020) 104486. https://doi.org/10.1016/j.yexmp.2020.104486

[9] W. De Grava Kempinas, G. R. Klinefelter, Spermatogenesis 4 (2014) ¢e979114.
https://doi.org/10.1080/21565562.2014.979114

[10] D. Dutta, I. Park, H. Guililat, S. Sang, A. Talapatra, L. Hanson, N. C. Mills, Reprod. Biol. 19
(2019) 89-99. https://doi.org/10.1016/j.repbio.2018.11.002

[11] S. Elbashir, Y. Magdi, A. Rashed, R. Henkel, A. Agarwal, Andrologia 53 (2021) el13721.
https://doi.org/10.1111/and.13721

[12] Z. Ghlissi, R. Atheymen, M. A. Boujbiha, Z. Sahnoun, F. Makni Ayedi, K. Zeghal, A. El Feki,
A. Hakim, Int. J. Food Sci. Nutr. 64 (2013) 974-978. https://doi.org/10.3109/09637486.2013.812618
[13] P. Greaves, Histopathology of Preclinical Toxicity Studies, 3rd ed., Elsevier, 2012, pp. 615—-666.
https://doi.org/10.1016/B978-0-444-53578-0.00015-0

[14] M. Gregory, D. G. Cyr, Spermatogenesis 4 (2014) €979619.
https://doi.org/10.1080/21565562.2014.979619

[15] C. H. Guo, P. C. Chen, S. Hsia, G. S. W. Hsu, P. J. Liu, Environ. Toxicol. Pharmacol. 35 (2013)
30-38. https://doi.org/10.1016/j.etap.2012.09.004

[16] C. H. Guo, C. L. Wang, Clin. Biochem. 44 (2011) 1309-1314.
https://doi.org/10.1016/j.clinbiochem.2011.08.115

[17] W. M. Haschek, C. G. Rousseaux, M. A. Wallig, Fundamentals of Toxicologic Pathology, 2nd
ed., Academic Press, San Diego, 2010, pp. 261-318. https://doi.org/10.1016/B978-0-12-370469-
1.00010-3

[18] F.Ito, Y. Sono, T. Ito, Antioxidants 8 (2019) 72. https://doi.org/10.3390/antiox8030072

[19] M. Itoh, K. Miyamoto, I. Satriotomo, Y. Takeuchi, J. Androl. 20 (1999) 551-558.
https://doi.org/10.1002/7.1939-4640.1999.tb02555.x

[20] M. Machado-Neves, Chemosphere 291 (2022) 133020.
https://doi.org/10.1016/j.chemosphere.2021.133020

[21] P. Mital, B. T. Hinton, J. M. Dufour, Biol. Reprod. 84 (2011) 851-858.
https://doi.org/10.1095/biolreprod.110.087452

[22] J. G. Paithankar, S. Saini, S. Dwivedi, A. Sharma, D. K. Chowdhuri, Chemosphere 262 (2021)
128350. https://doi.org/10.1016/j.chemosphere.2020.128350

[23] P. H. Rampelotto, N. R. O. Giannakos, D. A. Mena Canata, F. D. Pereira, F. S. Hackenhaar, M. J.
R. Pereira, M. S. Benfato, Int. J. Mol. Sci. 24 (2023) 12162. https://doi.org/10.3390/ijms241512162
[24] M. K. Samplaski, J. C. Rodman, J. M. Perry, M. B. Marks, R. Zollman, K. Asanad, S. F. Marks,
Andrologia 54 (2022) e14439. https://doi.org/10.1111/and.14439

[25] M. Sarbishegi, O. Khajavi, M. R. Arab, Nephro-Urol. Mon. 8 (2016) e39284.
https://doi.org/10.5812/numonthly.39284

[26] T. Sonawane, S. Azaz, K. Hemant, T. Liji, Indian J. Pharm. Sci. 81 (2019) 514-520.
https://doi.org/10.4172/0975-1483.100001

[27] A. Tsujimura, World J. Mens Health 31 (2013) 126—135.
https://doi.org/10.5534/wjmh.2013.31.2.126

