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Efficacy of silver-doped Carbon dots
in Chemical Castration: a rat model
study

Ali Soleimanzadeh™, Niki Karvani®, Farshid Davoodi?*“, Rahim Molaie? & Abbas Raisi*

This study evaluates silver-doped carbon dots (AgCDs) as a novel agent for chemical castration using
arat model. Six groups of rats (five males and ten females each, except for the surgical group which
had only males) were utilized to compare the effects of different concentrations of AgCDs. The groups
included control, sham, and three experimental groups injected with 1.25, 50, and 200 pg/mL AgCDs,
respectively, along with a surgical castration group. Testosterone levels, sperm parameters, fertility
index, oxidative damage, histopathological parameters, and gene expression of P53, Bax, Bcl-2,
caspase-3, AKT, and PI3K were analyzed. Results demonstrated that the high-dose AgCDs group
significantly reduced testosterone levels, sperm concentration, and motility, resulting in a decreased
fertility index. MDA and NO significantly increased, while CAT, SOD, GPx, and TAC significantly
reduced in the chemically castrated groups. Histological and genes expression analysis also revealed
apoptosis and testicular damage in the AgCDs groups, indicated by significant increases in P53, Bax,
and Caspase-3 levels, and significant reductions in AKT, PI3K, and Bcl-2. Based on these findings,
AgCDs could be considered a potent and efficient agent for chemical castration, offering a less invasive,
cost-effective solution with potential applications for population control.
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Abbreviations

™ Total motility

PM Progressive motility

VCL Curvilinear velocity

VSL Straight-line velocity

VAP Average path velocity

STR Straightness

LIN Linearity

ALH Amplitude of lateral head displacement
BCF Beat-cross frequency

PMF Plasma membrane functionality
qRT-PCT  Quantitative reverse transcription polymerase chain reaction
TAC Total antioxidant capacity

MDA Malondialdehyde

CAT Catalase

GPx Glutathione peroxidase

SOD Superoxide dismutase

NO Nitric oxide

ROS Reactive oxygen species

The sterilization of animals was preceded in 7000 BC. Castration is required to manage the overgrowth of
canine populations, which leads to environmental health problems and zoonosis disease!. Additionally, it aids in
curbing overpopulation by eliminating sexual and masculine behaviors>* Castration methods include chemical,
hormonal, and surgical approaches®.
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While the surgical method has been employed for many years, it is expensive, risky, and time-consuming.
Furthermore, the need for equipment, skilled veterinarians, and postoperative care puts it at a disadvantage! .
On the other hand, hormonal castration can affect the target organ and harm non-targeted organs. Nowadays,
chemical castration is preferred over surgical methods due to its low cost and easiness. Moreover, chemical
sterilization reduces stress and the probability of bleeding, infection, hernia, and the number of staff during
the castration process. Hence, it can be done in large populations quickly>°. Furthermore, behavioral problems
arising from androgens, which cannot be addressed through surgical methods, are alleviated through chemical
sterilization®.

Different animal models have been studied, including stallions, donkeys, bucks, buffalo, cattle, goats,
Mongolian gerbils, ferrets, frogs, cats, dogs and rodents like rats, and mice, . Multiple agents like calcium chloride,
clove oil, mannitol, glycerin, atrazine, sodium chloride, deslorelin, ethanol, iron (III) chloride hexahydrate,
chlorhexidine gluconate, and cetrimide, and formalin were employed in these studies®0~12,

Carbon dots (CD), the latest addition to carbon nanomaterials, fall into the category of zero-dimensional
carbon with a size smaller than 10 nm'3. CDs possess a core that consists of sp? or sp® hybridized conjugated
carbon. Furthermore, they have a shell that can include COOH, NH, OH, SH, C=0, C-O-C, C-N, and polymer
aggregates'>!4. Due to their unique features, including excellent solubility, favorable optical and physical
properties, and excitation-dependent photoluminescence, CDs have recently become a focal point of significant
interest. They can be utilized in different areas such as bioimaging, drug and gene delivery, sensing, catalysis,
optoelectronics, and photo-dermal therapies!*~!° Due to their small size, they can act alone or be combined with
other nanotherapeutics for more functional capacities'®. Many heteroatoms like sulfur, nitrogen, phosphorus,
boron, and metals like Cu, Zn, Mg, Au, have been used as doping agents. It has been demonstrated that metal-
doped CDs are superior electron donors and have more empty orbitals. Furthermore, they can enhance the
quantum yield. Compared to immaculate CDs, metal-doped ones have higher optical absorbance and improved
catalytic performance'. The toxicity of carbon dots was reported to be low'*>!”. However, we should consider
the toxicity of any nanoparticle agent functionalized with toxic chemicals. It has been demonstrated that Ag2S
QDs capped with DMSA had low toxicity in high doses, which caused apoptosis'>!6. Moreover, nanocarbon dots
have been used in various environmental demands, from water to air pollution, because of their high surface
area, solubility, and large pore size'®. In a study, CDs functionalized with nitrogen acted as antimicrobial and
antibacterial in packaging effectively'®. Moreover, selenium-doped carbon dots were employed for acute kidney
injury in animal models, leading to increased cell viability due to decreased damage from oxidative stress?. Even
though nanocarbon dots have proven helpful in various applications, their efficacy in castration has not been
studied so far. Our study aims to evaluate the histology, oxidative stress, and different sperm parameters after
administering silver-doped carbon dots in rats’ chemical castration.

