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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash Despite the widespread use of silver nanoparticles (NPs), these NPs can accumulate and have toxic effects on
various organs. However, the effects of silver nanostructures (Ag-NS) with alginate coating on the male repro-

Keywords: ductive system have not been studied. Therefore, this study aimed to investigate the impacts of this NS on sperm

Nanostructures function and testicular structure. After the synthesis and characterization of Ag-NS, the animals were divided into

Semen analysis five groups (n = 8), including one control group, two sham groups (received 1.5 mg/kg/day alginate solution for

iﬁ?:;;:lgsy 14 and 35 days), and two treatment groups (received Ag-NS at the same dose and time). Following injections,
Fertilization sperm parameters, apoptosis, and autophagy were analyzed by the TUNEL assay and measurement of the mRNA

expression of Bax, Bcl-2, caspase-3, LC3, and Beclin-1. Fertilization rate was assessed by in vitro fertilization (IVF),
and testicular structure was analyzed using the TUNEL assay and hematoxylin and eosin (H&E) staining. The
results showed that the NS was rod-shaped, had a size of about 60 nm, and could reduce sperm function and
fertility. Gene expression results demonstrated an increase in the apoptotic markers and a decrease in autophagy
markers, indicating apoptotic cell death. Moreover, Ag-NS invaded testicular tissues, especially in the chronic
phase (35 days), resulting in tissue alteration and epithelium disintegration. The results suggest that sperm
parameters and fertility were affected. In addition, NS has negative influences on testicular tissues, causing
infertility in men exposed to these NS.

Testicular tissue
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1. Introduction

Spermatogenesis in mammals is a complicated developmental pro-
cess in the germinal epithelium of the testicular tubules and results in
the formation of haploid spermatozoa [1]. All steps of spermatogenesis,
including mitotic and meiotic divisions and spermiogenesis [2], require
coordinated interplay between Sertoli, germ, and Leydig cells [3]. Half
of the genome of the embryo is provided by the sperm, which contrib-
utes significantly to normal fertilization. In addition, studies have
demonstrated that approximately 60% of men with infertility problems
have damaged DNA and high sperm DNA fragmentation, leading to
decreased fertility rate and lower embryo quality [4]. Male infertility is a
severe health disorder worldwide [5], the rate of which has augmented
2-3 times in recent years compared to the 1960 s [6], and sperm count
and motility declined significantly during 1973-2011 [7]. This problem
can be caused by both genetic and environmental factors [5]. Studies
have shown that environmental pollutants play an important role in
these phenomena [6]. Sperm DNA fragmentation of infertile men is
significantly higher than fertile men [5].

Apoptosis is a conserved method of cell death with different
biochemical and genetic pathways that remove redundant cells and play
a vital role in the homeostasis of normal tissues [8,9]. This process is
crucial for the growth and proliferation of cells, development, and
well-being. Autoimmune disorders, cancer, and viral diseases might
result from defective or inhibited apoptosis. Therefore, studies related to
apoptosis aim to understand molecular and regulatory mechanisms,
especially Bcl-2 family proteins, which are the major regulatory groups
[10]. Autophagy is a protected catabolic process responsible for the
nonspecific destruction of long-lived proteins, waste products, and
damaged cellular components. This procedure occurs as part of daily
cellular activities in response to metabolic stress, hypoxia, or starvation
and is essential for maintaining normal cellular function in some dis-
eases, such as cancer [11]. Interaction between these two biological
processes allows these pathways to be regulated simultaneously [12].

Nanotechnology is concerned with the synthesis and use of particles
with a diameter of 1-100 nm, regarded as nanomaterials (NMs), which
are used to diagnose and treat diseases [13]. Precious metal nano-
particles (NPs) have received much attention and interest, and silver is
the most commonly used NP in many research areas [14]. Because of
their unique properties, the Ag-NPs are used in manufacturing consumer
and medical products. These applications include food containers, room
sprays, washing machines, toys, water filters, cosmetics, dental alloys,
wound dressings, implant surfaces, catheter coatings, and drug delivery
in cancer therapies [3,15]. Various methods produce NMs in various
shapes, such as spheres, cubes, branched structures, stars, ellipsoids,
wires, and rods [16,17]. Nano-rods (NRs) are nanoscale structures in
which one dimension is larger than the other, and their aspect ratio
(length/diameter) is less than 10. Among various nanostructures, silver
NRs have received special attention because of their incomparable
properties [17], enabling them to be used in various fields, namely
biological imaging, electronics, sensing, catalysis, drug delivery, and
cancer therapy [16]. Core-shell nanostructures (CSNs) consist of an
inner layer of one substance (Au core) and an outer layer of another
substance (Ag shell), forming a hybrid structure [18]. Careful shell se-
lection improves the properties of nanostructures, such as electrical,
optical, and magnetic properties, functionality, dispersibility, and sta-
bility [19,20]. Some important applications of core/shell nanostructures
are catalysis [21,22], cell labeling [23], targeted and controlled drug
release [24], bioimaging [25], and tissue engineering [24].