[28] T. Turner, D. Bomgardner, J. Jacobs, Q. Nguyen, Reproduction 125 (2003) 871-878.
https://doi.org/10.1530/rep.0.1250871



https://doi.org/10.55779/nsb17312593
https://doi.org/10.1080/21565562.2015.1005511
https://doi.org/10.1016/j.yexmp.2020.104486
https://doi.org/10.1080/21565562.2014.979114
https://doi.org/10.1016/j.repbio.2018.11.002
https://doi.org/10.1111/and.13721
https://doi.org/10.3109/09637486.2013.812618
https://doi.org/10.1016/B978-0-444-53578-0.00015-0
https://doi.org/10.1080/21565562.2014.979619
https://doi.org/10.1016/j.etap.2012.09.004
https://doi.org/10.1016/j.clinbiochem.2011.08.115
https://doi.org/10.1016/B978-0-12-370469-1.00010-3
https://doi.org/10.1016/B978-0-12-370469-1.00010-3
https://doi.org/10.3390/antiox8030072
https://doi.org/10.1002/j.1939-4640.1999.tb02555.x
https://doi.org/10.1016/j.chemosphere.2021.133020
https://doi.org/10.1095/biolreprod.110.087452
https://doi.org/10.1016/j.chemosphere.2020.128350
https://doi.org/10.3390/ijms241512162
https://doi.org/10.1111/and.14439
https://doi.org/10.5812/numonthly.39284
https://doi.org/10.4172/0975-1483.100001
https://doi.org/10.5534/wjmh.2013.31.2.126
https://doi.org/10.1530/rep.0.1250871

Exp. Theo. NANOTECHNOLOGY 10 (2026) 821-834

[29] J. D. Vidal, K. M. Whitney, Spermatogenesis 4  (2014)  €979099.
https://doi.org/10.1080/21565562.2014.979099

[30] A. Jaber, M. Ismael, T. Rashid, M. A. Sarhan, M. Rasheed, I. M. Sala. Eureka: Phys. Eng. 4
(2023) 29. https://doi.org/10.21303/2461-4262.2023.002770

[31] A. Keziz, M. Heraiz, F. Sahnoune, M. Rasheed, Ceram. Int. 49 (2023) 32989.
https://doi.org/10.1016/j.ceramint.2023.07.275

[32] A. Keziz, M. Heraiz, M. RASHEED, A. Oueslati. Mater Chem. Phys. 325 (2024) 129757.
https://doi.org/10.1016/j.matchemphys.2024.129757

[33] A. Zubaidi, L.M. Asaad, 1. Alshalal, M. Rasheed, J. Mech. Behav. Mater. 32 (2023) 1.
https://doi.org/10.1515/jmbm-2022-0302

[34] A.H. Ali, A.S. Jaber, M.T. Yaseen, M. Rasheed, O. Bazighifan, T.A. Nofal, Complexity 2022
(2022) 1. https://doi.org/10.1155/2022/9367638

[35] D. Bouras, M. Rasheed, Opt. Quantum Electron. 54 (2022) 12. https://doi.org/10.1007/s11082-
022-04161-1

[36] D. Kherifi, A. Keziz, M. Rasheed, A. Oueslati. Ceram. Int. 50 part A (2024) 30175.
https://doi.org/10.1016/j.ceramint.2024.05.317

[37] E. Kadri, K. Dhahri, R. Barillé, M. Rasheed. Phase Transi. 94 (2021) 65.
https://doi.org/10.1080/01411594.2020.1832224

[38] F. Boudou, A. Belakredar, A. Berkane, M. Rasheed. Not. Sci. Biol. 17 (2025) 12183.
https://doi.org/10.55779/nsb17212183

[39] F. Boudou, A. Guendouzi, A. Belkredar. M. Rasheed, Not. Sci. Biol. 16 (2024) 13837.
https://doi.org/10.55779/nsb16211837

[40] F. Boudou, et al., Not. Sci. Biol. 17 (2025) 12593. https://doi.org/10.55779/nsb17312593

[41] H. K. Aity, E. Dhahri, M. Rasheed. Ceram. Int. 50 (2024) part B 54666.
https://doi.org/10.1016/j.ceramint.2024.10.324

[42] 1. Alshalal, H. M. 1. Al-Zuhairi, A. A. Abtan, M. Rasheed, M. K. Asmail. J. Mech. Behav.
Mater. 32 (2023) 1. https://doi.org/10.1515/jmbm-2022-0280