Results

Testosterone levels

The control and sham groups exhibited the highest levels of testosterone, with more than 1.70 ng/mL on day 60.
The surgically castrated group showed the lowest level of testosterone, at 0.31 +0.02 ng/mL. Administration of
AgCDs significantly reduced testosterone levels compared to the control and sham groups (p <0.05). Among the
chemically castrated groups, the 200 AgCDs group had the lowest testosterone levels, comparable to those of the
surgically castrated group (Fig. 1).

Sperm parameters
According to Table 1, no significant differences were observed for all evaluated parameters between the control
and sham groups injected with normal saline (p>0.05). Significant differences were found in parameters
including epididymal sperm concentration, total motility, VSL, and BCF in all AgCDs-injected groups compared
to the control and sham groups (p < 0.05). Additionally, significant differences were observed among all AgCDs-
injected groups for these parameters (p <0.05). For parameters such as VAP, VCL, VSL, and ALH, no significant
differences were observed between the sham group and the 1.25 AgCDs group. However, AgCDs injections at
dosages of 50 and 200 pg/kg significantly reduced VAP, VCL, VSL, and ALH compared to the control and sham
groups (p <0.05). No significant differences were observed among the various groups for LIN and STR (p > 0.05)
(Table 1).

Based on Table 2, AgCDs injections significantly reduced plasma membrane functionality, viability, DNA
damage, and morphology compared to the control and sham groups (p < 0.05) (Table 2).

Fertility indexes

According to Table 3, there were ten females in each group. Although all ten females in each group mated, the
number of males who mated was half in all groups. While five males impregnated all female rats in the control
and sham groups, one female in the 1.25 AgCDs group did not become pregnant. The fertility index in the 50
AgCDs group decreased to 40%, with only 2 out of 5 males successfully impregnating females. Additionally,
none of the males in the 200 AgCDs group could impregnate females. A significant difference in the pregnancy
index was observed between the 50 and 200 AgCDs groups and the control and sham groups (p < 0.05) (Table 3).

Oxidative stress

Figure 2 represents the results for oxidative stress biomarkers. Based on the graph, no significant differences
were observed between the sham and control groups for all evaluated biomarkers (p>0.05). In the chemically
castrated groups, administration of AgCDs at various doses significantly increased the levels of MDA compared
to the sham and control groups (p <0.05). Levels of NO significantly increased in the 50 and 200 AgCDs groups
compared to the sham and control groups (p <0.05). AgCDs injections at different doses significantly reduced
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Fig. 1. Effect of intratesticular injection of AgCDs on serum testosterone concentration in experimental
groups at day 60. (a—d) Various letters indicate significant differences between groups (p <0.05; mean + SEM).

Analysis C Sham 1.25 AgCDs | 50 AgCDs 200 AgCDs
Epididymal sperm concentration (105/mL) | 37.2+34.38% | 37.1+£29.91* | 33.25:+£24.96" | 25.31+28.24° | 7.14£31.09¢
Total motility (%) 82.64+3.32% | 80.51+2.64° |72.50+2.11" | 58364235 |20.88+1.47¢
Progressive motility (%) 47204148 | 45.05+1.62*" | 39.31£1.50° |27.48+1.34° | 1.68+0.09¢
VAP (um/s) 31.09+1.86* | 29.84+1.82*° | 27.47+1.33> | 22254195 |10.60+1.01¢
VCL (um/s) 86.88+3.91* | 85.58+3.65*" | 82.88+2.88" |73.47+2.13° |40.85+1.51¢
VSL (um/s) 23.54+1.44* |23.17+1.75 | 21.19+1.83% | 1573+£1.89° |9.60+1.45¢
LIN (%) 0.21+£0.01* |021+0.03* |0.20£0.02° | 0.20+0.02® | 0.20£0.01°
ALH (pm/s) 2.5740.02* |223+0.03** |2.11+0.02° | 1.67+0.03° |0.84+0.03¢
STR (%) 0.81+0.01* |0.81+0.02* |0.81+£0.02* |0.80+0.01* | 0.80+0.03*
BCF (Hz) 13.40+1.85* | 13.15+1.07* | 12.83+1.91® | 10.38+1.36° |5.89+0.78¢

Table 1. Epididymal sperm concentration, total and progressive motilities and motility characteristics in
different experimental groups. C control, AgCDs Silver Carbon nanodots, VAP Average path velocity, VCL
Curvilinear velocity, VSL Straight line velocity, LIN Linearity, ALH Amplitude of lateral head displacement,
STR Straightness, BCF Beat-cross frequency. *“Different superscripts within the same row demonstrate
significant differences (p <0.05; mean + SEM).

levels of CAT, SOD, GPx, and TAC compared to the sham and control groups (p <0.05). Furthermore, significant
differences were observed among all AgCDs-injected groups, with the highest testicular damage in the 200
AgCDs group (p<0.05) (Fig. 2).

