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A B S T R A C T   

Nanoparticles (NP) are potentially reprotoxic, which may compromise the success of populations. However, the 
reprotoxicity of NP is still scarcely addressed in marine fish. Therefore, we evaluated the impacts of environ
mentally relevant and supra environmental concentrations of titanium dioxide (TiO2: 10 to 10,000 μg⋅L− 1) and 
silver NP (Ag: 0.25 to 250 μg⋅L− 1) on the sperm of gilthead seabream (Sparus aurata). We performed short-term 
direct exposures (ex vivo) and evaluated sperm motility, head morphometry, mitochondrial function, antioxidant 
responses and DNA integrity. No alteration in sperm motility (except for supra environmental Ag NP concen
tration), head morphometry, mitochondrial function, and DNA integrity occurred. However, depletion of all 
antioxidants occurred after exposure to TiO2 NP, whereas SOD decreased after exposure to Ag NP (lowest and 
intermediate concentration). Considering our results, the decrease in antioxidants did not indicate vulnerability 
towards oxidative stress. TiO2 NP and Ag NP induced low spermiotoxicity, without proven relevant ecological 
impacts.   

1. Introduction 

The unique physicochemical properties of nanoparticles (NP) are 
attractive to industry, medicine and consumer products, leading to their 
massive production and widespread dispersal into the environment, 
namely into the marine ecosystems as the ultimate destination of con
taminants (Kurwadkar et al., 2015; Shaalan et al., 2016). Titanium di
oxide NP (TiO2 NP) and silver NP (Ag NP) are used in a broad range of 
products, including sunscreens, cosmetics, dyes, antimicrobial products, 
whose production corresponds to 89–97% of the total NP emissions into 
the environment. These NP are considered the most relevant concerning 
human and environmental hazards (Keller et al., 2013). 

The available information on the toxicity of NP points towards 
oxidative stress, cyto- and genotoxicity, changes in immunological al
terations and histopathological lesions (Auguste et al., 2019; Barmo 
et al., 2013; Canesi et al., 2010; Magesky and Pelletier, 2018; Mieiro 
et al., 2019; Vignardi et al., 2015). However, limited data exist regarding 

their toxic potential in reproduction (reprotoxicity). The available 
studies on male nanoreprotoxicity mainly focused on mammals and 
suggest that NP induce testicular toxicity through hormonal imbalance 
and oxidative stress, which negatively affects sperm DNA integrity, the 
total number of sperm count, and motility related parameters (de Brito 
et al., 2020; Ogunsuyi et al., 2020; Olugbodi et al., 2020; Santonastaso 
et al., 2019). These harmful effects in mammalian sperm functionality 
were related to NP’ ability to cross blood-testis-barrier (De Jong et al., 
2008; Falchi et al., 2016; Lan and Yang, 2012). However, several studies 
reported low physiological permeability of mammalian sperm plasma 
membrane to exogenous substances, as well as no intracellular uptake of 
NP by endocytosis due to the rigidity of sperm membrane (Barkalina 
et al., 2014; Falchi et al., 2016; Taylor et al., 2014, 2015). Still, toxicity 
occurs through direct contact of NP by binding to the sperm plasma 
membrane surface without intracellular uptake (Barkalina et al., 2014; 
Taylor et al., 2014, 2015). NP may act as surface acting agents inducing 
indirect toxic effects mainly due to adsorption instead of internal uptake 
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(Handy et al., 2011). 
Despite no information on the uptake process is found for fish sperm, 

their plasma membrane differs from others by presenting a high content 
in cholesterol and polyunsaturated lipid species, which controls the 
quality of sperm and varies among species (Beirão et al., 2012a; Engel 
et al., 2020; Labbé and Loir, 1991). This lipidic composition of the 
membrane increases permeability, promotes enzyme activity and 
intercellular membrane fusion, characteristics that allow sperm cells to 
fulfill their function at fertilization (Beirão et al., 2012a; Wassall and 
Stillwell, 2009). 

Fish sperm are in a quiescent metabolic condition in the testes, 
characterized by an immotile state. After spawning, in fish with external 
fertilization, sperm faces abrupt alterations in the environmental me
dium (e.g., alteration of osmolality and exposure to increasing oxygen), 
which trigger sperm activation. The osmotic pressure, namely, hyper
osmotic shock, is the main factor controlling the activation of sperm 
motility in marine teleosts (Zilli et al., 2008). During activation, sper
matozoa undergo functional modifications such as increasing membrane 
fluidity and motility (Alavi et al., 2019; Islam and Akhter, 2012), making 
them highly vulnerable. The presence of contaminants in water, such as 
NP, may potentiate the natural vulnerability of these cells, impairing 
their fertilization ability and, consequently, reproductive success. 

Due to the relevance of this issue and the role of sperm in repro
duction, along with the ethical advantage resulting from minimally 
invasive sperm collection techniques in fish, sperm quality analysis has 
been proposed as an indicator for reproductive success with application 
in environmental risk assessment (Cabrita et al., 2014; Gallo and Tosti, 
2020). The most commonly used parameters to assess sperm quality are 
sperm count, motility pattern, viability, morphology, mitochondrial 
function (Erraud et al., 2017) and DNA integrity analysis (e.g., through 
the comet assay) (Shamsi et al., 2011). Additionally, the antioxidant 
profile is also being used as a specific and suitable biomarker, as it can 
provide information on sperm vulnerability to reactive oxygen species 
(ROS) (Hook et al., 2014). 

Accordingly, the main objective of this study was to evaluate the 
effects of environmentally relevant concentrations of TiO2 NP and Ag NP 
on the sperm of gilthead seabream (Sparus aurata) upon a short-term 
direct exposure (ex vivo). 