The increasing use of NMs leads to augmented human exposure,
which necessitates a thorough analysis of their potential toxicity and the
identification of their biological interactions [17]. According to the
literature, people may be exposed to Ag NPs via oral ingestion (food,
water, and drugs), skin contact, bloodstream (drug delivery devices),
and inhalation [3,26]. Ag NPs reduce cell viability by promoting reac-
tive oxygen species production (ROS), DNA damage, increased
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mitochondrial membrane permeability, and cell apoptosis [27]. Despite
the superior properties of anisotropic silver NPs over spherical particles,
it is essential to evaluate the biocompatibility and toxicity of the
anisotropic Ag NPs [28]. One strategy used by researchers to modify the
chemical and physical properties and improve the biocompatibility of
NM is using chitosan, gelatin, sodium alginate, and other polymeric
materials [17].

Most research has investigated the effect of spherical silver NPs on
the male reproductive system. No study focused on silver NRs and their
impacts on male mice. Therefore, the aim of the present study was to
investigate the toxicity of Au@Ag core-shell NRs with a biocompatible
coating (alginate) on sperm parameters. In addition, the effect of Ag NRs
over different periods (14 and 35 days) on the expression of apoptotic
and autophagy markers was studied, and the fertilization rate was
assessed by IVF.

2. Materials and methods
2.1. Reagents

Tetrachloroauric acid trihydrate (HAuCl40.3 H20, 99.9% trace metal
basis) and ascorbic acid (AA, >99.7%) were obtained from Sigma-
Aldrich (USA). Silver nitrate (AgNO3, >99.8%), sodium borohydride
(NaBHg4, 99.99%), cetyltrimethylammonium bromide (CTAB, 99.9%),
sodium hydroxide (NaOH, 97%), and sulphuric acid (H2SO4) were
purchased from Merck (Germany). All chemicals were used without
additional purification. All containers were washed with aqua regia
(HCI/HNOs3, volume ratio 3:1) and distilled water (DW).

2.2. Synthesis of nanostructure

Au-NRs were produced using the seed-mediated growth method
based on a previous report [29].

2.2.1. Gold seed solution

A volume of 0.1 ml of ice-cold NaBH4 solution (0.01 M), as a
reducing agent, was added to 0.0417 ml of HAuCl4 (0.5 mM) and 1.25
ml of CTAB solutions (0.2 M) with vigorous stirring. After 2 min, a
brownish-yellow solution was obtained and stored at room temperature
for 5-6 h.

2.2.2. Gold growth solution

An aqueous solution containing 500 ml of CTAB (0.2 M) was pre-
pared. Afterwards, 25 ml of HAuCl, (0.001 M), 4.5 ml of AgNO3 (0.004
M, fresh), 10 ml of H5SO4 (0.5 M), 4 ml of ascorbic acid (0.0788 M,
fresh), and 1.25 ml of seed solution were added under stirring. The so-
lution was kept at 30 °C in all experiments and was used after 12 h.
When ascorbic acid was added as a weak reducing agent, a change was
observed in the color of the solution from dark yellow to colorless. The
color of the prepared solution changed slowly and became after 10-20
min

2.2.3. Silver shell

In order to generate the silver shell on the surface of Au NRs, the
synthesized Au NRs were centrifuged twice (12,000 rpm, 10 min), and
the supernatant was removed. Next, 30 ml of Au NRs, 1.95 ml of AgNO3
(0.01 M), 3 ml of ascorbic acid (0.1 M), and 0.3 ml of NaOH (1 M) were
added to 90 ml of CTAB solution (0.1 M). In this step, the solution color
varies depending on the concentration of silver (light gray, green, blue-
green, or purple). In the present study, the solution was green.

2.2.4. Alginate coating

The Au@Ag core-shell NR solution was centrifuged at 6000 rpm for
10 min. After removing the supernatant, alginate solution 1% (0.25 g
alginate+25 ml DW) was added to the resulting precipitate and was
resuspended by sonication. This procedure (centrifugation, addition,



M. Nazari et al.

and sonication) was repeated, and the final solution was used for
injection.

2.3. Nanostructure characterization

A HACH (UK) UV-visible spectrophotometer was used to record the
UV-visible absorption of Au NR, Au@Ag core-shell NR, and Au@Ag
core-shell NR with alginate coating in the wavelength range of 300-900
nm. Fourier transform infrared spectroscopy (FTIR) (PerkinElmer,
Frontier, USA) confirmed the change in surface nanostructure coating
from CTAB to alginate in the range of 400-4000 cm’. A Philips PW1730
(Netherlands) X-ray diffractometer with Ka (A = 1.54059 nm wave-
length) in the 2e range of 20°— 90° was applied to record the X-ray
diffraction (XRD) patterns of the nanostructures.

The size distribution and shape of the core-shell nanostructure, as
well as the thickness of the silver shell, were measured by high-
resolution transmission electron microscopy (HR-TEM) using a 200 KV
HR-TEM (TECNAL F20, FEI, USA). Hydrodynamic particle size and zeta
potential were determined by dynamic light scattering (DLS, NANO-flex,
Germany). The Inductively coupled plasma mass spectrometry (ICP-MS,
Varian - 573 Radial) was utilized to determine the concentration of
silver in the nanostructure solution. Afterwards, 25 ml of the silver so-
lution was centrifuged at 6000 rpm for 10 min. After removing the su-
pernatant, 1 cc of aqua regia and then 29 ml of DW were added to the
precipitate. The final clear solution (30 ml) was used to determine the
concentration.