Macroscopic and histopathological assessment
Table 4 presents the results of macroscopic evaluations. Testis weight, starting at 0.49+0.05 g in the control
group, showed a slight decrease in the sham group. When the testis was exposed to silver carbon dots, a weight
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Analysis C Sham 1.25 AgCDs | 50 AgCDs | 200 AgCDs

Sperm plasma membrane functionality (%) | 85.84+£2.92% | 83.53+3.84*" | 80.85+2.81" | 61.80+2.50° | 22.64 + 1.10¢
Sperm viability (%) 92.69+2.89% | 91.26+3.51*" | 88.47+2.48" | 65.64 +3.42° | 26.09 + 1.87¢
Sperm DNA damage (%) 243+022* |3.17+0.29° |582+0.62° |3539+0.81¢ | 61.88+1.91¢
Sperm abnormal morphology (%) 5.90+0.39* | 6.79+0.38° 8.10+0.46" | 21.62+0.62¢ | 52.69+1.10¢

Table 2. Epididymal sperm plasma membrane functionality, DNA damage, viability and abnormal
morphology in different experimental groups. C control, AgCDs Silver carbon nanodots. *“Different
superscripts within the same row demonstrate significant differences (p <0.05; mean + SEM).

Analysis C Sham | 1.25 AgCDs | 50 AgCDs | 200 AgCDs
Number of females 10 10 10 10 10

Number of females mated 10 10 10 10 10

Number of males mated 5 5 5 5 5

Number of males impregnating females | 5 5 5 2 0

Number of females pregnant 10 10 9 3 0

Female mating index (%) 100* | 100* 100* 100? 100*

Male mating index (%) 100* | 100* | 100* 100* 1002
Pregnancy index (%) 100° | 100 | 90.00P 30.00° 0.00¢

Male fertility index (%) 100* | 100? 100* 40.00 0.00¢

Table 3. Fertility indexes of adult male rats after natural mating with non-exposed females. C control,
AgCD:s Silver carbon nanodots. Female mating index = number of females mated/number of females X

100; Male mating index =number of males mated/number of males X 100; Pregnancy index =number of
females pregnant/number of females mated X 100; Male fertility index =number of males impregnating
females/number of males mated X 100. *“Different superscripts within the same row demonstrate significant

differences (p <0.05; mean + SEM).
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Fig. 2. Evaluation of oxidative stress biomarkers in different experimental groups of the study. (A)
Malondialdehyde (MDA), (B) nitric oxide (NO), (C) catalase, (D) superoxide dismutase, (E) glutathione
peroxidase, (F) total antioxidant capacity. a-d: Various letters indicate significant differences between groups

(p<0.05; mean + SEM).
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Analysis C Sham 1.25 AgCDs | 50 AgCDs 200 AgCDs
Testis weight (g) 0.49+0.05 | 0.46+0.03* |0.38+0.03° |025+0.04° |0.09+0.01¢
Epididymis weight (g) 0.215+0.01* | 0.208+0.01* | 0.184+0.01> |0.110+0.01¢ | 0.051+0.01¢
Testis/body weight (%) 1.962+0.03* | 1.961+£0.05* | 1.527+0.12> | 1.086+0.10° | 0.375+0.04¢
Johnsen score 9.26+0.57* |9.10+0.83* |8.71+0.58° |525+0.51¢ | 1.07+0.06¢
Cosentino score 1.02+£0.132 1.07£0.15 1.2940.11° | 2.31+0.16° |3.45+0.11¢
Seminiferous tubule diameter (STsD) (um) | 311.23 +2.71* | 306.41+3.54* | 287.62+ 2.91° | 253.93 +1.72¢ | 198.47 + 1.464
Sertoli cell index (SCI) 132241.08° |13.43+1.32° |10.83+0.36° |8.97+0.88° |7.27+0.67¢
Repopulation index (RI) 80.17+£2.31* | 78.09+2.31* | 7527+2.45> |57.44+1.53 |30.89+1.164
Miotic index (MI) 2.96+0.15* | 2.84+0.09° [2.55+0.14> | 1.98+0.20° | 1.01+0.04¢
Leydig cell nuclear diameter (LCND)(um) | 7.12+0.85° 7.30+0.38° 7.96 +0.45° 9.81+0.56¢ 11.24+0.80¢
Tubular differentiation index (TDI)(%) 82.29+3.17* | 79.68+2.56* | 75.45+£2.79° | 67.95+2.09° |57.92+1.13¢
Spermiogenesis index (SPI)(%) 80.23+2.65* | 77.66+3.37% |73.714£2.67° |61.46+1.36° |4520+1.79¢

Table 4. Histological parameters and reproductive organ weights in different experimental groups. C
control, AgCDs Silver carbon nanodots. * Different superscripts within the same row demonstrate significant
differences (p <0.05; mean + SEM).

loss was observed in the 1.25 AgCDs, 50 AgCDs, and 200 AgCDs groups. Similarly, epididymis weight followed
the same trend, showing a significant loss, falling below 0.1 g in the 200 AgCDs group compared to the control
group (p <0.05). The testis weight to body weight ratio was almost the same in the control and sham groups;
however, the percentage was significantly reduced in the carbon dots-injected groups (p <0.05). H&E slides for
testicular tissue in all experimental groups are presented at Fig. 3. Based on Fig. 3, the highest tissue destruction
and emptying of testicular tubules were observed in the group with high dose of AgCDs.