[43] ILM. Mohammed, M. Rasheed, AIP Conf. Proc. 3321 (2025) 020026.
https://doi.org/10.1063/5.0289719

[44] M. Enneffatia, M. Rasheed, B. Louati, K. Guidara, S. Shihab, R. Barill¢, J. Phys.: Conf. Ser.
1795 (2021) 012050. https://doi.org/10.1088/1742-6596/1795/1/012050

[45] M. Rasheedet al., J. Phys.: Conf. Ser. 1999 (2021) 012080. https://doi.org/10.1088/1742-
6596/1999/1/012080

[46] M. Rasheed, et al., J. Adv. Biotechnol. Exp. Ther. 6 (2023) 495.
https://doi.org/10.5455/jabet.2023.d144

[47] M. Rasheed, 1. Alshalal, A.A. Ashed, M.A. Sarhan, A.S. Jaber, Indones. J. Electr. Eng.
Comput. Sci. 33 (2024) 653. https://doi.org/10.11591/ijeecs.v33.i1.pp653-660

[48] M. Rasheed, M. Nuhad Al-Darraji, S. Shihab, A. Rashid, T. Rashid. J. Phys.: Conf. Ser. 1963
(2021) 012058. https://doi.org/10.1088/1742-6596/1963/1/012058

[49] M. Rasheed, M.N. Al-Darraji, S. Shihab, A. Rashid, T. Rashid, J. Phys.: Conf. Ser. 1963
(2021) 012059. https://doi.org/10.1088/1742-6596/1963/1/012059

[50] M. Rasheed, O. Alabdali, S. Shihab, A. Rashid, T. Rashid, J. Phys.: Conf. Ser. 1999 (2021)
012078. https://doi.org/10.1088/1742-6596/1999/1/012078

[51] M. Rasheed, O.Y. Mohammed, S. Shihab, A. Al-Adili, J. Phys.: Conf. Ser. 1795 (2021)
012043. https://doi.org/10.1088/1742-6596/1795/1/012043

[52] M. Rasheed, S. Shihab, O. Alabdali, A. Rashid, T. Rashid, J. Phys.: Conf. Ser. 1999 (2021)
012077. https://doi.org/10.1088/1742-6596/1999/1/012077



https://doi.org/10.1080/21565562.2014.979099
https://doi.org/10.21303/2461-4262.2023.002770
https://doi.org/10.1016/j.ceramint.2023.07.275
https://doi.org/10.1016/j.matchemphys.2024.129757
https://doi.org/10.1007/s11082-022-04161-1
https://doi.org/10.1007/s11082-022-04161-1
https://doi.org/10.1016/j.ceramint.2024.05.317
https://doi.org/10.1080/01411594.2020.1832224
https://doi.org/10.55779/nsb17212183
https://doi.org/10.55779/nsb16211837
https://doi.org/10.55779/nsb17312593
https://doi.org/10.1016/j.ceramint.2024.10.324
https://doi.org/10.1515/jmbm-2022-0280
https://doi.org/10.5455/jabet.2023.d144
https://doi.org/10.11591/ijeecs.v33.i1.pp653-660
https://doi.org/10.1088/1742-6596/1963/1/012058

Exp. Theo. NANOTECHNOLOGY 10 (2026) 821-834

[53] M. Sellam, M. Rasheed, S. Azizi, T. Saidani. Ceram. Int. 50 (2024) 20917.
https://doi.org/10.1016/j.ceramint.2024.03.094

[54] N. Assoudi et al. Opt. Quant. Electron. 54 (2022) 9. https://doi.org/10.1007/s11082-022-03927-
X

[S5] O. Alabdali, S. Shihab, M. Rasheed, T. Rashid. 3™ inter. Scient. conf. alkafeel univ. (ISCKU
2021) 2386 (2022) 050019. https://doi.org/10.1063/5.0066860

[56] R. Jalal, S. Shihab, M.A. Alhadi, M. Rasheed, J. Phys.: Conf. Ser. 1660 (2020) 012090.
https://doi.org/10.1088/1742-6596/1660/1/012090

[57] R.S. Mahmood et al. J. Mech. Behav. Mater. 34 (2025) 1. https://doi.org/10.1515/jmbm-2025-
0040

[58] S. Shihab, M. Rasheed, O. Alabdali, A.A. Abdulrahman, J. Phys.: Conf. Ser. 1879 (2021)
022120. https://doi.org/10.1088/1742-6596/1879/2/022120

[59] T. Rashid, M. M. Mokji, M. Rasheed. J. Optics 54 (2024) 3490.
https://doi.org/10.1007/s12596-024-02080-w

[60] M. RASHEED, A. Khaleefah, Materials Chemistry and Physics, 353 (2026) 132112.
https://doi.org/10.1016/j.matchemphys.2026.132112.

