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Zinc plays a very important role in various biological activities of the body. Multifaceted role of zinc is
also known in testes development, spermatogenesis, capacitation and has effect on spermatozoa motility.
On the other hand, the growing industry of nanotechnology has created reasonable interest of the risk
assessment for nanoparticles. The aim of this study was to evaluate in vitro effect of zinc oxide (ZnO)
nanoparticles on rabbit spermatozoa. Fresh semen was collected from sexually mature New Zealand rab-
bits. Experimental groups were prepared by diluting semen with ZnO nanoparticles in seven different
concentrations (6–391 mg/mL). The experimental groups were compared with control group. Semen
was assessed using computer assisted semen analysis (CASA) at intervals of 0, 1, 2 and 3 h of incubation.
The mitochondrial toxicity assay (MTT) assay was used to determine cell viability. The results of moni-
tored motility parameters in experimental groups showed a decreasing trend during whole experiment.
Significant decrease (P < 0.001) of motility and progressive motility was observed after 3 h of incubation
in samples cultured with higher ZnO nanoparticles in comparison to the control group. After 3 h of incu-
bation, viability of rabbit spermatozoa showed slightly increased values in group with the lowest concen-
tration of ZnO nanoparticles, but in other groups viability showed non-significant decrease compared to
control. Similar tendency was detected for spermatozoa membrane integrity. These original data show
the negative dose–dependent effect of ZnO nanoparticles on spermatozoa motility and viability
parameters.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanoparticles become widely used in life over the past two dec-
ades. Utilization of nanoparticles with one dimension at 1–100 nm
range is in variety fields of industry and medicine (Barkhordari
et al., 2013). Differences of nanoparticles and their larger samples
are in their physical and chemical properties (Wiwanitkit et al.,
2009, Khan et al., 2020). Potential toxicity, ability to pass through
cell membrane barriers and enter into individual cells is affected
by size of nanomaterials (Bakand et al., 2016, Yilmaz and Soylak,
2016).

For the proper development of every organism, both plant and
animal, minerals are needed. One of the necessary micronutrients
is zinc. Zinc has a vital role for humans because it is present in
many enzymes (e.g. polymerase DNA and RNA etc.), it influences
the synthesis of proteins, hormones and red blood cells, as well
as the proper functioning of the skin and mucous membranes
(Evenson et al., 1993, Puzanowska-Tarasiewicz et al., 2009,
Seddigi et al., 2016, Silici et al., 2016).

Zinc is delivered to the body, mainly via the alimentary canal
and to a lesser extent through the respiratory system and skin. It
has been shown that the presence of this element in the body
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affects the occurrence of various types of disorders in the proper
course of various physiological processes, which may result in var-
ious types of lesions (Schlegel-Zawadzka et al., 2002).

Zinc plays a very important role in maintaining normal sexual
function, especially in men (Isaac et al., 2017). Deficiencies of this
element may lead to a reduction in the amount and quality of sper-
matozoa and hypogonadism. Zinc has a multi-directional protec-
tive effect on the semen (Zdrojewicz and Wisniewska, 2005).
Multifaceted role of zinc is also known in testes development, sper-
matogenesis, capacitation and has effect on MOT (Riffo et al., 1992,
Cologar et al., 2009, Kerns et al., 2018a). In vitro studies have shown
that high levels of zinc in semen reversibly inhibit their motility
(Barkhordari et al., 2013, Halo Jr. et al., 2018) and adequate zinc
levels prevent premature acrosomal reactions (Zdrojewicz and
Wisniewska, 2005). A significant part of the genes that participate
in the spermatogenesis process are the so-called zinc fingers. DNA
forms a complex with proteins in them and is stabilized by zinc
ions. Zinc deficiencies can also affect the early stages of spermato-
genesis (Razavi et al., 2019). This study was therefore designed to
evaluate effect of ZnO nanoparticles on spermatozoa motility and
viability.
2. Material and methods