The results of all histological parameters are presented in Table 4. According to Johnsen’s score, the control
group had the highest level of spermatogenesis. In contrast, there was a significant drop in the carbon dots-
treated groups, reaching almost a score of 1 (very low to zero germ cells) in the 200 AgCDs group. On the other
hand, the Cosentino score indicated a gradual increase with higher doses of carbon dots, with the 200 AgCDs
group exhibiting the most testicular damage and receiving a grade of more than 3. There was a significant decline
in the levels of all histological parameters from the control group to the high-dose carbon dot group, except
for LCND (p <0.05). The analysis of LCND (um) showed a significant increase in diameter due to the damage
caused by carbon dots to the testes (p < 0.05) (Table 4).

gRT-PCR

The mRNA expression of P53, Bax, and caspase-3 increased significantly and dose-dependently with silver
carbon dots, while the expression of AKT, PI3K, and Bcl-2 significantly decreased in the AgCDs-administered
groups compared to the sham and control groups (p <0.05) (Table 5).

Discussion

In this research, we studied the utilization of carbon dots in the chemical castration of male rats (Fig. 4). Chemical
castration has been used in various studies, and different parameters of the sperm have been investigated.
Motility is one of the essential characteristics of a normal spermatozoa®!. Jung and Yoon (2017) researched
injecting 70% glycerin into the testicles of a stallion and found that it can reduce the total motile sperm?2.
Another study demonstrated that there are two pathways controlling the motility of spermatozoa, which are the
calcium (Ca?*) pathway and the cyclic adenosine monophosphate (cAMP)-dependent protein kinase or protein
kinase A (PKA) pathway®. In a study, the administration of sodium chloride solution into the testes of male
cats led to inconvenience in those two pathways, and as a result, it lowered sperm motility'o. Another research
performed by Mohammad and James indicated that the motility of sperm cells was 60 to 80% before intratesticular
injection of chlorhexidine gluconate and cetrimide in bucks; however, it lowered to zero, and poor motility was
detected three days following injection®*. Oliveira et al.?> investigated the effects of intratesticular injection of
zinc gluconate-based solution in dogs, and their results revealed a significant decrease in sperm motility*. The
present study’s findings are consistent with those of previous studies, which show that intratesticular injection of
silver-doped carbon dots significantly reduced the motility of spermatozoa in rats. DNA fragmentation was also
evaluated in earlier studies as an essential parameter. In an investigation on chemical castration in a rat model
using an intratesticular injection of mannitol, Carnoy’s fixative was employed for the fixation of sperm cells,
followed by acridine-orange staining. The findings of the mentioned study revealed that the percentage of sperms
with fragmented DNA significantly increased?. Not only was the DNA of sperm studied in chemical castration
but the effect of heavy quantum dots was also studied. Previous studies demonstrated that nanomaterials induce
oxidative stress and elevate reactive oxygen species (ROS). ROS leads to DNA damage and destruction of the cell
membrane in spermatozoa, which can lead to infertility in male®®.

The cytotoxicity of carbon dots is affected by different parameters such as particle size, stability, surface
coating and functionalization, and aggregation?’. The findings of the study conducted by Habiba et al.?
indicated that the cell viability of normal mammalian cells treated with bare Ag-NPs was significantly reduced?.
The toxicity of silver carbon dots on aquatic species such as zebrafish indicated that their toxicity depends on

Scientific Reports |

(2024) 14:24132 | https://doi.org/10.1038/s41598-024-75177-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 3. Testicular histo-architecture was compared across different experimental groups: (A) control; (B)
Sham; (C) 1.25 ug/kg AgCDs; (D) 50 pg/kg AgCDs; (E) 200 pg/kg AgCDs. Hematoxylin and eosin (H&E)
staining at 400X magnification was used. The black arrows indicate sperm density in seminiferous tubules
lumen, being reduced particularly in group E, also observed in groups C and D. Groups C, D, and E showed
toxic effects of the substance used. The asterisks indicate germinal epithelium disorganization and disruption
among different groups, being particularly severe in group E, but also observed in groups C and D.

their concentration®. The signs of toxicity in zebrafish were bradycardia, high mortality rate, and hatching time
delays in embryos. Carbon dots in concentrations lower than 200 pg mL™! trigger mortality of 80% of living
cells over 24 h. Regardless of whether binding toxic ligands to carbon dots have reduced toxicity, certain factors
may trigger undesired reactions in the body. These include administering multiple doses, concentrating charge
densities in specific areas, having a hydrodynamic diameter above 6 nanometers, maintaining a higher positive
charge, and getting activated by extended light irradiation®. In a study, DMSA-capped Ag2S quantum dots were
not cytotoxic or genotoxic unless in high doses, which caused apoptosis in cells*’.

A study conducted by Maadi et al. (2023) examined testosterone concentration in chemically castrated rats
using hypertonic saline, revealing a significant reduction compared to baseline values®. Another study using
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Analysis C Sham 1.25 AgCDs | 50 AgCDs | 200 AgCDs
P53 (Fold change) 1.03+0.05* | 1.054+0.04* | 1.12+0.07> | 1.27+0.12¢ | 1.65+0.10¢
Bax (Fold change) 0.70+0.03* | 0.75+0.03* | 0.83+£0.05° | 1.02+0.09 | 1.37+0.14¢
Caspase-3 (Fold change) | 0.84+0.04* | 0.88+0.03* | 0.97+£0.04®> | 1.15+0.11¢ | 1.34+0.07¢
AKT (Fold change) 0.93+0.05* | 0.91+0.02* | 0.85+0.07> | 0.63+0.05¢ | 0.34+0.03¢
PI3K (Fold change) 1.07+£0.07% | 1.06+0.06* | 0.82+0.05" | 0.54+0.06° | 0.29+0.024
Bcl-2 (Fold change) 0.97+0.05* | 0.93+0.04* | 0.87+£0.06° | 0.73+0.04° | 0.45+0.05¢