Gilthead seabream is a predator and euryhaline teleost. It is one of 
the most important fish species in the Mediterranean aquaculture 
(Nielsen et al., 2021) and a model organism in research, specifically in 
environmental risk assessment and cryopreservation protocols (Beirão 
et al., 2012a, 2012b; Marques et al., 2019). It is a protrandric sequential 
hermaphrodite species in which the reproductive season takes several 
months. One of the main advantages of using seabream is the direct and 
easy sampling of sperm, simply by placing a syringe outside the uro
genital pore (Beirão et al., 2012b). Their spermatozoa display typical 
aquasperm morphology: long tail, spherical head without an acrosome, 
and a short or absent midpiece, as described in other fishes of the 
Sparidae family (Beirão et al., 2012b; Marco-Jiménez et al., 2008). 

To achieve a thorough assessment of sperm quality after exposure to 
NP, this study adopted a multiparameter approach by evaluating sperm 
motility, morphometry, mitochondrial function, antioxidant responses 
and DNA integrity. 

Understanding the spermiotoxic effects of NP’ contributes to recog
nizing their ecological impacts. Predicting these impacts can contribute 
to the establishment of effective prevention measures, avoiding later 
recovery costs at population and community levels. 

2. Materials and methods 

2.1. Preparation and characterization of nanoparticle suspensions and 
silver nitrate solution 

2.1.1. Titanium dioxide nanoparticles 
TiO2 NP, namely Aeroxide®P25 (purity ≥99.5% CAS# 13463–67-7), 

were provided by Sigma-Aldrich. Crystalline phase and crystallite size 
were identified by the X-ray diffraction technique XRD, using a Philips 
X'Pert X-ray diffractometer equipped with a Cu Kα monochromatic ra
diation source (λαK = 1.4060 nm). A stock suspension (1 mg⋅mL− 1) was 
prepared in distilled water (dH2O) by sonication with an ultrasonic 
processor (Sonics Vibra-Cell), for 15 min (min) at 100 W, with 5:1 pulses 
on/off. The dispersion was performed in an ice bath. TiO2 NP working 
suspensions (10, 100, 1000 and 10,000 μg⋅L− 1) were prepared with non- 
activated medium, namely saline solution (NaCl; 9 g⋅L− 1). The TiO2 NP 
structure was confirmed by scanning transmission electron microscopy 
(STEM), using a JEOL 2200FS, JEOL Ltd., Japan model. TiO2 NP size 
distribution in 0.9% NaCl was determined by Dynamic Light Scattering 
(DLS) analysis, using a ZetasizerNano ZSP (Malvern Instruments Ltd.) at 
25 ◦C. Measurements were done in triplicate with over 13 sub-runs in 
fresh suspensions and also 1 h after preparation to mimic the ex vivo 
(direct exposure) conditions. 

2.1.2. Silver nanoparticles and silver nitrate 
Ag NP dispersion [10 nm particle size (TEM - Transmission Electron 

Microscopy), 0.02 mg⋅mL− 1 in aqueous buffer, containing sodium cit
rate as stabilizer] was supplied by Sigma-Aldrich. Ag NP structure was 
confirmed by STEM, using a JEOL 2200FS, JEOL Ltd., Japan model. DLS 
analysis was performed to determine Ag NP behavior in 0.9% NaCl, as 
previously described for TiO2 NP. 

Ag NP stock suspension (0.0025 mg⋅mL− 1) was prepared in dH2O 
and Ag NP working suspensions (0.25, 25 and 250 μg⋅L− 1) were pre
pared in 0.9% NaCl. Stock and working suspensions were vortexed 
before the next dilution. 

To allow the discrimination of the involvement of dissolved Ag form 
on the measured responses, Ag+ solutions were also prepared (see Sec
tion 2.3.). AgNO3 (purity ≥99%, ACS reagent, CAS# 7761-88-8) was 
provided by Sigma-Aldrich. AgNO3 stock solution (0.0040 mg⋅mL− 1, 
[Ag+] = 0.0025 mg⋅mL− 1) was prepared in dH2O and AgNO3 working 
solutions (0.40, 40, 400 μg⋅L− 1, [Ag+] = 0.25, 25 and 250 μg⋅L− 1) were 
prepared in 0.9% NaCl by successive dilutions of the stock suspension, as 
previously performed for Ag NP. Stock and working suspensions were 
vortexed before proceeding with the next dilution. We will refer to the 
use of Ag+ present in AgNO3 as Ag+. 

2.2. Semen collection 

Sperm was collected from sexually mature gilthead seabream (Sparus 
aurata) reared males (2 years old, approximately 0.5 kg), provided by 
Aqualvor Lda fish farm (Lagos, Portugal) during their reproductive 
season (December–February in the South of Portugal). Sperm was 
released by abdominal massage and retrieved with a 1 mL syringe, 
without the needle. Samples were kept in microtubes inside polystyrene 
support to avoid direct contact with ice (~4 ◦C), until analysis. All 
samples showing urine contamination were rejected. A total of 12 sperm 
samples corresponding to different males were used. 

2.3. Experimental design 

Semen was directly exposed (ex vivo) to several concentrations of 
TiO2 NP or Ag NP, in two independent trials. TiO2 NP tested concen
trations reflected the levels found at Mediterranean marine waters 
(water column and top surface layer) (Labille et al., 2020), as well as 
supra-environmental concentrations. Ag NP levels replicated the levels 
found in French wastewater (influent and effluent) (Deycard et al., 
2017) and supra-environmental concentrations. Four concentrations of 
TiO2 NP (10, 100, 1000 and 10,000 μg⋅L− 1) and three concentrations of 
Ag NP (0.25, 25 and 250 μg⋅L− 1) were tested. Since Ag NP can undergo 
oxidative dissolution in water (Zhang et al., 2016), the same concen
trations of Ag+ (0.25, 25 and 250 μg⋅L− 1) were also assessed to evaluate 
the contribution of the dissolved Ag form. The ex vivo exposures (1:10, 
v/v semen and exposure medium [0.9% NaCl and NP], respectively to 
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achieve a final sperm concentration of ~2 × 107 cells/mL) lasted 1 h 
with gentle agitation performed every 15 min. The exposure was per
formed at 4 ◦C to avoid sperm degradation (Gallego and Asturiano, 
2019). 