2.4. Animal groups and experimental design

A total of 40 adult male Naval Medical Research Institute (NMRI)
mice aged 5 weeks and weighing 25-30 g were studied. The mice were
purchased from the Centre of Experimental and Comparative Studies,
Iran University of Medical Sciences, Iran, and all experiments were
performed according to the National Institutes of Health (NIH) guide-
lines and were approved by the Animal Ethics Committee of Iran Uni-
versity of Medical Sciences, Tehran, Iran (IR.IUMS.FMD.
REC.1398.433). The animals were kept in clean cages during the
experiment under controlled light (12 h light, 12 h dark) with controlled
temperature (22-25 °C) and free access to water and food.

The mice were randomly divided into five groups of eight subjects.
One control group received no substances during the experiment. Two
sham groups received alginate solution at a 1.5 mg/kg/day dose via
intraperitoneal injection for 14 (Al 14) and 35 (Al 35) days, and two
treatment groups were treated with nanostructure solution at the same
dose and time point (Ag 14 and Ag 35). The mice were sacrificed one day
after the last treatment. The cauda epididymis and testes were removed
from each animal and were used for the following experiments (Fig. 1).

Control
n=8

Ag 14
n=8

Ag35
n=8§

Testis Tissue

Cauda Epididymis

(sperm)
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2.5. Sperm parameters

The cauda epididymis was cut off at the lower pole of the testis and
was placed in 1 ml of Ham’s F10 culture medium (Bioidea, Iran). Ham’s
F10 medium containing 10% bovine serum albumin (BSA) should be
incubated at 37 °C and 5% CO2 pressure for at least 4 h before collec-
tion. Next, the dishes were incubated with the sperm suspension for
15 min to make the sperm swim out. Count (106/m1), motility (%),
viability (%), and morphology (%) were assessed for 200 spermatozoa
according to the guidelines of the World Health Organization [30].
Briefly, count and motility were determined using a hemocytometer.
Samples were analyzed with a light microscope (x40 magnification),
and ten lamellar fields were examined. Based on the instructions of
WHO, spermatozoa were divided into progressive motile,
non-progressive motile (total motility expressed as a percentage), and
immotile [31,32].

Eosin and Papanicolaou stains were used to evaluate sperm viability
and morphology, respectively [33].

2.6. Isolation of RNA, synthesis of cDNA, and q RT-PCR

The expression of apoptosis (Bax, Bcl-2, and Caspase-3) and auto-
phagy (Beclin-1 and LC3) genes were assessed by real-time PCR. To
achieve this purpose, total RNA in spermatozoa was extracted by TRIzol
(Millipore Sigma, Sigma-Aldrich, USA) and chloroform. RNA concen-
tration and purity were measured using the Nano-Drop instrument
(Thermo Fisher Scientific Inc., Wilmington, USA) at the optical density
(OD) of 260/280 nm and were transcribed into complementary DNA
(cDNA) using a cDNA synthesis kit (Fermentas Kit, Thermo Fisher Sci-
entific, USA). The synthesized cDNA was used to perform q RT-PCR
(Corbett RESEARCH, Australia) with specific primers. The final vol-
ume of 10 pl contained 5 pmol of specific forward primer, 5 pmol of
specific reverse primer, 250 ng of synthesized cDNA, and SYBR Green/
ROX dye solution (25:1 vol ratio). Normalization of mRNA levels was
conducted by the g-actin expression level, and the 222t method was
used for data analysis [34]. The used primer sequences are listed in
Table 1.

2.7. TUNEL assay

The TUNEL assay was performed to detect spermatozoa apoptosis.
Tunnel staining is based on the ability of the enzyme terminal deoxy-
nucleotidyl transferase to introduce labeled dUTP (deoxyuridine
triphosphate) to the free end of 3 “hydroxyl [35]. First, sperm smears
were fixed with paraformaldehyde 4% in phosphate-buffered saline
(PBS) at pH= 7.4 and 15-25 °C for 20 min. Next, the slides were washed
and incubated with PBS (30 min) and blocking solution, respectively.
After rinsing with PBS, the cells were incubated for 1 h in a dark, humid

Fig. 1. Study design. Five groups of 8 mice
each participated in the study. The first group
received no material and served as a control
group. The second and third groups received
1.5 mg/kg/day alginate solution (Al) for 14 and
35 days, respectively, and served as sham
groups. The fourth and fifth groups received Ag
nanostructure solution (Ag) at the same dose
and for the same time and served as treated
groups. One day after the last injection, the
mice were sacrificed and the cauda epididymis
of each mouse was collected for sperm analysis,
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evaluation of gene expression, apoptosis, and
fertilization rate. Testicular tissue was also
collected for apoptosis and histopathological
studies. TGA: Thermal gravimetric analysis;
IVF: In vitro fertilization.



M. Nazari et al.

Table 1
Primer sequences used in Real-time PCR.
Gene Sequence (5’ — 3) Length Tm  PCR product
size (bp)

p-actin Forward: 20 58 90
CAAGATCATTGCTCCTCCTG 19 57
Reverse:
ATCCACATCTGCTGGAAGG

Bax Forward: 20 58 118
AGGATGATTGCTGACGTGGA 22 62
Reverse:
CAAAGTAGAAGAGGGCAACCAC

Bcl-2 Forward: 22 62 104
GGTGCTCTTGAGATCTCTGGTT 22 62
Reverse:
AGGTGGAGGAAAAATCAGGAGG

Caspase3 Forward: 21 59 97
AGGCTGACTTCCTGTATGCTT 20 58
Reverse:
ATGCTGCAAAGGGACTGGAT

Beclin-1 Forward: 22 60 106
TTTTAGACCAGCTGGACACTCA 23 61
Reverse:
TGCTCACTGTCATCCTCATTCAT

Map Forward: 22 62 70

1lc3b GACGGCTTCCTGTACATGGTTT 22 62

Reverse:

TGGAGTCTTACACAGCCATTGC

environment with a 50 pl TUNEL mixture. Finally, slides were washed
with PBS and were viewed after mounting with a fluorescence micro-
scope (Olympus Co., Tokyo, Japan) at x 100 magnification [36]. Sper-
matozoa with light and pale green colors are considered TUNEL-positive
(DNA fragmentation) and -negative (normal), respectively.