Table 5. The mRNA expression levels using semiquantitative reverse transcription-polymerase chain reaction
(RT-PCR). C control, AgCDs Silver carbon nanodots. The density of P53, Bax, Caspase-3, PI3K, and Bcl-2
mRNA levels in testicular tissue was measured by densitometry and normalized to the 18S*RNA mRNA
expression level. *9Different superscripts within the same row demonstrate significant differences (p <0.05;
mean + SEM).
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Fig. 4. Using silver-dopped carbon dots as an agent for chemical castration. Silver-dopped carbon dots
reduced sperm parameters such as total motility, concentration, viability, HOST, VAP, VCL, VSL, ALH, and
BCE Furhtermore, DNA damage and abnormal morphology of spermatozoa increased. Levels of P53, Bax, and
Caspase -3 increased and levels of AKT, PI3K, and Bcl-2 reduced in the QRT-PCR analysis. All the measured
histopathological parameters decreased except the Cosentino’s score and LCND which increased. MDA and
NO significantly increased in the rats that received AgCDs and parameters such as CAT, SOD, GPx, and TAC
decreased.

an intratesticular injection of 20% hypertonic saline also indicated a significant reduction in testosterone
levels compared to baseline values®!. Calcium chloride, another agent used for chemical castration, decreased
testosterone levels compared to the control group®. Consistent with the findings of previous studies, the present
study showed a significant reduction in testosterone levels in the chemically castrated groups.

In the present study, injection of AgCDs significantly increased levels of MDA and NO and reduced levels of
CAT, SOD, GPx, and TAC compared to the sham and control groups (p <0.05). These findings align with those
of Moustafa et al. (2023), who demonstrated that chemical castration using formalin in dogs led to a significant
increase in MDA and NO levels and a reduction in GSH levels!'2. Similarly, Karami et al. (2023) assessed the
effects of calcium chloride in chemical castration and reported significant reductions in SOD and GPx levels
compared to the sham group®2.

In a study on the effects of intratesticular injection of mannitol for chemical castration, results indicated that
Johnsen’s score and SPI significantly decreased compared to the intact group (p <0.05). Additionally, depletion
of seminiferous tubules, vacuolization, atrophy, multinucleated giant cell formation, and testicular congestion
were observed in the mannitol-injected group® Another study examined the effects of intratesticular injection
of hypertonic saline for chemical castration in rats, showing that it was associated with tubular degeneration
and immune cell infiltration®. A zinc-based solution combined with anti-inflammatory and analgesic drugs
was used for chemical sterilization in rats, resulting in a significant reduction in testicular and epididymal
weight*!. Consistent with these previous studies, the present study found that intratesticular injection of AgCDs
significantly reduced testicular and epididymis weight, as well as other histopathological parameters including
STsD, SCI, RI, ML, TDI, and SPI.
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While Silver-Doped Carbon Dots (Ag-CDs) have shown efficacy in chemical castration by selectively
targeting the reproductive system in rat models, their effects on other tissues cannot be overlooked. Following
administration of Ag nanoparticles, they induce inflammation and oxidative damage at the site of injection.
Furthermore, the may enter blood circulation and distribiute to different body organs and trigger organ specific
pathophysiological effects®>. However, Qin et al.’® investigated the toxicological effects of silver nanoparticles
in 100 rats following 28 days of oral administration at doses of 0.5 and 1 mg/kg body weight*. They found no
significant toxic effects up to 1 mg/kg body weight, with respect to the body weight, organ weight, food intake,
and histopathological examination. When rats were exposed to silver nanoparticles (AgNPs) and silver nitrate
(AgNO,), the silver tended to accumulate in the same organs. The liver and kidneys were most affected, followed
by the testes and spleen’. Carbon dots (CDs) can be easily eliminated from the body through urine. Because of
their small size and neutral electrical charge, they can pass through the kidneys’ filtering system without causing
harm to organs like the spleen or liver. These unique properties make CDs promising tools for cancer treatment.
They have been used successfully in medical imaging, delivering drugs and genes to cells, and using light to treat
cancer cells (photothermal and photodynamic therapy)®’. However, it is essential to balance these risks with
the therapeutic benefits. In the context of chemical castration, the doses of Ag-CDs used are significantly lower
than those that have been shown to cause toxicity in other studies. Moreover, our study utilized a short-term
administration protocol, which is less likely to induce the chronic effects seen in other models. Nevertheless, we
emphasize the importance of further research to establish the long-term safety profile of Ag-CDs, particularly
focusing on their potential to induce systemic toxicity and their pharmacokinetic behavior.

Conclusion

The present study demonstrated the role of Silver-Doped Carbon Dots in the rat model of chemical castration.
Overall, AgCDs triggered a reduction in sperm concentration and histopathological parameters, oxidative
damage, reduced fertility, and apoptosis, as indicated by changes in P53, Bax, Bcl-2, caspase-3, AKT, and PI3K
expression levels. Further research is needed to determine the efficacy of AgCDs in chemical castration across
other species.