After exposure, sperm was directly collected for motility (Section 
2.4) and morphometry (Section 2.5) evaluation. For the remaining 
analysis, samples were centrifuged in a refrigerated centrifuge (Eppen
dorf 5415R) at 800g for 15 min at 4 ◦C, and the supernatant was dis
carded to remove NP and seminal plasma. Then, the pellet was 
resuspended in 0.9% NaCl to achieve a final concentration of 2 × 107 

cells⋅mL− 1 and divided into several aliquots for further evaluation. 

2.4. Sperm motility 

Motility was assessed using the CASA system (ISAS - Integrated 
System for Sperm Analysis; Proiser, Valencia, Spain) coupled to a phase- 
contrast microscope (Nikon E-200; Nikon, Tokyo, Japan) with an ISAS 
camera (Gallego and Asturiano, 2018, 2019). For sperm activation, 5 μL 
of artificial seawater (1100 mOsm⋅kg− 1) were added to 1 μL of the cell 
suspension and motility was recorded at 15, 30, 45, and 60 s post- 
activation in the same field. Samples exposed to each NP and concen
tration (n = 12 males) were analyzed four times per treatment. Image 
sequences were captured with a 10× negative phase contrast objective, 
saved and analyzed afterwards using the ISAS software. The software 
settings were adjusted to gilthead seabream sperm using 25 frames per 
second and considering the head area of 1 to 90 μm2. Spermatozoon was 
considered motile when VCL (curvilinear velocity) was higher than 10 
μm⋅s− 1. CASA rendered the percentage of motile cells in the sperm 
sample. The assessed parameters were: the total motility (TM, %), 
expressed as the percentage of motile cells, and the curvilinear velocity 
(VCL, mm/s), which corresponds to the average velocity of a sperma
tozoon head along its curvilinear trajectory (Gallego et al., 2014). 

2.5. Sperm morphometry 

Seabream sperm were analyzed for morphometric changes using the 
protocol developed by Marco-Jiménez et al. (2008). Briefly, after 
exposure to NP, 4 μL of sperm were fixed in a 1:50 ratio (v:v) in 2.5% 
glutaraldehyde solution prepared in PBS. An aliquot of the previous 
dilution was then placed in a slide and visualized using a 100 x⋅negative 
phase contrast objective, using immersion oil (Nikon Plan Fluor) in an 
Eclipse E400 Nikon microscope connected to an ISAS camera. Images 
were acquired and the morphometric parameters were analyzed using 
the computer-assisted sperm analysis (ASMA - Automated Sperm 
Morphometry Analysis) software (Sperm Class Analyser, Morfo Version 
1.1, Valencia, Spain). The morphometric parameters determined in the 
sperm head were: head length (μm), width (μm), perimeter (μm), and 
area (μm2). A total of 200 sperm cells were analyzed per male (n = 10) 
and treatment. 

2.6. Sperm DNA integrity 

An aliquot of each sample was diluted in 0.9% NaCl to a final con
centration of 1 × 104 cells⋅mL− 1. Comet assay was performed according 
to Collins (2004), adapted with a system of eight gels per slide as 
described by Guilherme et al. (2014) and adapted for gilthead seabream 
sperm according to Cabrita et al. (2005). Briefly, the slides were 
immersed in a lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 
1% Triton X-100, and 1% lauryl sarcosine, pH 10) at 4 ◦C for 1 h. 
Dithiothreitol (10 mM) was added to the lysis solution and gels were 
immersed for 30 min at 4 ◦C. Subsequently, lithium diiodosalicylate (4 
mM), was added to the solution and gels were immersed for 90 min at 
4 ◦C. 

Slides were then placed horizontally in the electrophoresis tank with 
electrophoresis solution (0.3 M NaOH, 1 mM Na2–EDTA, pH 12) for 20 
min at 4 ◦C. Electrophoresis was conducted at a fixed voltage of 20 V, a 

current of 300 mA for 10 min at 4 ◦C. 
Afterwards, slides were drained and immersed in a neutralizing so

lution (0.4 M Tris, pH 7.5) for 5 min at 4 ◦C. This procedure was per
formed twice and slides were then placed in a solution of 70% ethanol 
for 2 min, 90% ethanol for 2 min and followed by pure ethanol for 2 min. 
Lastly, slides were left to dry in the air and stored for later analysis. 
Positive control was also prepared in 0.9% NaCl and previously incu
bated with a damage promoter [hydrogen peroxide (H2O2) 50 mM] for 
15 min at 4 ◦C (Azqueta et al., 2011). 

For comet visualization, slides were stained with ethidium bromide 
(20 μg⋅mL− 1). Fifty nucleoids were observed per gel, using a Leica 
DM2000 LED fluorescence microscope (x400 magnification). DNA 
damage was quantified by visual scoring of nucleoids, according to 
Collins (2004). Nucleoids were scored into five classes according to the 
tail length and intensity, from 0 (no tail) to 4 (almost all DNA in tail 
indicating highly damaged DNA). The genetic damage indicator (GDI) 
was calculated according to the formula: 

GDI =
∑

%nucleoids class i× i  

where i is the number of each defined class (ranging within 0–4) and GDI 
values were inherently expressed as arbitrary units on a scale of 0–400 
per 100 scored nucleoids. 