2.1. Semen collection and processing

Fresh semen was collected from adult New Zealand White rab-
bits (n = 8) in the age of 1 year ± 2 monthsat the experimental
breeding and production centre (Experimental Station of the Ani-
mal Production Research Centre Nitra, Slovak Republic). A pho-
toperiod 16L: 8D (minimum light intensity of 80 lx) was
checked. Rabbits were bred in individual cages and fed with a com-
mercial diet. The tap water was provided ad libitum. The average
air temperature was 20 ± 2 �C and relative humidity of 70 ± 5%.
Accoring to the experimental design the conditions of care, manip-
ulations and other conditions corresponded to the instruction of EC
no. 178/2002 as well as other related EC documents. The experi-
ment was approved by the ethics committee of the National Agri-
cultural and Food Centre, Research Institute for Animal Production
in Nitra. Semen samples in five replicates were collected (early in
the morning) three times per week with the help of artificial
vagina. Ejaculates were pooled to avoid differences among the
individuals. Only ejaculates with 80% of MOT were used for exper-
iments. Later the spermatozoa were incubated in thermostat
(37 �C) with various concentrations of ZnO nanoparticles in the
form of dispersion < 100 nm particle size, 20 wt% in H2O (Sigma-
Aldrich, 3050 Spruce Street, Saint Louis, MO 63103, USA) dissolved
in physiological solution. Fresh ejaculates were diluted with phys-
iological solution (NaCl 0.9% Braun, B. Braun Melsungen AG, Ger-
many) in ratio 1:7 for the control group (CON). Experimental
samples were prepared according to the same dilution rate with
seven different ZnO nanoparticles concentrations (in mg/mL): O
– 6; N – 12; M – 24; L – 49; K – 98; J – 195 and I – 391 mg/mL
which were calculated according to previous reports (Barkhordari
et al., 2013, Jahanbin et al., 2020, Pikula et al., 2020). After dilution,
the samples were stored in the thermostat (37 �C) and were anal-
ysed immediately.
2.2. Computer-assisted semen analysis

Semen analyses were carried out by Computer-assisted semen
analysis (CASA) method with SpermVision software (Minitube,
Tiefenbach, Germany) and the microscope Olympus BX 51 (Olym-
pus, Japan). Diluted semen samples were placed into Makler count-
ing chamber (Sefi-Medical Instruments, Germany) with volume of
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10 ll heated to 37 �C for each analysis. Evaluation of spermatozoa
was performed in four time periods (0, 1, 2, 3 h). A specific set up
for rabbit semen was used and the selected parameters were anal-
ysed – total motility (MOT; %), progressive motility (PRO; %), dis-
tance curved line (DCL; mm) and velocity curved line (VCL; mm/s).
Every single output of the CASA system is the result of different
8 fields of Makler Counting Chamber. (Massányi et al., 2008,
Halo Jr. et al., 2019).

2.3. Viability analysis – MTT test

Viability of rabbit spermatozoa incubated with ZnO nanoparti-
cles was evaluated by the metabolic activity (MTT) assay after
3 h of culture. This colorimetric assay measures the conversion of
3-(4.5-dimetylthiazol-2-yl)-2.5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich, St. Louis, USA) to purple formazan particles
by mitochondrial succinate dehydrogenase of intact mitochondria
of living cells. Formazan was measured spectrophotometrically by
a microplate ELISA reader (Multiskan FC, ThermoFisher Scientific,
Finland). The data were expressed in percentage of control
(Slanina et al., 2016, Jambor et al., 2017).

2.4. Eosin-nigrosin

The spermatozoa viability was evaluated using eosin-nigrosin
staining methods (Slanina et al., 2018). From all the samples
smears were prepared after 3 h of culture. Experimental samples
and the control sample were diluted in the ratio 1 : 2 : 2 with 5%
eosin (Eosin Y) and 10% nigrosin (Nigrosin) solution (both Sigma-
Aldrich, St. Louis, USA). For each slide 300 cells were counted under
a light microscope (1000�, Leica DMIL LED; Leica Microsystems
CMS GmbH, Germany) and classified as viable (intact membrane)
and dead (damaged membrane). The experiment was realized in
five replicates. The results of viability evaluation were expressed
as the percentage of viable and dead spermatozoa (%). All methods
were performed in accordance with relevant guideline and regula-
tions’ in the manuscript.

2.5. Statistical analysis

For statistical analysis a comparison between the controls group
and experimental groups were used. For the analysis the GraphPad
Prism program (version 3.02 for Windows; GraphPad Software, La
Jolla California USA) was used. Later, analysis the descriptive statis-
tical parameters (mean, standard deviation) were analysed. The
One-way ANOVA with Dunnett’s post–test was selected for statis-
tical evaluations. For the statistical significance different values
were estimated according to the results *** (P < 0.001),
** (P < 0.01) and * (P < 0.05). Results are interpreted as means
and finally expressed with SD.
3. Results

3.1. Motility parameters

The initial MOT (Time 0) showed decreased values for all doses
of ZnO nanoparticles in comparison to the control group. Similar
tendency was observed after one hour of incubation. After 2 h of
incubation statistically significant decrease was observed
(P < 0.05) in the sample L (33.57 ± 21.43%), K (34.3 ± 28.17%), J
(32.27 ± 23.04%) and I (25.18 ± 18.75%). After 3 h of incubation sig-
nificantly decreased (P < 0.001) of MOT in comparison to the con-
trol group was observed in groups I, J and K. At the same time a
statistically significant (P < 0.05 and P < 0.01) decrease were
observed in groups M and L (Fig. 1).



