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Abstract: Nanoparticles (NPs) can display toxicological effects on aquatic organisms. This study
investigates ecotoxicological effects of Ag-NPs on reproductive and blood parameters of adult
common molly (Poecilia sphenops) and their larvae. During the LC50 96 h test, female fish were
exposed to concentrations of 0, 5, 15, 25, 35, 45 and 60 mg L1 of Ag-NPs, while larvae were exposed
to 0,3, 5,10 and 15 mg L. Finally, we aim to evaluate the effects of 0, 5, 10 and 15 mg L™! of Ag-NPs
on parturition time, reproductive success and hematological parameters of the mature fish exposed
to sub-lethal concentration during a 62-day period. We also evaluated the survival rate of larvae. The
results show a positive correlation between mortality rate and Ag-NP concentration. Values for LC50
96 h in adult fish and larvae were 26.85 mg L~! and 6.22 mg L™, respectively. A lack of parturition
and reproductive success were seen in fish that underwent chronic exposure to Ag-NPs (15 mg L.
The results show that RBC, WBC and hematocrit were significantly decreased in fish exposed to
Ag-NPs. In addition, the serum concentrations of total protein, albumin, cholesterol and triglycerides
were significantly increased in fish submitted to Ag-NPs (concentrations of 5-15). In conclusion,
submitting a fish to higher concentration than 10 mg L~! has adverse effects on reproductive system
and blood parameters.

Keywords: blood biochemical parameters; fish; reproductive system; silver nanoparticle

1. Introduction

During the recent decade, the different types of nanoparticles (NPs) have extensively
used worldwide [1-5]. NPs are defined as materials with a size range of 1-100 nm. NP
properties depend on physicochemical characteristics [6], and some are produced in large
scales due to their unique properties [7]. The most common NPs for industrial use are
based on silver particles, with around 300 different products [8]. The production and use
of silver nanoparticles (Ag-NPs) has significantly increased and will increase up to 63%
until 2024 due to their efficiency [9]. Studies have reported an antibacterial efficiency of
Ag-NPs [10-13]. Ag-NPs are utilized as an antibacterial agent in different industries, but
leakage of Ag-NP products during washing and trough contaminate waters can get into
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the environment [14]. In other words, novel technologies provide better opportunities for
human life and health, but these may cause risks for the environment. Increased use of NPs
and other chemical materials has increased concerns of their exotoxin effects [15]. Aquatic
animals are exposed to Ag-NPs via food, water and sediments [11]. Ag in ionic form
induces toxicity for bacteria and can affect aquatic organisms, both freshwater and marine
fish, in low concentrations [14]. Since fertilization in fish happens in external environments,
Ag-NPs may influence reproductive success [16]. Several studies have reported accumu-
lation of metal NPs in fish organs, followed by changes in homeostasis and reproductive
performance [17-19]. Studies have reported that accumulated Ag-NPs in tissues can induce
oxidative stress [20]. Toxicological effects of Ag-NPs on aquatic organisms were reported in
Oreochromis niloticus [6], rainbow trout [16], and common carp [11]. However, information
about the toxicity of several pollutants (such as pesticides and heavy metals) has limitations
because their toxicity is highly dependent on the environmental conditions, species, age,
size and diet of the organism [21-25].

Poecilia sphenops belongs to the Poecilidae family and the Actinopterygii class. Females
are bigger than males [26]. P. sphenops produce broods of 10-140 live young, and total
numbers of broods depend on the maturity and size of the female [27]. This fish inhabits
freshwater systems. The gestation period is 3-4 weeks, depending on temperature and
stored sperm [26].

Serum biochemical parameters are important biomarkers for showing the health status
of fish [28-31]; in addition, hematology is a key tool for assessing the health of different
species because it is a reliable and non-lethal index [32,33]. The LCsy 96 h test is based on
studies that aim to examine the toxic effect of pollutants on aquatic organisms [34,35]. In the
current study, we investigated the ecotoxicological effects of Ag-NPs on P. sphenops trough
examination of the survival rate of fish, as well reproductive-system and blood-biochemical
parameters.

2. Materials and Methods
2.1. Ethical Standard

The procedures employed for rearing, toxicity and sampling were in agreement with
protocols recommended by the ethical committee of Gorgan University of Agricultural
Science and Natural Resources (Ethical number 19861). Fish were acclimated with methods
for acute toxicity tests as suggested for fish, macroinvertebrates and amphibians [36-38].