[61] A. A. Hateef, E. Dhahri, M. Rasheed, H. Kadhim, Z. Abbas, N. Hassan, Physics and Chemistry
of Solid State, 25 (2024) 801. https://doi.org/10.15330/pcss.25.4.801-810.

[62] A. Boumezoued, K. Guergouri, Régis Barill¢, Rechem Djamil, Mourad Zaabat, M. Rasheed, J.
Alloys Compd. 791 (2019) 550. https://doi.org/10.1016/j.jallcom.2019.03.251.

[63] A. Raghdi, M. Heraiz, M. Rasheed, A. Keziz, Journal of the Indian Chemical Society, 101
(2024) 101413. https://doi.org/10.1016/j.jics.2024.101413.

[64] M. Rasheed, M. N. Mohammedali, F. A. Sadiq, M. A. Sarhan, T. Saidani. J. Optics (New
Delhi. Print) 54 (2024) 3490. https://doi.org/10.1007/s12596-024-01928-5

[65] T. Saidani, M. Rasheed, I. Alshalal, A.A. Rashed, M.A. Sarhan, R. Barill¢, Res. Eng. Struct.
Mater. 10 (2024) 743. http://dx.doi.org/10.17515/resm2023.2 1ma0922rs

[66] H. K. Aity, M. Rasheed, E. Dhahri, A. A. Hateef, T. Saidani, Journal of Materials Science, 61
(2026) 6226. https://doi.org/10.1007/s10853-026-12241-w.

[67] S. S. Batros, M. Rasheed, H. K. Aity, A. A. Hatef, T. Saidani, Materials Chemistry and
Physics, 355 (2026) 132243. https://doi.org/10.1016/j.matchemphys.2026.132243.

[68] A.IL A.Ali, M. RASHEED, Experimental and Theoretical NANOTECHNOLOGY, 10 (2026)
277. https://doi.org/10.56053/10.s.277.

[69] T. Rashid, M.M. Mokji, M. Rasheed, J. Mech. Behav. Mater. 34 (2025) 77.
https://doi.org/10.1515/jmbm-2025-0074

[70] A.J. Hussein, M.N. Al-Darraji, M. Rasheed, M.A. Sarhan, IOP Conf. Ser.: Earth Environ. Sci.
1262 (2023) 022007. https://doi.org/ 10.1088/1755-1315/1262/2/022007

[71]  A.J. Hussein, M.N. Al-Darraji, M. Rasheed, M.A. Sarhan, IOP Conf. Ser.: Earth Environ. Sci.
1262 (2023) 022005. https://doi.org/10.1088/1755-1315/1262/2/022005

[72] M. Rasheed, O. Alabdali, S. Shihab, J. Phy.: Conf. Ser. 1879 (2021) 032120.
https://doi.org/10.1088/1742-6596/1879/3/032120

[73] N. Ben Azaza et al., Opt. Mater., 96 (2019) 109328.
https://doi.org/10.1016/j.optmat.2019.109328

[74] M. Rasheed, R. Barillé, J. Non-Cryst. Solids., 476 (2017) 1.
https://doi.org/10.1016/j.jnoncrysol.2017.04.027

[75] M. Rasheed, R. Barill¢, Opt. Quantum Electron. 49 (2017). https://doi.org/10.1007/s11082-
017-1030-7