2.8. Invitro fertilization

2.8.1. Follicular stimulation and oocytes collection

On the first day, the superovulation of female mice aged 4-5weeks
old was carried out by injecting 5 IU of pregnant mare serum gonado-
tropin (PMSG, Folligon, Netherlands) intra-peritoneally at about
6-7 pm. After 48 h, 5 IU of human chorionic gonadotropin (hCG, Darou
Pakhsh, Iran) was injected. After 15-17 h, the mice were sacrificed
under anesthesia, the fallopian tubes of each side were removed, and the
oocytes with cumulus oophorus were transferred to the IVF Medium
under mineral oil [37].

2.8.2. Sperm preparation

For sperm preparation, mouse cauda epididymis were dissected, cut,
and placed in Ham’s F10 medium /10% BSA. The Petri dishes were
incubated at 37 °C for 15 min to swim out the sperm. The sperm sus-
pension was then centrifuged at 3000 rpm for 5 min, and the resulting
pellet was resuspended in 0.5 ml of Ham’s F10/BSA medium and incu-
bated at 37 °C for 1 h for capacitation [38].

2.8.3. Fertilization

For each mouse, 15 oocytes (total number of oocytes = 225) were
placed in 50 pl drops of IVF medium (each drop contained three oo-
cytes). One million spermatozoa were inseminated into each drop, and
the Petri dishes were incubated for approximately 6 h. Fertility success
was determined by stereomicroscopy and observation of the pronucleus
[371.

2.9. Thermal gravimetric analysis (TGA)

Thermogravimetric analysis (Q600, TA, USA) was performed to
confirm the nanostructures’ penetration into the testicular tissue. The
left testis of each animal was heated at a heating rate of 10 °C/min under
N2 (25-800 °C).
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2.10. Testes tissue histological evaluation and TUNEL assay

The right testes of the animals were immediately fixed in Bouin so-
lution for 72 h. After processing and embedding in paraffin wax, 5 um
sections were made using a microtome (Didsabz, DS8402, Iran) and
stained with hematoxylin and eosin [13,39]. After preparing 5 pm of
paraffin sections, deparaffinizing, and dehydrating, the remaining steps
were performed according to the protocol of the Kit (Roche, Germany).
Samples were incubated with PBS (20 min at room temperature),
blocking solution (H202 3% in methanol for 10 min at room tempera-
ture), permeabilization solution (DW + Triton + sodium citrate, 15 min
at 2-8 °C), and TUNEL mixture (this solution is prepared according to
the protocol of the kit in a dark and humid environment during 1 h).
Differential staining of nuclei with Propidium Iodide (PI) was also per-
formed. Slides were examined using a fluorescence microscope
(Olympus Co., Tokyo, Japan) with a green filter at x 40 magnification.

2.11. Data analysis

The data were analyzed using GraphPad Prism software version 8.0.
The normality of the data was assessed by the Kolmogorov-Smirnov test,
and then one- and two-way analysis of variance (ANOVA) and Tukey’s
post-hoc test were used to detect significant differences between vari-
ables and groups. Fertilization rate analysis was performed using the
chi-square test. The results are expressed as mean =+ standard deviation
(SD), and P-value < 0.05 was considered significant.

3. Results
3.1. Characterization of nanostructure

After each synthesis step, the shape of the resulting NM was
confirmed with UV-Vis. The UV-Vis absorption spectra for Au NRs,
Au@Ag NRs, and Au@Ag NRs with alginate coating are shown in
Fig. 2A. According to this figure, the Au NRs have an intense absorption
peak at 841 nm and a less intense peak at 514 nm. The addition of a
silver coat results in a redshift and a decrease in the intensity of the
peaks, with two peaks indicated at 627 and 486 nm. After the surface
was coated with alginate, the intensity of peaks declined sharply at the
same wavelengths as before.

To identify the functional groups of the nanostructure, FT-IR spec-
troscopy was used before and after alginate coating. Fig. 2B presents the
results of this analysis. In the diagram demonstrating CTAB, the
observed peaks at 3016 cm™ represent the N-H stretching band of the
trimethylammonium head group of CTAB. Moreover, the peaks at 2918
and 2849 cm! are related to the C-H stretching band. The peaks at 1737,
1487, and 1396 cm™ are related to the N-H band of the head group of
CTAB, C-H stretching band, and the C-H bending band, respectively. The
alginate diagram shows that the detected bands at 2924 cm! correspond
to the CH -anomer, at 1591 cm™ to the asymmetric -COO- group, at
1401 cm™! to the symmetric -COO- group, at 1088 cm™! to the O-C-O ring
group, and 770 cm™ to the guluronic acid residues in the alginate
structure.