2.7. Sperm mitochondrial function and antioxidant activity 

Mitochondrial function was evaluated as described by Oliveira et al. 
(2008) with some modifications for gilthead seabream. Briefly, we 
evaluated mitochondrial function by using Rhodamine 123/propidium 
iodide (Rh123/PI) dual fluorescent staining. Rh123 is a cationic fluo
rescent dye (1 mg⋅mL− 1 in methanol [− 20 ◦C]) was diluted in dH2O to a 
concentration of 0.1 mg⋅mL− 1 and 10 μL were added to 400 μL of each 
cell suspension (1 to 2 × 107 cells⋅mL− 1). Samples were incubated at 
4 ◦C for 30 min, in the dark, allowing Rh123 to accumulate in functional 
active mitochondria. Afterwards, samples were centrifuged for 10 min at 
500g, the supernatant was discarded and the pellet was resuspended in 
NaCl. Then, 10 μL of PI (0.1 mg⋅mL− 1), used to mark unviable cells, were 
added to the sample 5 min before flow cytometric analyses (Attune® 
Acoustic Focusing Cytometer, ThermoFisher Scientific). The instrument 
was equipped with a blue laser (488 nm) for excitation. Green fluores
cence from Rh123 was detected in BL1 sensor, through a 530/30 filter, 
while the red fluorescence of PI was collected through a 574/26 filter. 
Sperm cells were gated based on the forward (FS) vs. side scatter (SC) 
properties. At least 10, 000 events were acquired for each sample. The 
percentage of sperm with functional mitochondria was calculated as the 
ratio of cells positive for Rh123 (PI+Rh123+/PI-Rh123+) vs. total cell 
number. 

For the biochemical analysis, spermatozoa were lysed to release 
antioxidants. First, sperm samples were centrifuged at 4 ◦C for 10 min at 
10000g, and the supernant was discarded. Then, the pellet was resus
pended with PBS 0.1% Triton X-100, vortexed and frozen in liquid ni
trogen. Afterwards, samples were thawed at room temperature, 
centrifuged at 5000g for 5 min at 4 ◦C, and the supernatant removed. 
Lastly, samples were diluted with 0.01 M PBS and subsequently frozen in 
liquid nitrogen and stored at − 80 ◦C until analyses. 

Catalase (CAT) activity analysis was based on those described by 
Claiborne (1985) and Giri et al. (1996). Briefly, the assay mixture con
sisted of 10 μL phosphate buffer (0.05 M, pH 7.0), 195 μL hydrogen 
peroxide (10 mM) and 10 μL of the sample. The absorbance was moni
tored for 3 min at intervals of 10 s at 25 ◦C. The CAT activity was 
analyzed at 240 nm and expressed in μmol H2O2 consumed⋅min− 1.mg 
protein− 1 (Ԑ = 43.5 M− 1 cm− 1). 

Glutathione peroxidase (GPx) activity was assayed according to the 
method described by Mohandas et al. (1984), modified by Athar and 
Iqbal (1998). The assay mixture consisted of 90 μL phosphate buffer 
(0.05 M, pH 7.0), X mL EDTA (10 mM), 30 μL sodium azide (10 mM), 30 
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μL glutathione reductase (GR; 2.4 U/mL), 30 μL reduced glutathione 
(GSH; 10 mM), 30 μL NADPH (1.5 mM), 30 μL H2O2 (2.5 mM) and 30 μL 
of the sample. The absorbance was read at 340 nm each 30 s for a 5 min 
period at 25 ◦C and expressed in nmol NADPH oxidized⋅min− 1.mg 
protein− 1 (Ԑ = 6.22 × 103 M− 1 cm− 1). 

Superoxide dismutase (SOD) activity was determined through the 
spectrophotometric enzymatic kit (RANSOD TM, Randox), adapted to a 
microplate. Xanthine and xanthine oxidase were used to produce su
peroxide radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5- 
phenyltetrazolium chloride (INT) originating a red dye of formazan. The 
assay consisted in adding 10 μL of diluted PMS, 210 μL of Mixed sub
strate (R1) and 30 μL of xanthine oxidase (R2) .The absorbance was read 
at 550 nm during 3:30 min at 25 ◦C. SOD activity was expressed in U⋅mg 
protein− 1, where a unit of SOD induced the inhibition of 50% of the INT 
reduction rate. 

The total protein content was determined in the PMS according to 
Bradford (1976), adapted to a microplate, using bovine serum albumin 
as a standard. Absorbance reading was performed at 595 nm. 

All antioxidants and proteins were measured using a microplate 
reader (Synergy™ H1 BioTeck®). 

2.8. Statistical analyses 

The effect of the different treatments (independent variables) on the 
different dependent variables (motility, morphometry, GDI, DNA dam
age classes, enzymatic antioxidants, and mitochondrial function) was 
analyzed using one-way ANOVA, followed by a multiple comparisons 
test. Graphical validation tools were used to verify ANOVA assumptions. 
Whenever assumptions were not fulfilled, data were evaluated with the 
equivalent non-parametric test. To satisfy the assumptions of ANOVA, 
percentage data (viz., sperm motility and mitochondrial function) were 
arcsine-transformed. A paired-samples t-test, and the equivalent non- 
parametric (Mann-Whitney U test), was conducted to distinguish the 
effects of Ag NP from those of Ag+. 

The results were expressed as mean and standard deviation. The 
statistical analyses were performed using IBM.SPSS®, version 27.0.1, 
and all the statistical tests were considered significant when p < 0.05. All 
the descriptive data have been collated into supplementary tables. 