Fig. 1. The effect of ZnO nanoparticles on the total spermatozoa motility (%). CON –
0; O – 6; N – 12; M – 24; L – 49; K – 98; J – 195 and I – 391 mg/mL of ZnO
nanoparticles. The level of significance was set at *** (P < 0.001), ** (P < 0.01) and *
(P < 0.05).

Fig. 3. The effect of ZnO nanoparticles on the velocity curved line (lm.s�1). CON –
0; O – 6; N – 12; M – 24; L – 49; K – 98; J – 195 and I – 391 mg/mL of ZnO
nanoparticles. The level of significance was set at *** (P < 0.001), ** (P < 0.01) and *
(P < 0.05).

Fig. 4. The effect of ZnO nanoparticles on the distance curved line (lm). CON – 0; O
– 6; N – 12; M – 24; L – 49; K – 98; J – 195 and I – 391 mg/mL of ZnO nanoparticles.
The level of significance was set at *** (P < 0.001), ** (P < 0.01) and * (P < 0.05).
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ZnO nanoparticles negatively affected PRO of rabbit spermato-
zoa during whole experiment. Significantly lower values were
obtained (P < 0.05) in the sample L (18.66 ± 22.16%), K (21.93 ±
28.31%), J (18.23 ± 22.92%) and also, I (12.28 ± 15.41%) after 2 h
of incubation. After 3 h of in vitro incubation significantly
decreased (P < 0.001) of MOT in comparison to the control group
was observed in groups I, J and K. Further a statistically significant
(P < 0.05 and P < 0.01) decrease were observed in groups M and L
(Fig. 2).

The spermatozoa velocity curved line at all time periods in con-
trol group was 118–132.1 lm.s�1. VCL was negative affected by the
ZnO nanoparticles addition, but the differences were not signifi-
cant (Fig. 3).

Spermatozoa DCL confirm the negative effect of ZnO nanoparti-
cles. At the Time 3 statistically significant decrease was observed
(P < 0.05) in the sample I (26.54 ± 19.86%) (Fig. 4).

3.2. Viability and membrane integrity

After 3 h of incubation, viability of rabbit spermatozoa showed
slightly increased values in group O with the lowest dose of Zinc
oxide nanoparticles, in other groups viability showed decreased
values in comparison to the control group, but the differences were
not significant (Fig. 5).

The values of membrane integrity showed very similar ten-
dency in all experimental groups with no significant difference
(Fig. 6).
Fig. 2. The effect of ZnO nanoparticles on the progressive motility (%). CON – 0; O –
6; N – 12; M – 24; L – 49; K – 98; J – 195 and I – 391 mg/mL of ZnO nanoparticles.
The level of significance was set at *** (P < 0.001), ** (P < 0.01) and * (P < 0.05).

Fig. 5. The effect of ZnO nanoparticles on the viability (%) of rabbit spermatozoa
after 3 h of incubation. CON – 0; O – 6; N – 12; M – 24; L – 49; K – 98; J – 195 and I –
391 mg/mL of ZnO nanoparticles.
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4. Discussion

Our observations indicated that ZnO nanoparticles in higher
concentrations decreased the spermatozoa MOT, PRO, viability
and cell membrane integrity in relation to previous findings that
ZnO nanoparticles as a widely used emerging materials in agricul-
tural and food-related fields can have potential safety hazards to
public health and environment (Yan et al., 2020).



Fig. 6. The effect of ZnO nanoparticles on the membrane integrity (%) of rabbit
spermatozoa after 3 h of incubation. CON – 0; O – 6; N – 12; M – 24; L – 49; K – 98; J
– 195 and I – 391 mg/mL of ZnO nanoparticles.
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Bilateral effect of zinc was confirmed in studies of many
researchers. On one hand, the positive impact relates to testes
development (Merker et al., 1997), spermatogenesis (Yamaguchi
et al., 2009), also has a role in regulation of capacitation and the
acrosome reaction of sperm (Fallah et al., 2018). On the other hand,
negative effect was associated with higher concentration in semi-
nal plasma and lower MOT (Henkel et al., 2006).

Recently, it was demonstrated in vitro that ZnO nanoparticles
used in cryopreservation of human semen had beneficial effect
on MOT and PRO. Monitored parameters were assessed after thaw-
ing and at 24 h of incubation. In both time intervals were recorded
positive effect of ZnO nanoparticles for lower concentration, but
time dependent effects were not studied. In study of Isaac et al.
(2017), human semen was cryopreserved with 100 mg/mL of ZnO
nanoparticles, based on their previous studies this concentration
was found to be the optimum. Further positive effect of ZnO
nanoparticles was recorded (Sanjay et al., 2014), where membrane
protective activity in albino Wistar rat homogenates tissues was
demonstrated.