The XRD spectral pattern of the obtained nanostructures is depicted
in Fig. 2C. This pattern demonstrates sharp peaks at 2e= 38.49, 44.84,
64.94, and 78.24, which is a reason for the successful synthesis of the
nanostructure. Structural analysis revealed that the mentioned peaks are
related to the crystal plates (111), (200), (220), and (311), respectively,
which correspond to the structural plates of the cubic crystals of the
silver face center (Bragg reflections). Peak (111) is more intense than the
other peaks, showing that the crystal plates of silver NPs tend to form in
this direction.

High-resolution transmission electron microscopy images, shown in
Fig. 3A- C, indicate a rod-like nanostructure and a silver coating of about
2.8 nm thickness on gold NRs. The nanostructures are uniform with a
suitable rod-core-shell structure. Their length, diameter, and aspect
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Fig. 2. Characterization of nanostructure. (A) UV-visible spectra of Au NRs, Au@Ag NRs, and Au@Ag NRs with alginate coating. (B) FTIR spectra of Au@Ag NRs
with CTAB and Au@Ag NRs with alginate coating. (C) XRD analysis of Au@Ag NRs.

ratio are 50-60, 25, and 2.4 nm, respectively. Dynamic light scattering
was performed to determine the nanostructures’ hydrodynamic size,
which yielded approximately 70 nm, consistent with the results ob-
tained by TEM (Fig. 3D). The mean of zeta potential of Au@Ag NS with
CTAB and Au@Ag NS with alginate coating was measured to be +62.13
+1.87 mV and -62.53 + 1.30 mV, respectively (Fig. 3E). The mean of Ag
concentration in the final solution was determined to be 3.27 mg/1 by
the MMS-01 method.

3.2. Sperm parameters

The study of sperm count showed a significant decrease in free sperm
in the groups treated with silver nanostructures (14 and 35 days)
compared to the other groups. This decrease was accompanied by an
increase in sperm aggregation (Fig. 4B-C). Therefore, a significant
decrease in sperm count was observed when free sperm were investi-
gated in the treated groups and compared with the control
(*P < 0.0001) and alginate (#P < 0.0001) groups (Fig. 4A).

It should be noted that the number of progressive sperm and Total
motility (progressive and non-progressive sperm) were significantly
reduced in the treatment groups compared with the control
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(*P < 0.0001) and sham (#P < 0.0001) groups (Fig. 5A-B).

A significant decrease in sperm viability was evident in the treated
groups compared with control (*P <0.0001) and alginate
(#P < 0.0001) groups (Fig. 6), there were also statistically significant
differences between Ag 14 and 35 and the other groups in the
morphological parameters, especially in the coiled tails (Fig. 7A-B).

3.3. Gene expression

Assessment of mRNA levels of apoptotic genes showed a significant
increase in Bax (between Ag35, control, and sham groups)
(*P = 0.0160) and caspase-3 (between Ag35, Agl4, and other groups)
(*P < 0.0001 for the control group and #P < 0.0001 for the alginate
groups) and a significant decrease in Bcl-2 in the Ag 14 and Ag 35 groups
versus the control (*P < 0.0001) and sham (#P < 0.0001) groups. There
are no significant differences between the two treatment groups
(Fig. 8A-C). The mRNA levels of LC3 and Beclin-1 genes (autophagic
markers) significantly decreased in Agl4 and Ag35 groups compared
with control (*P < 0.0001) and alginate groups (#P < 0.0001), as
shown in Fig. 8D-E, respectively.
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Fig. 3. Characterization of nanostructure. (A-C) High-resolution TEM images with different magnifications. The arrows indicate the silver shell. (D) Dynamic light
scattering (DLS) diagram of nanostructure with PdI: 2.715. (E) The zeta potential of Au@Ag NRs with CTAB and Au@Ag NRs with alginate coating.
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Fig. 4. The effect of nanostructure on sperm count in the studied groups. (A)Comparison of sperm count in the Ag, sham and control groups. Vast sperm aggregation
observed under the microscope (B) without staining (x40) and (C) with Papanicolaou staining (x10). All results were expressed as mean + SD (n = 8). The * stands
for the values against the control group and # stands for the values against the sham groups. The * ** * and #### show P < 0.0001.

3.4. Sperm TUNEL assay results (Fig. 9).

Qualitative evaluation of the sperm TUNEL assay showed an increase
in light green sperm cells, termed TUNEL positive, in the treated groups 3.5. Fertilization rate

compared to the other groups, confirming the apoptotic gene expression
Due to the strong sperm aggregation and reduced motility in the
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Fig. 5. The effect of nanostructure on sperm motility in the studied groups. (A) Comparison of the different types of motility in the experimental groups. (B) Total
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Fig. 6. Comparison of sperm viability in the studied groups. All results were
expressed as mean + SD (n = 8). The * represents the values compared with the
control group and the # represents the values compared with the sham groups.
The * ** * and #### show P < 0.0001.

treated groups, the fertilization rate differed significantly between these
groups and the control (*P < 0.0001) and sham (#P < 0.0001) groups.
(Fig. 10A-C).

3.6. Thermal gravimetric analysis

Fig. 11A-B show the weight loss of testes in the Ag 14 and Ag 35
groups, respectively. The body tissue contains organic materials that
disperse at high temperatures. Diagram B demonstrates that the weight
of the testes decreases rapidly due to water evaporation, shrinks at
100 °C to half, and then stagnates. This weight stability remains con-
stant with an increase in temperature, indicating the presence of a
mineral in the tissue. Although diagram A follows the same pattern, the
slope of the diagram is sharper due to less penetration of silver into the
tissue, and only about 20% of the sample weight remains up to 100 °C.