3. Results 

3.1. Characterization of the nanoparticle suspensions 

3.1.1. Titanium dioxide nanoparticles 
The standard spheroid irregular shape of TiO2 NP (Aeroxide© P25) 

with a primary size of a mean particle diameter of 19.34 ± 6.72 nm in 
the stock suspension was confirmed by STEM (Fig. S1). The histograms 
of the different sizes of TiO2 NP showed a unimodal right-skewed dis
tribution, with approximately 60% of the values ranging from 10 to 20 
nm in the stock suspension, as well as in all TiO2 NP working suspen
sions. The XRD analysis demonstrated the presence of the crystalline 
phase anatase (86.8%) and rutile (13.2%). DLS analysis of TiO2 NP stock 
suspension (1 mg⋅mL− 1) in dH2O showed the presence of agglomerates 
with an average size of NP of 189.0 ± 80.2 nm. The mean hydrodynamic 
diameters of TiO2 NP agglomerates in the tested suspensions (in NaCl) 
were 235.32 ± 17.35, 239.84 ± 63.98, 252.46 ± 51.76 and 690.95 ±
121.59 nm at 10, 100, 1000 and 10,000 μg⋅L− 1, respectively. 

3.1.2. Silver nanoparticles 
STEM analysis showed that silver dispersion (stock suspension) had a 

spherical appearance with a mean primary size particle diameter of 
21.50 ± 8.27 nm (Fig. S2). The histogram of the frequency distribution 
of different sizes of Ag NP showed a unimodal right-skewed distribution, 
with nearly 35, 55, and 80% of the values ranging from 10 to 20 nm in 
the stock suspension and Ag NP working suspensions of 250 μg⋅L− 1 and 
25 μg⋅L− 1, respectively. For the 0.25 μg⋅L− 1 working suspension of Ag 

NP, 87.50% of the values ranged from 4 to 10 nm. DLS analysis of Ag NP 
stock suspension (0.0025 mg⋅mL− 1) in dH2O revealed the presence of 
agglomerates with an average size of 142.73 ± 13.74 nm. The mean size 
of the agglomerates in the tested suspensions (in NaCl) was 130.52 ±
7.89, 134.29 ± 42.28 and 230.04 ± 32.57 nm for 0.25, 25, and 250 
μg⋅L− 1, respectively. 

3.2. Sperm motility and morphometry 

The CASA system analysis, carried out at different time points (15, 
30, 45, and 60 s post-activation), showed that increasing concentrations 
of TiO2 NP did not affect sperm TM, as no significant differences were 
observed among groups (Table S1; Fig. 1A). Similar to TM, VCL also did 
not show significant differences (Table S1; Fig. 2A). 

Concerning Ag NP exposure, TM decreased in the highest concen
tration in comparison with the control group, for all the different time 
points post-activation (Table S2). TM remained unaltered after the 
exposure of sperm to Ag+ in all the recorded post-activation times 
(Table S2; Fig. 1B). TM was similar between the corresponding exposure 
levels Ag NP and Ag+ (Table S3). VCL decreased in the highest Ag NP 
concentration concerning to the intermediate concentration, at 15 s 
post-activation (H(3,40) = 8.629, p ≤ 0.05), while in the other post- 
activation times, VCL remained unaltered. After the exposure to Ag+, 
VCL also remained unaltered in all recorded post-activation times 
(Table S2). For the concentration 25 μg⋅L− 1 at 30 s post-activation 
(U(1,16) = 11.000, p ≤ 0.05) and 250 μg⋅L− 1 at 45 s post-activation 
(U1,16) = 11.500, p ≤ 0.05) the VCL was lower for Ag+ than for Ag NP 
(Fig. 2B). 

The morphometric analysis showed no significant differences for any 
of the studied parameters after exposure to all NP tested, TiO2 and both 
Ag NP and Ag+ (Tables S1 and S2; Fig. 3). The absence of differences 
between Ag NP and Ag+ was also observed for all the morphometric 
parameters (Table S3). 

3.3. DNA integrity in sperm 

After TiO2 NP exposure, gilthead seabream sperm did not show 
significant alterations in the GDI among treatments (Table S1; Fig. 4A). 
To better understand the distribution of DNA damage throughout the 
range of the tested concentrations, GDI classes were analyzed individ
ually. Again, no statistically significant differences were observed be
tween treatments in all classes (Table S1). Similarly to TiO2 NP, no 
significant alterations in the GDI values among treatments were found 
for Ag NP or Ag+ (Table S2; Fig. 4B) as well as for DNA damage classes 
(Table S2). No significant differences were found between each con
centration of Ag NP and Ag+ for GDI (Table S3), nor for all assessed DNA 
damage classes (Table S3). 

3.4. Sperm mitochondrial function and antioxidant activity 

No significant differences were detected between the mitochondrial 
function of sperm exposed to TiO2 NP and the control treatment, as well 
as among the tested TiO2 NP concentrations (Table S1; Fig. 5A). The 
same result was observed for Ag NP and Ag+ (Table S2; Fig. 5B). The 
paired samples, between each concentration of Ag NP and Ag+, pre
sented no significant differences (Table S3). 

The studied antioxidants (CAT, GPx and SOD) showed decreased 
activities in all TiO2 NP treatments in comparison with control (H(4,46) 
= 17.381, p = 0.002; H(4,45) = 17.721, p ≤ 0.001; H(4,46) = 18.654, p ≤
0.001 for CAT, GPx, and SOD respectively) (Table S1; Fig. 6A, C, E). CAT 
and GPx activities remained unaltered after the exposure of sperm to Ag 
NP (Fig. 6B, D), though the activity of SOD decreased significantly in the 
two lowest Ag NP concentrations relatively to control (H(3,36) = 8.401; p 
≤ 0.05) (Table S2; Fig. 6F). 