2.2. Preparation

At the beginning, 350 females and 50 males mature common molly (Poecilia sphenops)
were bought from ornamental fish stores in Rasht (Guilan, Iran) and transferred to the
laboratory (Faculty of Natural Resources, University of Guilan, Sowmehsara, Guilan, Iran).
Male fish were just used for fertilization of the females. Females were distributed into
15 aquariums (100 cm x 40 cm x 50 cm) and acclimatized to the laboratory condition for
2 weeks. Fish were fed at the rate of 2% of body weight twice a day with a commercial diet
(Ocean Nutrition Breeder, Ocean Nutrition Co., Newark, CA, US). The average weight of
fish was 5 + 0.5 g. Long-term exposure time was 62 days. Water physicochemical properties
included temperature 27 + 1 °C, pH 7-7.8, NH3 < 0.02 mg L~!, BOD 850 4 50 mg L1 total
hardness 200 mg CaCO3 and NaCl < 1 mg L~!. Nanocid L-2000 (Nanonasb Pars Co., Tehran,
Iran) was prepared as a common commercial colloidal solution of silver nanoparticles (Ag-
NPs). Distilled water was used as solvent, and silver density was 1000 mg L~!. According
to product specifications of Nanocid, the size of silver nanoparticles was between 20 and
30 nm.

2.3. Acute Toxicity Test for Adult Fish

Acute toxicity was conducted as reported by previous studies [4,8]. Female fish were
divided into eight treatments (0, 5, 10, 15, 25, 35, 45 and 60 mg L1 of Ag-NPs) with
3 replications. Fish were maintained in 24 aquariums (100 cm X 40 cm x 50 cm) filled
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with 80 L water. There were 7 fish in each aquarium. The mortality rate for mature fish
was calculated at interval times of 24, 48, 72 and 96 h after addition of Ag-NPs [39,40].
Before the addition of Ag-NPs, water physicochemical properties were controlled. Nominal
concentrations of Ag-NP suspension were dissolved in distilled water and added.

2.4. Reproductive Parameters

Reproductive parameters were investigated as reported by previous studies [8]. In
summary, 20 pairs of adult fish were divided into five groups (0, 3, 5, 10 and 15 mg L~!
of Ag-NPs) and four replications for 62 days. The concentrations were selected based
on LCsq for 96 h. We expected that concentrations would not cause mortality but induce
physiological effects in the test time [41]. The water source was replaced daily, and water
physicochemical properties were constantly checked. Female fish were kept under a
lighting regime of 16 h light and 8 h dark [42]. Reproductive success was considered as the
number of viable larvae calculated for each pair until the last larva. The survival rate for
larvae was calculated at time intervals of 24, 48, 72 and 96 h after birth of the first larvae.
Parturition time of fish was considered from the start of the 62-day period to birth of the
last larvae. We used 14 cameras (Axton Wi-Fi camera Model M9021W, North Salt Lake,
Utah, US) to record behaviors and movement of fish in each group, and the obtained data
were collected daily and reviewed by Adobe After Effect software (AAE CS6).

2.5. Acute Toxicity Test for Larvae

Following determination of LCsy 96 h of Ag-NPs for mature individuals, 105 larvae
(12 h after birth) were submitted to different concentrations of Ag-NPs. One-day larvae
were divided into five groups. Nominal concentrations of Ag-NPs (0, 3,5, 10 and 15mg L)
were selected based on the acute toxicity of Ag-NPs for mature fish, in agreement with THE
mortality rate of mature fish. Mortality rate was investigated in time intervals of 24 h from
24-96 h after the addition of Ag-NPs. Water physicochemical properties were checked.

2.6. Blood Parameters

On day 63 and after one day of harvesting, blood samples were collected from each
group (five female fish) using a syringe and via the stem vein. Blood samples were
centrifuged at 3000 rpm for 6 min, and sera were investigated for total protein, albumin,
cholesterol and triglyceride using commercial kits of Pars Azmoon (Pars Azmoon corp,
Tehran, Iran) with the help of an auto-analyzer (Eppendorf, EPOS, Hamburg, Germany).
Glucose was measured by the glucose oxidase methods as reported by previous studies [43].
Parts of blood samples were transferred into heparinized vials for assessment of red blood
cell (RBC) count, hematocrit and white blood cell (WBC) count, as reported by previous
studies [44].