Methods

Carbon dots production

Ag-doped CDs were synthesized through a hydrothermal procedure. Initially, 100 mL of an aqueous solution of
citric acid monohydrate (0.8 g), urea (0.1 g), and AgNO3 (0.1 g) was poured into a Teflon-lined stainless-steel
autoclave and heated at 200 °C for four h. After cooling, the obtained solution was filtered with Whatman No. 1
filter paper and centrifuged at 14,000 rpm for 20 min, followed by dialysis utilizing a dialysis bag (MWCO: 1500
Da) for 48 h. Eventually, the purified solution was freeze-dried for storage and subsequent testing, with freezing
temperatures maintained at — 40 °C, pump pressure at 100 m Torr, and shelf temperature at — 60 °C3®.

Animals and groups

30 male and 50 female Wistar albino rats weighing 250-300 g and approximate age of 12-14 weeks were
utilized in this study. All animals were obtained from the animal resource department of Urmia University of
Medical Sciences, Urmia, Iran. A controlled environment was provided with a temperature range of 20+2 °C,
a humidity of 50 +10%, and a day-night cycle of 12 h, each with suitable ventilation. All rats had free access to
tap water and standard pellet. The Animal Ethics Committee of Urmia University approved the experiments
and their guidelines were followed. All methods were performed in accordance with the relevant giudlines and
regulations. Additionally, the current study adhered to the ARRIVE guidelines (Animals in Research: Reporting
In Vivo Experiments). All rats (n=80) were randomly divided into six equal groups, which had five males and
ten females each, except the surgical group, which had only five males, as follows:

1. Control group: In this experimental group, rat testicles remained intact without any manipulation (n=15).

2. Sham group: In this group, normal saline was injected into rat testicles (n=15).

3. 1.25 AgCDs group: Silver carbon dots with a dosage of 1.25 ug/kg were injected into the caudal part of the
testis toward the tail of the epididymis (n=15).

4. 50 AgCDs group: Silver carbon dots with a dosage of 50 pg/kg were injected into the testis (n=15).

5. 200 AgCDs group: Silver carbon dots with a dosage of 200 pg/kg were injected into the testis (n=15).

6. Surgical group: 5 male rats were included in this group, which were surgically castrated only to measure the
testosterone levels of the testes (n=5).

No complications or death were observed during experiments. Eventually, on day 30, the animals were sacrificed
using an overdose injection of thiopental sodium (250 mg/kg, IP)*. Sperm samples were taken from the tail of
epididymis and blood samples were taken and centrifuged at 4 °C for 10 min at 2000 g. Subsequently, the serum
was separated and kept at — 80 °C until further analysis. Moreover, the left testicle in each group was separated
and sorted at — 80 °C for oxidative damage evaluation and the right testicle was maintained at 10% formalin
buffer solution for histological assessments.

Testosterone analyses

An enzyme-linked immunosorbent assay kit (Monobind Inc., Lake Forest, USA) was utilized to assess
testosterone concentration according to the manufacturer’s instructions. Control and serum samples (10 pL)
were dispensed into the respective wells. Then, 100 uL testosterone-HRP conjugate was applied to each well, and
a substrate blank was dispensed into well Al. The wells were covered with aluminum foil and incubated at room
temperature for 1 h. Thereafter, the cover was removed, and the contents aspirated. Then, the wells were washed
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three times with diluted HRP wash buffer, 300 uL per well per wash, with a soaking time of about five seconds
between each wash cycle. The remaining fluid was removed by tapping the strips on a paper towel. Subsequently,
TMB (tetramethylbenzidine) substrate solution (100 puL) was added to all wells and the wells were incubated in
a dark place for 15 min at room temperature. Stop solution (100 pL) was then applied to all wells in the same
order and at the same rate as the substrate. Eventually, the absorbance was read at 450 nm within 20 min after
adding the stop solution?.

Sperm parameters assessment

Sperm motility

The CASA system (Test sperm 3.2, Videotest, St. Petersburg, Russia) with a rat sperm setup was used to assess
sperm concentration and kinetic parameters. Seven uL of sperm were placed in a chamber of slide-coverslip at a
temperature of 37 °c. Then, a minimum of 500 cells were analyzed in the field at a 60-Hz frame rate. Typical cell
sizes were 13 pixels, and sperms with a straightness of 50% and an average path velocity (VAP) of 50.0 pm/sec
were considered. Furthermore, the VAP cut-oft and straight-line velocity cutoff were analyzed. For mean linearity
below 38%, the curvilinear velocity was higher than 180 pm/sec. The amplitude of lateral head displacement was
set to exceed 9.5 um (Table 6). Sperm motility was assessed using a fraction of sperm suspension, approximately
10 pL, placed on a microscopic slide. A dark or phase-contrast field microscope (Olympus, BX41, Tokyo, Japan)
was used to observe a minimum of 500 spermatozoa across five microscopic fields*.

Sperm count

Distilled water was used to dilute the sperms at a ratio of 1:5. Afterwards, a Neubauer hemocytometer (Brand™,
Germany) was used to count spermatozoa. Epididymal tissue pieces were gathered and weighed cautiously
utilizing a digital laboratory precision balance (Sartorius™, Japan) with a capacity of 0.0001 g. Eventually, the
average number of epididymal sperm was reported as 106/mL.