When sperm cells were exposed to Ag+, CAT activity decreased 
significantly in both the lowest and the highest concentrations relatively 
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to control (H(3,40) = 16.518; p ≤ 0.001) (Table S2; Fig. 6B), while a 
significant decrease was observed in the GPx activity of sperm exposed 
to the lowest concentration of Ag+ (H(3,36) = 14.700; p ≤ 0.01) 
(Table S2; Fig. 6D). SOD activity decreased significantly in the lowest 
and intermediate Ag+ concentrations in relation to control (H(3,40) =

17.530; p ≤ 0.001) (Table S2; Fig. 6F). 
The paired-sample t-test showed that CAT activity was lower in the 

highest Ag+ concentration (U(1,20) = 20.000; p ≤ 0.05) (Table S3; 
Fig. 6B). In the case of SOD, lower activity was also found for both the 
lowest and the highest concentrations of Ag+ (U(1,18) = 15.000; p ≤ 0.05; 
U(1,20) = 20.000; p ≤ 0.05for 0.25 and 250 μg⋅L− 1, respectively) 
(Table S3; Fig. 6F). No differences were found between Ag NP and Ag+

for GPx activity (Table S3; Fig. 6D). 

4. Discussion 

The importance of addressing sperm quality for environmental risk 
assessment was just recently acknowledged. Sperm quality is intrinsi
cally related to the fertilization ability being crucial for species main
tenance and propagation. Thus, understanding contaminant effects and 
mode of action in sperm allows reliably predicting the environmental 
risk posed by these substances and setting recommendations regarding 
their presence in the environment. Notwithstanding the suitability of 
sperm quality, namely motility, as an indicator of reproductive success 
with application in environmental risk assessment, a limited number of 
studies exist focusing on the impact of contaminants on sperm function 
(Gallego and Asturiano, 2018, 2019; Gallo et al., 2020), particularly 
those related to the effects of NP in aquatic organisms. Despite that, the 
existing information points towards the impairment of sperm function 
after exposure to NP (Gallo et al., 2016; Han et al., 2019; Kowalska- 

Góralska et al., 2019; Özgür et al., 2018a, 2018b, 2018c, 2019, 2020). 

4.1. Sperm motility and morphometry 

The majority of the physiological processes of fish sperm is deter
mined by motility as fertilization relies on sperm encounters with the 
oocyte (Cosson, 2019). For that reason, this is the most studied func
tional parameter in sperm. 

The effects of iron oxide NP (Fe3O4 NP), zinc oxide NP (ZnO NP), 
silica oxide NP (SiO NP), and copper oxide NP (CuO NP) in freshwater 
and marine fish sperm showed a general reduction of motility after ex 
vivo short-term exposures (Kowalska-Góralska et al., 2019; Özgür et al., 
2018b, 2018c, 2019). The same occurred after TiO2 NP ex vivo exposures 
in marine organisms (fish - Capoeta trutta and bivalve -Tegillarca gran
osa). These studies showed a general decrease in different motility pa
rameters (VCL, straight-line velocity – VSL, and angular path velocity – 
VAP) after 2 h of direct exposure to TiO2 NP (10 to 10,000 μg⋅L− 1 of TiO2 
NP) (Han et al., 2019; Özgür et al., 2020). On the contrary, our results 
revealed no alteration of the motility parameters (TM and VCL) 
following TiO2 NP exposure, despite the adoption of the same exposure 
procedure (direct exposure) and the same range of TiO2 NP concentra
tions (10 to 10,000 μg⋅L− 1 of TiO2 NP). In the case of the rainbow trout 
(Oncorhynchus mykiss), Özgür et al. (2018a) also reported no alteration 
in VCL after 3 h of direct exposure to TiO2 NP concentrations ranging 
from 10 to 50,000 μg⋅L− 1. However, these authors found contradictory 
results for the remaining parameters (VAP, VSL and percentage of 
linearity). The discrepancies between studies may be due to the duration 
of exposure, different sensitivity among the assessed parameters, and 
species-specificities. Distinct species-specific mechanisms were already 
reported, pointing towards a higher inherent vulnerability of freshwater 

Fig. 1. Total motility (%) in spermatozoa of S. aurata exposed for 1 h to (A) titanium dioxide nanoparticles (TiO2 NP: 10, 100, 1000 and 10,000 μg⋅L− 1), as well as (B) 
silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). Total motility was recorded 15, 30, 45, and 60 s post- 
activation. Different lower-case letters denote significant differences (p < 0.05). Columns correspond to mean values and error bars represent the standard deviation. 
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sperm due to their physiological maladaptation to hypoosmotic shock 
(Billard and Cosson, 1990). Moreover, marine fish have a higher poly
unsaturated/unsaturated fatty acids ratio than freshwater fish (Drokin, 
1993), which confers higher fluidity to marine fish sperm membranes 
and thus higher resistance. 

To the best of our knowledge, no studies assessed the effects of Ag NP 
in the motility of marine organisms' sperm. The available data focused 
on humans (short-term direct exposure) and other mammals (long-term 
in vivo exposure), reporting a general decrease in sperm motility (TM, 
VCL, VSL, and VAP) (Moretti et al., 2013; Olugbodi et al., 2020; Shehata 
et al., 2021; Wang et al., 2017). Similarly, in the present study, TM also 
decreased, but only at the highest Ag NP concentration (250 μg⋅L− 1). 
The sperm motility of gilthead seabream might be regulated by ROS- 
mediated processes (Zilli et al., 2017). The decrease in motility after 
exposure to the highest Ag NP concentration is not accompanied by DNA 
damage, impairment of the mitochondrial function nor alteration in the 
antioxidants (see Section 4.3). Thus, we anticipate that Ag NP might 
affect motility by a physical interaction with the sperm surface. We 
hypothesize two different mechanisms: impairment of the motility by 
mechanical processes or by interactions of the Lewis-acid of the NP 
surface with Lewis-acid thiol groups of the membrane (Taylor et al., 
2014). Mechanical processes induced by the large agglomerates 
attached to the flagellum may delay motility, whereas NP interaction 
with the membrane structure/composition may interfere with mem
brane transporters. Taylor et al. (2014) suggested that gold NP affected 
the motility of bull sperm by interacting with the membrane. 