2.7. Data Analysis

Lethal concentrations (in 50% of the population) in time intervals of 24 h were inves-
tigated by using a probit analysis with a 95% confidence rate. Data for normality were
investigated by Kolmogorov-Smirnov test. Since reproductive and blood parameters were
normally distributed, the data were analyzed by one-way ANOVA following post-hoc LSD
test. Data were reported as mean + SD, and all analyses were run using SPSS software
(version 20).

3. Results
3.1. Mortality of Fish

Results for mortality of mature fish are shown in Table 1. Results did not show
any mortality in concentrations of 0 and 5 mg L~!. However, mortality was observed
in other treatments and increased with time (Table 1). Results show increased time and
concentration caused more mortality so that most mortalities were seen in concentrations
of 60 mg L~! and after 96 h.
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Table 1. Mortality rate (number) of adult common molly (P. sphenops) exposed to Ag-NPs (mg L™1).

Concentration * Number 24 h 48 h 72 h 96 h
0 21 0 0 0 0
5 21 0 0 0 0
10 21 0 0 1 2
15 21 1 2 5 6
25 21 4 6 7 10
35 21 7 11 14 15
45 21 10 15 18 19
60 21 17 19 21 21

Note: * All concentrations are nominal concentrations.

Results for mortality of larvae show no mortality in control larvae not exposed to Ag-
NPs. Mortality was observed from 3 mg L™ to 15 mg L~! (Table 2). The greatest mortality
was observed at 15 mg L~! and 96 h. Results show that an increase in concentrations of
Ag-NPs and exposure time were followed by a higher mortality rate.

Table 2. Mortality rate (number) in larvae of common molly (P. sphenops) exposed to Ag-NPs (mg L D).

Concentrations * Number 24 h 48 h 72 h 96 h
0 21 0 0 0 0
3 21 1 1 2 3
5 21 2 3 4 7
10 21 5 10 15 19
15 21 11 18 21 21

Note: * All concentrations are nominal concentrations.

Results in Figure 1 confirm a positive correlation between mortality rate and Ag-NP
concentrations for both larvae and adult fish (p < 0.01) 96 h after exposure to Ag-NPs. The
greatest mortality rate was recorded in the highest concentration for larvae and both life
stages fish.

Lethal Ag-NP concentrations for common molly in different concentrations and times
are shown in Table 3. Based on the findings, lethal concentrations were different for adult
fish and larvae. Values for LCsy 96 h in adult fish and larvae were 26.85 mg L1 and
6.22 mg L1, respectively. Data for lethal and sub-lethal concentrations are presented in
Table 3.

Table 3. Lethal Ag-NP concentrations in common molly (P. sphenops) following 96-h LCsg of Ag-NPs
to adult fish (A) and larvae (L).

Concentration (mg L—1) *

Point
24 h 48 h 72 h 96 h
A L A L A L A L

LCqo 22.420 6.061 17.328 4.599 13.174 3.451 10.421 2.692
LCy 29.889 8.967 23.850 6.526 18.779 5.079 15.968 3.904
LCy 35.280 11.063 28.555 7.915 22.821 6.253 19.968 4.778
LCy 39.887 12.853 32.576 9.102 26.274 7.257 23.385 5.525
LCsp 44.193 14.526 38.196 10.212 31.103 8.194 26.580 6.223
LCqp 48.499 16.200 40.080 11.321 32.730 9.132 29.774 6.921
LCy 53.105 17.990 44110 12.508 36.183 10.136 33.191 7.668
LCg 58.497 20.086 48.815 13898 40.225 11.310 37.191 8.542
LCy 65.974 22.991 55.339 15.824 45.830 12.938 42.738 9.754
LCos 79.148 25.391 60.728 17.415 50.459 14.283 47.318 10.755

Note: * All toxicity values are calculated based on nominal concentrations.
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Figure 1. Correlation between nominal lethal concentrations of Ag-NPs, Nanocid L-2000 (Nanonasb
Pars Co., Tehran, Iran) with mortality rate of adult common molly (P. sphenops) and their larvae
(p < 0.01) 96 h after exposure to Ag-NPs.

3.2. Reproductive Parameters

Results for reproductive parameters are shown in Table 4. Parturition time was longer
in fish exposed to concentrations of 15 compared to those treated with 0-10 mg L~!. No
parturition nor any reproductive success were seen for fish exposed to 15 mg L1 of Ag-NPs.
Parturition time increased with an increase of exposure dose from 0, 3,5 and 10 mg L~ of
Ag-NPs, respectively. Reproductive success and survival rate were significantly higher in
fish that were not exposed to Ag-NPs (0 mg L~!) and decreased with concentrations of 3, 5
and 10 mg L', respectively. Results show that the addition Ag-NPs reduced reproductive
success and increased parturition time.