3.7. Testes tissue histological and TUNEL studies

Evaluation of tissue sections in sham and control groups showed the
normal structure of seminiferous tubules and interstitial connective
tissue. The integrated germinal epithelium, including spermatogonia
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* P < 0.0001compared with control group and #### P < 0.0001 compared with sham groups.

(dark and close to the basement membrane), spermatocytes (primary
and secondary), and spermatids (early, intermediate, and late), is
located on the basement membrane, and the large and euchromatic
nuclei of Sertoli cells can be observed. There are mature spermatozoa
also in the lumen of the tubules. Leydig cells with large round nuclei and
eosinophilic cytoplasm are located in the dense interstitial connective
tissue (Fig. 12A-C). These findings indicate the normal distribution of
cells in the testicular tissue of these groups. In the Ag 14 group, cavities
were observed in the germinal epithelium and the interstitial tissue
(vacuolation) despite the integrity of the basement membrane. The
volume of interstitial connective tissue receded, while there was no
tendency for the rupture of the epithelium, and the epithelium remained
intact (Fig. 12D). In the Ag 35 group, the integrity of the epithelium and
basement membrane was not evident in numerous tubules, and the cells
of the germinal epithelium were separated from each other and the
Sertoli cells by vacuoles. The number of germ cells and Sertoli cells and
the thickness of the epithelium were lower than the control group. In
some of the seminiferous tubules, the entire epithelium collapsed into
the lumen of the tubes. More and larger cavities appeared in the inter-
stitial tissue, and Leydig cells lessened (Fig. 12E-F). The results of the
TUNEL assay showed a high rate of apoptotic cells in the lumen of
seminiferous tubules and interstitial tissue of Agl4 and Ag35 groups
compared to the sham and control groups (Fig. 13).

4. Discussion

Silver NPs have numerous advantages and applications in various
fields, including medicine. However, they can also be toxic to germ cells.
Studies have shown that the toxic effect of NPs depends on their size,
chemical compound, concentration, effector pathway, exposure dura-
tion, and oxidative stress induction as the most common toxicity
mechanism of NPs [40]. The range of the applications of NMs becomes
broader when two or more metals are included in a single nanostructure.
Among the bimetallic structures, Au@Ag core-shell NRs have better
surface-enhanced Raman scattering (SERS) performance, the same lat-
tice parameters, and the same surface energies (the surface energy of Ag
is somewhat lower) [41,42]. In addition, Au NRs can serve as excellent
carriers for forming silver shells [43]. No general study has evaluated
the distribution of Au@Ag core-shell NRs with alginate coating in
testicular tissue and their effects on sperm function. We investigated the
synthesis and impacts of these nanostructures on testicular tissue and
spermatozoa with this background in mind. One of the disadvantages of
this synthesis method is the use of toxic substances, such as CTAB, which



M. Nazari et al. Toxicology Reports 10 (2023) 104-116

L * * 1
I 1
A % B
=
—
* %
I *% l
92+ *% %
) —_—
1]
2
2 90
-9
-
=3
g
£ 88
e
“
4
£ 86
-
)
z
o
Lad T T T T T
> N ) > &
N < N A7
C'°¢<° = e W

Fig. 7. The effect of nanostructure on sperm morphology in the experimental groups. (A) Comparison of sperm morphology between groups. (B) Examination of
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Fig. 8. The impacts of nanostructures on mRNA expression levels of Bax, Bcl-2, caspase-3, LC3, and Beclin-1. (A, C) The expression of Bax and caspase-3 was
upregulated in the treatment groups and significantly increased compared with the other groups. (B) The expression of Bcl-2 decreased significantly in the Ag groups
compared with the other groups. The expression levels of LC3 (D) and Beclin-1 (E) Show a significant decrease in the Ag14 and Ag35 groups compared with the other

groups (n = 8) and p-actin was an internal control. *P < 0.05, * ** * P < 0.0001 compared with the control group and #### P < 0.0001 compared with the
sham groups.

can damage cells. Therefore, we used a biocompatible coating called mainly rod-shaped and have a core-shell structure. The particles are

alginate to synthesize the nanostructures. polydispersed (approximately 80% of the structures are rod-shaped, and
The results of characterizing the nanostructure showed that they are 20% are spherical), and DLS evaluations confirmed this with a
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Fig. 9. TUNEL assay in Ag 35 group. Spermatozoa with a light green color are
DNA fragmented (TUNEL") and in contrast, spermatozoa with a pale green
color are normal (TUNEL) (x100). scale bar = 20 pym.

polydispersity index of 2.715. The mean of zeta potential of the resulting
nanostructure before and after alginate coating changes from + 62.5 to
— 62.4, indicating the successful modification of the coating. According
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Fig. 10. The effect of nanostructures on fertilization rate in the groups. (A) There is a significant decrease in the treated groups compared to the control group (
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to UV-vis spectroscopy analysis, we should observe two peaks in NR
structures. The first peak is near the infrared region with low intensity
corresponding to the nanostructure diameter, and the second peak with
high intensity near the ultraviolet region indicates the structure length.
The optical absorption patterns of Au NRs, Au@Ag NRs, and Au@Ag
NRs with alginate coating are consistent with this pattern, and the
presence of two peaks in the UV nanostructure diagram demonstrates
rod synthesis.