[76] F. Dkhilalli, S. M. Borchani, M. Rasheed, R. Barille, K. Guidara, M. Megdiche, J. Mater. Sci.
Mater. Electron, 29 (2018) 6297. https://doi.org/10.1007/s10854-018-8609-z



https://doi.org/10.1016/j.ceramint.2024.03.094
https://doi.org/10.1007/s11082-022-03927-x
https://doi.org/10.1007/s11082-022-03927-x
https://doi.org/10.1063/5.0066860
https://doi.org/10.1515/jmbm-2025-0040
https://doi.org/10.1515/jmbm-2025-0040
https://doi.org/10.1007/s12596-024-02080-w
https://doi.org/10.1016/j.matchemphys.2026.132112
https://doi.org/10.15330/pcss.25.4.801-810
https://doi.org/10.1016/j.jallcom.2019.03.251
https://doi.org/10.1016/j.jics.2024.101413
https://doi.org/10.1007/s12596-024-01928-5
http://dx.doi.org/10.17515/resm2023.21ma0922rs
https://doi.org/10.1007/s10853-026-12241-w
https://doi.org/10.1016/j.matchemphys.2026.132243
https://doi.org/10.56053/10.s.277
https://doi.org/10.1515/jmbm-2025-0074?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1088/1755-1315/1262/2/022005?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1088/1742-6596/1879/3/032120
https://doi.org/10.1016/j.optmat.2019.109328
https://doi.org/10.1016/j.jnoncrysol.2017.04.027
https://doi.org/10.1007/s11082-017-1030-7
https://doi.org/10.1007/s11082-017-1030-7
https://doi.org/10.1007/s10854-018-8609-z

Exp. Theo. NANOTECHNOLOGY 10 (2026) 821-834

[77] T. Saidani, S. Mokhtari, M. Rasheed, H. Lahmar, M. Trari, Journal of the Indian Chemical
Society, 103 (2026) 102499. https://doi.org/10.1016/].Jics.2026.102499

[78] M. A. Sarhan, S. Shihab, B. E. Kashem, M. Rasheed, J. Phy.: Conf. Ser., 1879 (2021) 022122.
https://doi.org/10.1088/1742-6596/1879/2/022122

[79] M. Rasheed, SuhaShihab, O. Alabdali, H. H. Hassan, J. Phys. Conf. Ser., 1879 (2021) 032113.
https://doi.org/10.1088/1742-6596/1879/3/032113

[80] M. M. Najim, B. A. Yousif, M. RASHEED, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 551. https://doi.org/10.56053/10.2.551

[81] M. M. Najim, B. A. Yousif, M. RASHEED, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 627. https://doi.org/10.56053/10.2.627

[82] A. R.J. Katae, H. H. Hussein, A. S. Jaber, M. A. Sarhan, M. RASHEED, Experimental and
Theoretical NANOTECHNOLOGY, 10 (2026) 357. https://doi.org/10.56053/10.5.357

[83] A. R.J. Katae, H. H. Hussein, A. S. Jaber, M. A. Sarhan, M. RASHEED, Experimental and
Theoretical NANOTECHNOLOGY, 10 (2026) 795. https://doi.org/10.56053/10.2.795

[84] A. Khaleefah, M. RASHEED, Experimental and Theoretical NANOTECHNOLOGY, 10
(2026) 289. https://doi.org/10.56053/10.5.289

[85] Z. S. Ahmed, M. RASHEED, H. S. Ahmed, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 329. https://doi.org/10.56053/10.5.329

[86] Z. S. Ahmed, M. RASHEED, H. S. Ahmed, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 343. https://doi.org/10.56053/10.5.343

[87] A. L A. Ali, M. RASHEED, Experimental and Theoretical NANOTECHNOLOGY, 10 (2026)
239. https://doi.org/10.56053/10.5.239

[88] E. Arif, R. Jamal, M. RASHEED, Experimental and Theoretical NANOTECHNOLOGY, 10
(2026) 453. https://doi.org/10.56053/10.2.453

© 2026 The Authors. Published by LPCMA (https://etnano.com). This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



https://doi.org/10.1016/j.jics.2026.102499
https://doi.org/10.1088/1742-6596/1879/2/022122
https://doi.org/10.1088/1742-6596/1879/3/032113
https://doi.org/10.56053/10.2.551
https://doi.org/10.56053/10.2.627
https://doi.org/10.56053/10.s.357
https://doi.org/10.56053/10.2.795
https://doi.org/10.56053/10.s.289
https://doi.org/10.56053/10.s.329
https://doi.org/10.56053/10.s.343
https://doi.org/10.56053/10.s.239
https://doi.org/10.56053/10.2.453
https://etnano.com/
http://creativecommons.org/licenses/by/4.0/