Sperm viability and morphology

The eosin-nigrosin staining method was applied to assess sperm viability and morphology according to the
World Health Organization protocol*!. Eosin and nigrosin dyes (Merck, Darmstadt, Germany) were dissolved in
distilled water. A light microscope (Model CHT, Olympus Optics Co. Ltd.) at a magnification of 400x was used
to examine the mixture of one volume of sperm with two volumes of 1% eosin. Sperm viability was evaluated
based on their coloring; viable sperms appeared red due to eosin staining, while non-viable sperms remained
colorless. Similarly, eosin-nigrosin staining was used to determine the proportion of abnormal sperm. Sperm
with discolored head, neck, or tail segments were considered non-viable. The abnormal sperm group had
cytoplasmic remnants. Two hundred sperm from each sample were examined with 400X magnification, and the
results were recorded as a percentage®’.

Sperm DNA damage
The native, denatured, and double-stranded DNA in sperm chromatin was observed using Acridine orange (AO)
staining. The denatured DNA demonstrated the highest fluorescent activity. Concentrated smears were soaked

Parameter Setting
Frame rate 60-Hz
Number of frames 30
Duration of capture ls

Stage temperature rate 37°C
Minimum cell size 4 pixels
Cell size 13 pixels
Minimum contrast 30

Cell intensity 75 pixels

Chamber type Slide-Coverslip (22 X 22 mm)
Volume per slide 7 uL

Chamber depth ~ 20 um

Minimum number of field analysis | 500 cells

Image type Phased contrast
Average path velocity (VAP) 50.0 um/s
Straightness 50%

VAP cutoft 10.0 um/s
Straight line velocity cutoff 0.0 um/s
Curvilinear velocity > 180 pm/s
Amplitude of lateral head >9.5 um

Mean linearity <38%

Table 6. Parameter settings for the computer-assisted semen analysis.
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in acetic acid (1:3) and Carnoy’s fixative for 2 h and air dried for 5 min. The mixture was added to a stock solution
of 1000 mL purified water and 1 mg AO and then stored in a dark room at 4 °C for 5 min. The spermatozoa were
observed under a fluorescence microscope (Model GS7, Nikon Co., Tokyo, Japan) at a magnification of 400X
after staining. Damaged or irregular spermatozoa were stained in red or yellow color*’.

Sperm plasma membrane functionality (PMF)

The hypo-osmotic swelling test (HOST) is recognized as the PMF test. 10 uL of sperm sample was blended
with 100 pL of a hypo-osmotic solution, including sodium citrate (0.735 g/L) and fructose (1.351 g/L).
Subsequently, the mixture was incubated at 37 °C for 1 h. A phase contrast microscope (Olympus, BX41, Tokyo,
Japan) at a magnification of 400X was employed to analyze the PMF. Coiled or swollen tails were the significant
characteristics of an effective PMF*.

Fertility indices assessment

In all experimental groups except surgical group, five male and 10 female rats were included. Fertility indices
including female mating index (%), male mating index (%), pregnancy index (%), and male fertility index (%)
were measured.

Evaluation of oxidative stress

20-30 mg of testicular tissue was homogenized in 1000 pL of lysis buffer, then centrifuged at 9000 rpm for
15 min. Subsequently, the supernatant was used for biochemical analyses to evaluate enzymatic antioxidant
activity. Navand Salamat commercial kits were used for all parameters in the present study (Navand Salamat
Company, Urmia, Iran). Malondialdehyde (MDA) concentration was assessed using a commercial MDA
assay kit. A spectrophotometer (Thermo Fisher Scientific; Waltham, MA) was used to assess the absorbance
of samples using a 523 nm wavelength. The results were shown as nmol/g protein. A total antioxidant capacity
(TAC) assay kit was employed to measure the levels of TAC in the testis. TAC results were shown as mmol/g
protein. A glutathione peroxidase (GPx) kit, was used to measure the levels of GPx in the samples, and the final
concentration of GPx was reported as U/mg protein. Levels of superoxide dismutase (SOD) in the testicular
samples were evaluated using a SOD commercial kit. Moreover, the SOD activity was demonstrated according to
the decrease in color development at 405 nm and it was reported as nmol/mg protein. A dichotomous protocol
was applied to measure catalase (CAT) activity using a commercially available CAT kit. CAT activity was
measured with an absorbance rate of 550 nm following a 10-min incubation at room temperature. The results
were shown as U/mg protein. Levels of nitric oxide (NO) was measured using the NO commercial kit and the
absorbance of samples were read at 570 nm. The final concentration of NO was reported as nmol/mg protein.

Macroscopic and histopathological evaluation
In all experimental groups, testis weight (g) and epididymis weight (g) were measured using a digital scale.
Moreover, the percentage of Testis/body weight (%) was calculated.