In a male mouse, the entire process of spermatocyte development,
spermatid differentiation, and total spermatogenesis take about 14, 9,
and 35 days, respectively. Moreover, the additional time in the epidid-
ymis is about one week until disulfide bonds are formed between adja-
cent protamines in the chromatin structure [44,45]. Consequently, we
administered our injections to the mice for 2 and 5 weeks.

Sperms are specialized cells that provide half of the genetic material
for the next generation by transferring it to the oocyte. Semen quality is
considered an indicator of male fertility. Therefore, the evaluation of
sperm parameters (semen analysis) is critical in treating infertility [46,
47]. According to our findings, progressive motility, total motility,
sperm viability, count, and morphology were significantly lower than in
the other groups (P < 0.0001). It should be noted that most studies on
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P < 0.0001) and to the alginate group (#### P < 0.0001). (B) Control group. (C) Ag 35 group. All results were expressed as mean + SD (n = 8).
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Fig. 12. Photomicrographs of testicular tissue stained with hematoxylin and eosin in the experimental groups (control - A, A114 - B, A135 - C, Ag 14 - D, and Ag 35 -
E and F). (A-C) In the control and Al groups (x100), normal structure and organization of testicular tubules and interstitial tissue were observed. (D) In the Ag 14
group (x40), some cavities were observed in the germinal epithelium and interstitial tissue (arrows), but the basement membrane is intact. (E) In the Ag 35 group
(x100), the epithelium and basement membrane of numerous tubules are not intact, and cell separation of the germinal epithelium from each other and from Sertoli
cells was observed. The number of germ cells and Sertoli cells and the thickness of the epithelium were reduced. (F) A release of germ cells into the lumen of the
tubules was observed (x40). LP, Lamina propria; Sn, Sertoli cell nucleus; Sg, Spermatogonia; Sc, spermatocyte; Sp, spermatid; LC, Leydig cell. scale bars = 20 ym.

sperm parameters have been conducted with single metal NPs, such as
gold, titanium dioxide, zinc, silver, and selenium [48-52].

In line with our results, Moretti et al. and Wiwanitkit et al. found that
gold NPs and both gold and silver NPs reduced sperm motility in a dose-
dependent manner [52,53]. Pawar et al. and Santonastaso et al. have
also shown that titanium dioxide NPs affect sperm motility and viability
[49,54]. In other studies, Abbasalipourkabir et al., de Brito et al., Arisha,
and Ahmed et al. have reported that zinc oxide and silver NPs can
decrease sperm quality and quantity factors, including morphology,
motility, viability, and the number of sperms in rats, confirming our
results [55-57].

Furthermore, the current study showed severe nonspecific sperm
aggregation. Nonspecific sperm aggregation is the attachment of
immotile sperms to other sperms, other cells, mucosal filaments, or
debris [58]. Park et al. reported that Ag nanoparticles smaller than
71 nm in diameter (small NPs) could penetrate the blood-testes barrier
(BTB) and accumulate in the testes. The proposed mechanism for BTB
penetration involves an increase in the serum levels of TGF-§ and a
subsequent rise in the serum levels of cytokines (e.g., IL —1, IL —4, IL —6,
IL —10, and IL —12), distribution of B lymphocyte, and IgE production
after administrating Ag NPs. This inflammatory response can weaken
the integrity of the barrier [59]. In addition, Cheng et al. have shown
that testosterone in interaction with TGF-f can modulate the dynamics
of crossing and BTB integration [60]. Based on our TGA analysis and
histological results, the transfer of the nanostructures into the testicular
tissue, penetration of the BTB, and increased Leydig cell apoptosis,
leading to a decrease in serum testosterone levels, were confirmed. As a
result, the possible mechanism for sperm aggregation is activating the
inflammatory pathway, damage to BTB, and penetration of anti-sperm
antibodies into the seminiferous tubules.

We examined mRNA expression to determine the effects of apoptotic
and autophagy-regulating genes, such as Bax, Bcl-2, caspase-3, LC3, and
Beclin-1, in spermatozoa exposed to nanostructure. Our q RT-PCR
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findings demonstrated that nanostructure treatment upregulates the
pro-apoptotic members of the Bcl-2 family (Bax) and caspase-3. On the
other hand, the anti-apoptotic members of this family, such as Bcl-2 and
autophagic markers (Beclin-1 and LC3), were downregulated. Apoptosis
and autophagy are two biological mechanisms that play an important
role in tissue development and homeostasis. The interactions between
the components of these two metabolic pathways suggest a complex
interplay often triggered by similar stimuli, such as metabolic stress
[12]. As a tumor suppressor protein activated by a range of stress con-
ditions, p53 regulates DNA repair mechanisms, Bcl-2 family gene
expression, and the apoptotic pathway [61]. Although many studies
have demonstrated the role of p53 in the apoptosis pathway, some report
a strong connection between this protein and autophagy as p53 activates
AMP kinase and the subsequent inhibition of mTOR. The mTOR inhibi-
tion is thought to degrade Bcl-2 and its homologs after nutrient depri-
vation and activate the autophagy pathway [12]. The Bcl-2 family
proteins are located in the mitochondria. These proteins have both
pro-apoptotic (Bax, Bak, Bim, and Bid) and anti-apoptotic (Bcl-2, Bcl-xl,
and Bcl-w) functions [9]. Bcl-2, as an anti-apoptotic protein, can inhibit
the release of cytochrome C, an apoptotic factor, from mitochondria into
the cytoplasm and control apoptosis and autophagy in a coordinated
manner. On the other hand, Beclin-1 is an autophagic marker involved in
autophagosome formation. Studies have shown that the interaction
between apoptosis and autophagy is affected by the interaction between
anti-apoptotic members of the Bcl-2 family and Beclin-1 [12]. The Bcl-2 /
Beclin-1 complex is located on the endoplasmic reticulum, which con-
trols both apoptosis and autophagy, and also Beclin-1 is considered a
substrate for caspase. One of the important ubiquitin-like genes associ-
ated with autophagy is Atg3, an essential component of autophagosome
formation. Atg3 is a substrate for caspase-8, an initiator caspase of the
apoptotic pathway during receptor-mediated cell death. Research has
shown that autophagic activity is limited during apoptosis by the
degradation of Atg3 through death receptor stimulation and caspase-8
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Fig. 13. Assessment of testicular cell apoptosis. TUNEL assay for testicular tissue shows TUNEL positive nuclei (green), indicating that apoptosis in germ cells is
localized in testicular tubules and interstitial tissue. Differential staining of nuclei with PI. More apoptotic signals were received from Ag 35 group. Control, Al 14,
and Al 35 scale bars = 100 pm (x20); Ag 14 scale bar = 200 um (x10); Ag 35 scale bar = 20 pm (x40).