Zinc as an essential trace element plays an important role in
various biological activities (Kerns et al., 2018a, Kerns et al.,
2018b, Sutovsky et al., 2019). As reported in previous study (Halo
Jr. et al., 2018), the samples of semen with different forms (ZnCl2,
ZnSO4.7 H2O) were analyzed (4.883–78.125 mg Zn/L) related to
concentration. Final data show motility parameters (motility, pro-
gressive motility and velocity curved line) and decreasing ten-
dency in zinc samples. Negative effect of zinc in each
concentration on spermatozoa motility parameters and viability
was confirmed by detected data. The results clearly describe that
ZnCl2 added to rabbit semen show higher negative impact on rab-
bit spermatozoa motility and viability parameters compared to
ZnSO4�7H2O.

Previous study described the in vitro effect of zinc (1 or
3 mmol/L) in human semen on oxidative changes. Results clearly
determined the effect of zinc participates on oxidative changes
after ejaculation (Gavella et al., 2009). Positive protective effect
on spermatozoa motility, lipid peroxidation and DNA fragmenta-
tion after in vitro administration of 10 lg/mL zinc (ZnCl2) on
human spermatozoa was observed (Talevi et al., 2013). The
in vitro effect of zinc (1, 10, 100 and 1000 mM) on human sperm
motility and the acrosome reaction were studied by Riffo et al.
(1992). Similarly, to our results authors conclude that zinc
(1 mM) may inhibit MOT and the acrosome reaction. Barbato
et al. (2017) report protective effect of zinc (10 mg/mL) in combi-
nation with D-aspartate and co-enzyme Q10 against exogenous
oxidative stress in bovine spermatozoa. In addition, embryos pro-
duced by spermatozoa and fresh oocytes affected by oxidative
stress are better developed in this experimental culture media.
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Negative impact of zinc on carp spermatozoa was reported with
similar outcomes as our results. Chyb et al. (2000) evaluated the
effect of zinc related to various concentrations on motility param-
eters. Carp semen with zinc addition (10–200 ppm) discovered sig-
nificantly decreased for different motility parameters. Observation
of different studies also suggest that extracellular zinc affects sper-
matozoa motility, but the final effect (positive and/or negative)
clearly depends on species and the dose (Stoltenberg., 1997;
Yamaguchi et al., 2009).

One of the main factors related of its toxicity is size and surface
charge (Baek et al., 2011). Also, cytotoxic action of ZnO nanoparti-
cles was observed on testicular germ cells of NMRI mice. Mice were
treated daily for 35 days with 5, 50 and 300 mg/kg ZnO nanoparti-
cles (Talebi et al., 2013).

Supplementation of 10 mg/kg/day ZnO nanoparticles to
nicotine-exposed rats minimized adverse effect on histological
and biochemical structure of testis and epididymis of adult rats.
ZnO nanoparticles reduced oxidative stress, which suggests effect
of Zn in male reproduction (Mohamed et al., 2019). Opposite effect
of ZnO nanoparticles supplementation was recorded in study of
Ibrahim et al. (2019). Adult albino rats were treated with
700 mg/kg of ZnO nanoparticles dispersed in distilled water by
intraperitoneal single injection for 2 weeks and a significant
decrease of spermatozoa motility was observed. However, the per-
centage of abnormal forms of spermatozoa was highly increased.

Cytotoxic effect was recorded on testis tissue of NMRI adult
mice treated with three concentrations of zinc oxide nanoparticles
(250, 500, 700 mg/kg/day) by intraperitoneal single injection
(Mozaffari et al., 2015). Authors describe that cells such as A type
spermatogonia were significantly decreased compared to the con-
trol group. The number of primary spermatocyte cells was signifi-
cantly decreased compared to the control, showing some similar
trends compared to our study. Also, a significant reduction in
fibroblast cells a significant increase in the number of degenerated
cells was found.

Mohammadi et al. (2017) reported that ZnO nanoparticles can
prevent in testicular tissue changes in adult mice. It is interesting
that Zn nanoparticles co-administration can prevent the luminal
extension and epithelial disorganization of seminiferous tubuli
induced by cyclophosphamide.

5. Conclusion

The results of this study showed significant effects of ZnO
nanoparticles on MOT, viability and cell integrity in vitro. However,
the results of the experiment showed decreased spermatozoa
parameters generated by higher concentrations of ZnO nanoparti-
cles. Spermatotoxicity of ZnO nanoparticles is clearly dose- and
time- dependent.
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