Table 4. Parturition time, survival rate and reproduction success of common molly (Poecilia sphenops)
and survival rate of their viable larvae (L.) exposed to different concentrations of silver nanoparticles
(Ag-NPs, Nanocid L-2000, Nanonasb Pars Co., Tehran, Iran). Exposure time lasted for 62 days for
adult fish.

Concentration (mg L—1) *

Parturition Time (Day) Reproduction (No.) ** Survival Rate of L. (%)

0
3
5
10
15

47.67 £0.88 € 60.67 +1.122 99.75+0.252
4934 +£0.35°€ 59.31+0.892 91.67 +2.40°
53.33 +0.33 P 35.33 4+ 0.88 P 75.67 £1.45°¢
59.00 + 0.58 2 13.67 £1.45°¢ 37.00 + 1.154

Note: Values are expressed as mean =+ SE. Different letters (a—d) show significant difference between values of the
same column (p < 0.05). * All concentrations are nominal. ** Mean number of larvae.
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3.3. Blood Parameters

Table 5 shows blood biochemical parameters in fish submitted to Ag-NPs. The results
show that RBC, WBC and hematocrit were significantly decreased in fish exposed to
Ag-NPs, and the lowest concentrations of examined parameters were seen in adult fish
submitted to 15 mg L~! of Ag-NPs. The serum concentration of glucose was significantly
reduced in fish submitted to Ag-NPs (5-15 mg L1 compared to control (0 mg L1 Ag-NPs).
Increased Ag-NPs significantly decreased the serum concentrations of glucose. The serum
concentrations of total protein, albumin, cholesterol and triglycerides were significantly
increased in fish submitted to Ag-NPs (5-15 mg L~!). The highest concentrations for those
parameters were observed in the fish exposed to 10 and 15 mg L' of Ag-NPs.

Table 5. Results of blood biochemical tests (mean + SD) of adult common molly (P. sphenops) after
long-term (62 days) exposure to different levels of silver nanoparticles (Ag-NPs, Nanocid L-2000,
Nanonasb Pars Co., Tehran, Iran).

Blood Parameters Control (0 mg L—1) 3mgL-1 5mg L1 10 mg L1 15mgL-1

RBC (10° uL) 23240.042 1.87 £0.2°P 1.58 4 0.13 ¢ 1.30 +£0.224 1.29 +£0.98 4
WBC (10% uL) 225+ 0.582 193 +£02°P 1.91 £0.32° 1.62 +0.50 1.61+0.114
Hematocrit (%) 45334+ 0.6 363 +05P 36.3 +£0.12° 32.6 +0.40° 325+080°¢
Glucose (mg/dL) 414 +0.072 4.09 +£0.14° 3.25+0.13P 2.064+0.10¢ 2.01 £0.62°
Total protein (mg/dL) 1.89 4+ 0214 291 +0.15b 2.9440.03b 3.58 +0.012 3.57 +0.76
Triglyceride (mg/dL) 1.93 £ 0.06 4 223 +0.14° 2.24 +0.02° 2.98 +0.172 296 +0.32
Cholesterol (mg/dL) 3.97 +£0.21° 3.98 +£0.31° 412 +0.042 415+0.04° 4.46 +0.052

Albumin (mg/dL) 0.52 +0.21° 0.66 +0.11P 0.64 +£0.21° 0.75 +0.01 2 0.78 +£0.22

Note: Different letters (a—d) in the same columns indicate significant differences (p < 0.05).

Behavior of fish from analyzed video data shows that fish exposed to nominal sub-
lethal and lethal concentrations of Ag-NPs exhibited some clinical signs, such as fast swim-
ming, anxiety, a tendency to swim near the surface and, finally, death with an open mouth.