activation [62]. Moreover, in the apoptosis pathway, Bax promotes molecule [63]. Stress factors in testicular tissue, such as toxic agents, can
apoptosis by acting on voltage-gated ion channels in the mitochondrial lead to an elevation in ROS and subsequently to the upregulation of p53,
membrane to release cytochrome C into the cytoplasm. Caspase-3 is an upregulation of Bax and caspase-3, and finally, to programmed cell death
endoprotease that plays an essential role as an apoptotic effector [64]. Sperms are prone to damage due to the high polyunsaturated fatty
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acids and low antioxidant content [40]. Therefore, silver nanostructure
as a stress factor raised ROS production and initiated the path of
apoptosis via the above mechanisms.

The TUNEL assay has been used to detect DNA strand cleavages, the
most important indication of sperm apoptosis. The results of this test
confirm our findings on gene expression. Sperm DNA fragmentation may
result in an inability to fertilize the oocyte and is associated with an
increase in miscarriages [65]. Similar to our findings, Santonastaso et al.
have shown that titanium dioxide NPs can augment DNA fragmentation
in human spermatozoa [49]. No study has yet compared apoptosis and
autophagy pathways in sperms exposed to nanostructures.

Our investigation has also demonstrated that the fertilization rate
has significantly diminished, and sperms exposed to the nanostructure
could not fertilize the oocytes. As mentioned above, sperm motility and
viability decreased significantly in the mice treated with nanostructures,
and strong aggregation was observed under the microscope. Gene
expression and TUNEL assay results indicated apoptosis and sperm DNA
fragmentation in these mice. Several studies have shown that fertiliza-
tion occurs with DNA-damaged sperm, and the ability of the oocyte to
repair the damaged paternal genome depends firstly on the genomic and
cytoplasmic quality of the oocyte and secondly on the sperm DNA
quality. However, the subsequent development of an embryo is impaired
[37,66-68]. Therefore, the main reason for the decline in the fertility
rate in our study was sperm aggregation and the resultant decrease in
sperm motility.

Histological and TUNEL examinations of the testicular tissue
revealed some time-dependent damage in seminiferous tubules in the
treated groups, more pronounced in the Ag 35 group as a chronic phase.
The images showed the reduced thickness of the germinal epithelium
and the loss of its cohesion, as well as a reduction in the number of cells.
These changes may be attributed to two main reasons. First, the inhib-
itory effect of Ag NSs on spermatogonial stem cells, and second, the
extensive death of Sertoli cells, leading to vacuoles formation in the
germinal epithelium. Studies indicated that silver NPs could decrease
the activity of FYN kinase. This protein is a member of the Src kinase
family and plays a role in spermatogonial proliferation. It also binds the
spermatogenic cells to the Sertoli cells. Therefore, defects in its function
and the inhibition of its activity cause the cells to detach from Sertoli
cells [69]. According to the previous description, Ag-NSs cross the BTB
and are oxidized by oxygen and other molecules in the tissue to release
Ag". These free ions can induce oxidative stress in cells and initiate
apoptosis via intrinsic and extrinsic pathways by activating p53 [3,13].
The extrinsic pathway depends on death receptors, such as FAS. The
testis is the richest tissue in the body in terms of the FAS ligand, and
Sertoli cells that can express FAS ligand can induce the apoptosis of
germinal epithelium cells with FAS receptors. On the other hand, a stress
factor may cause Leydig cells to express numerous FAS receptors [13].
Our TUNEL results showed apoptotic signals from both seminiferous
tubules and interstitial tissue. These findings suggest that the leading
cause of sperm and spermatogenic cell death is the activation of intrinsic
and extrinsic apoptotic pathways.

5. Conclusion

This study demonstrated that Au@Ag core-shell NRs with alginate
coating negatively affected sperm function and testicular structure. It
should be noted that some spherical particles were present in the final
solution, which could have toxic effects on the reproductive system of
mice. Therefore, due to the widespread use of nano-silver in everyday
life and medicine, further investigations on the different forms of this
structure and the reduction of its toxicity are of particular importance.
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