The right testes of rats, kept in a 10% buffer formalin solution, were dehydrated using ethanol and then put
in paraffin. Thin layers were cut using a rotary microtome with a seven pm width and stained using hematoxylin
and eosin (H&E) stain. Thereafter, the stained slides were observed using a light microscope (Olympus
Model BH-2, Tokyo, Japan). Two hundred randomly chosen round or approximately round cross-sections of
seminiferous tubules were used to calculate seminiferous tubule diameter (STsD). A light microscopic ocular
micrometer (Model CHT, Olympus Optical Co. Ltd., Tokyo, Japan) was used to measure the two vertical
diameters of each cross-section. Their average values were then calculated. Additionally, the Sertoli Cell Index
(SCI), the Reproductive Index (RI), and the Meiotic Index (MI) were measured using 60 seminiferous tubules
randomly chosen per group. The SCI is the ratio of Sertoli cells, which have distinct nuclei and nucleolus, to the
number of germ cells in seminiferous tubules. The RI measures the number of tubules with germ cells reaching
at least middle or higher spermatogonial levels. The MI, the ratio of round spermatids to pachytene primary
spermatocytes, indicates the number of cells lost during cell division. A calibrated ocular micrometer was used to
measure the Leydig Cell Nuclear Diameter (LCND) according to the method described by Elias and Hyde*2. The
Tubular Differentiation Index (TDI) is defined as the number of seminiferous tubules with a minimum of three
fully developed germ cells, and the Spermatogenic Index (SPI) is defined as the number of seminiferous tubules
with sperm cells, were both determined by examining two hundred transverse sections of the seminiferous
tubules from each animal (100 per testis).

The mean testicular biopsy score was evaluated to measure the spermatogenesis stage using the Johnsen
scoring system, which grades 1 to 10 *. Two hundred seminiferous tubules were assessed with a light microscope
(CHT model, Olympus Optical Co. Ltd., Tokyo, Japan) (Table 7). The Cosentino’s scoring system measured
testicular damage??. This scoring system has four grades related to the tests. Grade 1 is regarded as the standard
presentation of testis. Grade 2 represents nearly packed seminiferous tubules with less ordered, non-cohesive
germ cells. Grade 3 indicates unkempt and shed germ cells with pyknotic and shrunk nuclei and indistinct
borders of the seminiferous tubule. Grade 4 indicates seminiferous tubules are fully packed with germ cell
coagulative necrosis.

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) assessment

SinaSyber Blue HF-qPCR Mix (CinnaGen, Tehran, Iran) was utilized on a StepOne Real-Time PCR System
(Applied Biosystems, USA) using a 25 uL reaction system and qRT-PCR technique. Moreover, the cDNA samples
were used to measure the relative expression of the Bax, P53, Caspase-3, AKT, PI3K, and Bcl-2 genes compared
to the reference gene (185rRNA). The qRT-PCR thermal cycle settings were adjusted as follows: A defatting cycle
at 95 °C for 10 min, 45 three-step cycles each with 10 sec defatting at 95 °C, 30 sec compounding at 60 °C and
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Johnsen score | Description of histological criteria

10 Full spermatogenesis

Slightly impaired spermatogenesis, many late spermatids, disorganized epithelium

Less than five spermatozoa per tubule, few late spermatids

No spermatozoa, no late spermatids, many early spermatids

No spermatozoa, no late spermatids, few early spermatids

No spermatozoa or spermatids, many spermatocytes

No spermatozoa or spermatids, few spermatocytes

Spermatogonia only

No germinal cells, Sertoli cells only

N W] | 0| O

No seminiferous epithelium

Table 7. Johnsen scoring system used for testicular damage evaluation.

Gene name | Primer Band size | References

Forward: 5- CTCGTCGCTACCGTCGTCACT TCG-3
Reverse: 5- CAGATGCCGGTTCAGGTACTCAGTC-3

Forward: 5- ACC AGC TCTGAACAGATC ATG-3
Bax 424 bp 16
Forward: 5- TGG TCT TGGATCCAGACAAG-3

Forward: 5- CATCATCACGCTGGAAGACTC-3 }
P53 378bp |V
Reverse: 5- TCAGCTCTCGGAACATCTC-3

Forward: 5- TGTCATCTCGCTCTGGTACG-3
Caspase-3 279 bp 8
Reverse: 5- AAATGACCCCTTCATCACCA-3

Forward: 5- CACCTTTATCATCCGCTGCCT-3
AKT 140bp |
Reverse: 5- TCGTCTCTTCTTCCTGCCTCTT-3

Forward: 5- GGAGAACCTATTGCGAGGGAAG-3
PI3K 171 bp 4"
Reverse: 5- AGGGAGCTGTAGAGGTTGTAGG-3

Forward: 5- GCAATTATTCCCCATGAACG -3
Reverse: 5- GGCCTCACTAAACCATCCAA- 3

Bcl-2 242 bp 6

18SrRNA 123 bp 50

Table 8. Nucleotide sequences and product size of primers used in reverse transcription-polymerase chain
reaction.

the stretching step at 72 °C for 30 sec. Calculating relative expression was done using gene expression in the
samples by the following formula: Relative expression =2~(S4ct = CA) ywhere SAct is derived by subtracting ct of
the reference gene from ct of the tested gene and the CAct values of ct are internal control samples. A logarithm
of 10 of these numbers was employed to generate the normal distribution of the relative expression values and
then evaluated®. Primers used in reverse transcription-polymerase chain reaction are provided in Table 8.

Statistical analysis

The data was analyzed using SPSS software (version 26 for Windows, developed by SPSS Inc. in Chicago, IL,
USA). To assess the distribution of the groups, a one-sample Kolmogorov-Smirnov test was performed. When
the data followed a normal distribution, they were presented as the mean + standard error of the mean (SEM).
For non-normally distributed data they were represented as the median and interquartile ranges. A one-way
ANOVA was conducted for normally distributed data, followed by a Tukey post hoc test for further analysis.
In cases where the data did not conform to normal distribution, a non-parametric Kruskal-Wallis test was
employed to compare the groups. The threshold for statistical significance was set at p <0.05.

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