The higher toxicity of the Ag ion was previously described for 
zebrafish gills (Danio rerio; exposure via water for 48 h) (Griffitt et al., 

2009) and the marine diatom (Chaetoceros curvisetus) (Lodeiro et al., 
2017). However, the higher toxicity of the Ag ion compared to Ag NP 
was not possible to confirm since no alterations of the motility were 
found for Ag+. 

Like motility, sperm morphometry is a reliable indicator of sperm 
quality (Gallego et al., 2014; Marco-Jiménez et al., 2008). Any alter
ations in its shape may interfere with the swimming capacity or the 
penetration of the sperm head through the oocyte micropyle. Our results 
showed that the analyzed head morphometric parameters were unal
tered after TiO2 NP, Ag NP and Ag+ exposure. No studies were found 
regarding using this tool to describe the effects of NP in sperm. Never
theless, a single study with goldfish (Carassius auratus) showed no effects 
on sperm head length, width and area after an instant exposure (5 s) to 
mercury (1 to 100,000 μg⋅L− 1). However, the levels of those parameters 
increased after 24 h exposure (Van Look and Kime, 2003), suggesting 
that morphometric changes are time-dependent and that instant expo
sures are not likely to induce alterations. We forecasted the absence of 
alterations in sperm morphometry was related to no or slight motility 
effects induced by TiO2 NP and Ag NP exposure, respectively. Plus, 
sperm was exposed in its quiescent stage (see Section 4.4), as gilthead 
seabream sperm motility only lasts a few minutes. 

Exposing non-motile sperm, though not fully mimicking the post- 
release moment, is the trade-off to going deeper into the effects of 
water contaminants on these cells. We, therefore, predict that these ex 
vivo assays reflect the impacts of NP at the post-release moment without 
underestimating the risk to spermatozoa and its ecological 
consequences. 

Fig. 2. Curvilinear velocity (VCL) (μm⋅s− 1) in spermatozoa of S. aurata exposed for 1 h to (A) titanium dioxide nanoparticles (TiO2 NP: 10, 100, 1000 and 10,000 
μg⋅L− 1), as well as (B) silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). VCL was recorded 15, 30, 45, and 
60 s post-activation. Different lower-case letters denote significant differences among treatments (p < 0.05). Significant differences between the corresponding 
concentrations of Ag NP and Ag+ is depicted by (◆) (p < 0.05). Columns correspond to mean values and error bars represent the standard deviation. 
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4.2. Sperm DNA integrity 

Assessing DNA damage at individual levels allows predicting any 
changes at the population level. The loss of DNA integrity was previ
ously reported in the sperm of humans and aquatic organisms following 
direct exposure to NP (Gallo et al., 2016, 2018; Han et al., 2019; San
tonastaso et al., 2019, 2020; Wang et al., 2017). DNA damage was re
ported even at low TiO2 NP concentrations in human sperm (1, 10 
μg⋅L− 1) and in a marine bivalve (10 and 100 μg⋅L− 1) (Santonastaso et al., 

2019; Han et al., 2019). Unlike these studies, no DNA damage occurred 
for the seabream sperm suggesting less vulnerability to this NP. The 
lower vulnerability of seabream sperm compared with the marine 
bivalve may be because the sperm of bivalves are active when exposed to 
NP, as they are motile for more than 24 h. Sessile organisms exhibit 
extensive periods of sperm motility than fish, as their spermatozoa must 
travel longer distances to find the egg to fertilize (Gallego et al., 2014). 
The same can be considered for human sperm since assays use ejaculated 
sperm and, therefore, motile cells. 

Fig. 3. Morphometric parameters (μm2) in spermatozoa of S. aurata exposed for 1 h to titanium dioxide nanoparticles (TiO2 NP: 10, 100, 1000 and 10,000 μg⋅L− 1), as 
well as silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). Different lower-case letters denote significant 
differences (p < 0.05). Columns correspond to mean values and error bars represent the standard deviation. C - control. 
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In the case of Ag NP, there are no comparable studies on aquatic 
organisms. However, a decrease in DNA integrity occurred after direct 
exposure (1 h) of human sperm to high concentrations of Ag NP 
(200,000 μg⋅L− 1 and 400,000 μg⋅L− 1) (Wang et al., 2017). Contrary to 
human sperm, no DNA damage occurred in our study with sperm of 
gilthead seabream after exposure to Ag NP (0.25 to 250 μg⋅L− 1) and Ag+

ion (0.25 to 250 μg⋅L− 1). Yet, the disparity of concentrations between 
studies does not allow further comparisons. 

4.3. Sperm mitochondrial function and antioxidant activity 

ROS formation is the predominant molecular mechanism of NP 
toxicity to sperm, which induces impairment of the mitochondrial 
function and changes in membrane composition (Gallo et al., 2016, 
2018; Özgür et al., 2018b, 2020; Ogunsuyi et al., 2020). The vulnera
bility towards ROS is related to the sperm plasma membrane high 
content of cholesterol and polyunsaturated fatty acids (Costantini et al., 
2010). Plus, the small volume of cytoplasm and thus the low levels of 
antioxidants depicted by sperm contribute to their susceptibility to ROS 
and oxidative stress (Słowińska et al., 2013). 

In this work, SOD activity decreased after exposure to low and in
termediate concentrations of Ag NP, and an overall depletion of the 
antioxidant activity (CAT, GPx, and SOD) occurred after exposure to 
TiO2 NP. As antioxidants are the first line of defense against ROS (Cos
tantini et al., 2010; Słowińska et al., 2013), their depletion might suggest 
that gilthead seabream spermatozoa are vulnerable to ROS production. 

The excess of ROS might inhibit the enzymes of oxidative phos
phorylation and glycolysis, limiting the production of ATP (De 

Lamirande et al., 1997) and subsequently impairing mitochondrial 
function. Therefore, concomitantly to the depletion of the activity of 
antioxidants, it was expected to find impairment of the mitochondrial 
function of sperm exposed to the NP. Yet, no alteration of the mito
chondrial function emerged after exposure to NP. The absence of 
mitochondrial impairment may be due to the quiescent stage of sper
matozoa during the ex vivo exposures. In quiescent spermatozoa, mito
chondria are at a basal metabolic rate encompassing low energy 
mobilization, low oxygen consumption (Alavi et al., 2019), and inhibi
tion of some enzymes that regulate the respiratory chain (Christen et al., 
1987). Plus, in quiescent spermatozoa, no interference of the ROS- 
mediated signal cascade, that triggers activation, occurred. Hence, the 
depletion of the antioxidants suggests two possible mechanisms of ac
tion by the NP: enzyme inhibition by NP, more severe in the case of TiO2 
NP, or by the promotion of a favourable antioxidant condition. Indeed, 
both TiO2 NP and Ag NP can have antioxidant properties, a character
istic that depends on the extracts used in their synthesis (Keshari et al., 
2020; Bedlovičová et al., 2020; Rajeswari et al., 2021). For Ag NP these 
mechanisms are concentration-dependent, as it does not occur at the 
highest concentration. 

Previous studies reported increasing lipid peroxidation either in fish 
spermatozoa directly exposed to TiO2 NP or in the testis of rats after 
long-term oral exposure to Ag NP (Özgür et al., 2020; Shehata et al., 
2021). Assessment of lipid damage would have been convenient in our 
samples but was not possible due to methodological limitations. 

Fig. 4. Genetic damage indicator (GDI; expressed in arbitrary units) in spermatozoa of S. aurata exposed for 1 h to (A) titanium dioxide nanoparticles (TiO2 NP: 10, 
100, 1000 and 10,000 μg⋅L− 1), as well as (B) silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). Different 
lower-case letters denote significant differences (p < 0.05) in relation to control. Columns correspond to mean values and error bars represent the standard deviation. 
C - control. 

Fig. 5. Mitochondrial function (PI+Rh123+/PI-Rh123+) in spermatozoa of S. aurata exposed for 1 h to (A) titanium dioxide nanoparticles (TiO2 NP: 10, 100, 1000 
and 10,000 μg⋅L− 1), as well as (B) silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). Different lower-case 
letters denote significant differences (p < 0.05). Columns correspond to mean values and error bars represent the standard deviation. C - control. 
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4.4. Inference for the sperm-shield effects 

The direct exposure of NP on fish sperm occurs in semen (seminal 
plasma and spermatozoa) and utilizes quiescent sperm. Seminal plasma 
protects spermatozoa from oxidative damage and thus may have func
tioned as a shield against NP oxidative potential (Kowalski and Cejko, 
2019). 

Another identified inference is related to the NP characteristics such 
as charge, size, coating, and concentration. NP-specific features affect 
their ability to induce toxicity and access the cells (Cameron et al., 
2018). Lankoff et al. (2012) found that the agglomeration state affects 
NP's cellular localization and toxicity. These authors found that the 
smaller the agglomerates size, the greater its toxicity, pointing to higher 
toxicity of Ag NP than TiO2 NP. However, the small agglomerate size for 
Ag NP (235–691 nm vs. 131–230 nm, for TiO2 NP and Ag NP, respec
tively) did not reflect higher toxicity, as most of the effects occurred 

after TiO2 NP exposure. 
The lower Ag NP toxicity may also be related to the sodium citrate 

coating. This coating stabilizes the NP and limits its ability to agglom
erate. It also reduces the dissolution of Ag NP into Ag ion, which is 
generally considered more toxic (Fahmy et al., 2019). 

5. Conclusions 

Our study reports the effects of TiO2 NP and Ag NP on Sparus aurata 
sperm through a multiparameter approach. The results showed no 
alteration in sperm TM (except for the supra environmental concentra
tion of Ag NP), VCL, morphometry, mitochondrial function, and DNA 
integrity. However, TiO2 NP induced a decrease in all the antioxidants 
for all concentrations and Ag NP induced SOD depletion at the lowest 
and intermediate concentrations. Nevertheless, this antioxidant deple
tion had no impact on the sperm performance. Although the ex vivo 

Fig. 6. Antioxidant responses in spermatozoa of S. aurata exposed for 1 h to (A) titanium dioxide nanoparticles (TiO2 NP: 10, 100, 1000 and 10,000 μg⋅L− 1), as well 
as (B) silver nanoparticles (Ag NP: 0.25, 25 and 250 μg⋅L− 1) and silver as AgNO3 ([Ag+]: 0.25, 25 and 250 μg⋅L− 1). Different lower-case letters denote significant 
differences (p < 0.05) in relation to control. Significant differences between the corresponding concentrations of Ag NP and Ag+ is depicted by (◆) (p < 0.05). 
Columns correspond to mean values and error bars represent the standard deviation. 
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exposure of S. aurata sperm to NP was performed with quiescent cells, 
this is a suitable approach to simulate the sperm post-release process. 
Our findings indicate a low vulnerability of S. aurata sperm to these NP, 
translated into absence or low risk after release to the marine environ
ment, with no evidence of relevant ecological impacts. Nevertheless, 
further studies are required to identify in vivo long-term effects of these 
NP on the reproductive processes of marine species and their mechanism 
of action. 
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