4. Discussion

Aquatic environments (rivers, lakes, seas) are often the last destination of many
pollutants, among them, Ag-NPs [45]. Several studies have reported that Ag-NPs cause
mortality in adult fish and their larvae [46-48]. Sohn et al. [49] suggested that 1.8 mg L1
can be used as a mean value for lethal concentrations of Ag-NPs for Japanese rice fish
(Oryzias latipes) as a model of freshwater fish. The reported concentration was lower than
values obtained in the current study (26.85 mg L~! and 6.22 mg L~! for adult fish and larvae
of common molly, respectively). The reason for this difference could be the dissimilarity of
the test parameters. Toxicity of Ag-NPs may be dependent on the environmental or test
conditions, species, age, size and diet of the organism [21,23]. Furthermore, other reasons
of this difference could be solvent of commercial suspension used in the present study
(Ag-NPs, Nanocid L-2000, Nanonasb Pars Co., Tehran, Iran), which, according product
specifications, was distilled water. Current study results show that Ag-NPs had a slight
toxicity effect to the female fish and a moderate toxicity effect on the larvae (Table 6). Based
on these findings, larvae were more susceptible to Ag-NPs, which is in agreement with
results reported by a previous study on CuO-NPs [50]. Massarsky et al. [51] stated that Ag-
NPs display an ability to accumulate in some tissues and induce oxidative stress, which can
result in increased mortality. Authors have also shown increased intercellular production of
reactive oxygen species (ROS), as well as the destruction of DNA structure after submission
to Ag-NPs. Ag-NPs can decrease WBCs and affect immune-system responses.
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Table 6. Ecotoxicity of materials for aquatic organisms, according to their 96 h LCs.

Toxicity Category Concentration (mg L—1)
Very highly toxic 96-h LCs9 < 0.1

Highly toxic 0.1<96-hLCsy<1
Moderately toxic 1<96-h LC5p < 10
Slightly toxic 10 < 96-h LCsy < 100
Practically nontoxic 96-h LCsy > 100

Note: All data concerning acute pollutant concentrations are adopted from Yalsuyi et al. [34].

Our findings show that Ag-NPs prolonged parturition time and reduced reproductive
success and survival rate. Several studies have reported that accumulation of metal NPs
induces changes in reproductive performance [17-19]. Johari [16] reported that Ag-NPs
decrease fertilization and reproduction success of rainbow trout, while another study
showed that Ag-NPs did not have significant effects on fertilization capability of sea urchin
sperm, although they caused morphological changes in their larvae [52]. Exposure of fish
to NPs can have various negative effects on survival rate [50,53], such as inducing oxidative
stress, apoptosis, inflammation and genotoxicity [54]. Seemingly, Ag-NPs are able to induce
toxic changes in common molly with negative effects on the reproductive system.

Hematological parameters (RBC, WBC and hematocrit) were significantly reduced in
fish exposed to Ag-NPs, especially at higher concentrations. Results for negative effects
of Ag-NPs on hematology parameters are in agreement with previous studies [55]. RBCs
have an important role in supplying required oxygen to the body’s cells, and hematocrit is
known as the volumetric percentage of RBCs in the blood that is influenced by the number
and size of RBCs. Ag-NPs enter into the bloodstream via the gastrointestinal tract or gill
membrane and can cause accumulation of RBCs [56], leading to oxidative stress [57]. Stud-
ies have reported toxicological effects of Ag-NPs on hematological parameters via increased
peroxidation [58], induction of damage in hematopoietic tissues [59] and morphological
changes in RBCs [60]. With regards to negative effects of Ag-NPs on WBC, it was reported
that Ag-NPs induced intracellular cytotoxicity via the release of toxic Ag" into immune
cells [61], as well as by induction of depolarization in the mitochondrial membrane and
inactivation of enzymes [62].

Results from this study show that Ag-NPs lowered the serum concentration of glucose
while increasing the serum concentrations of glucose, triglycerides, albumin and total
protein. Similar results were reported by a previous study [11], while in another study,
conflicting results were observed [6]. The serum concentrations of total protein, albumin
and glucose are good markers for the immunological and nutritional condition of fish.
Albumins are the most abundant proteins in blood that regulate osmotic pressure of
blood, also acting as a carrier for external compounds. Blood glucose is severely affected
by stressors. Changes in serum concentrations of protein might be a good index for
immunity status and liver health [63-65]. As mentioned, Ag-NPs in organisms induce
stress conditions and increase the levels of reactive oxygen species. During stress, the
body consumes glucose and releases proteins and lipids into blood as energy sources.
Stress increases the secretion of cortisol hormones that increase glucose production from
liver glycogen [11] that might be consumed and destroyed in blood flow. The increased
concentration of serum triglycerides, cholesterol and protein in fish submitted to Ag-NPs
might be attributed to the use of these compounds for energy supply in stressed fish [66,67].

Even though LC50 at 96 h was around 25 mg/L, our results show that much lower con-
centrations can have profound negative impacts on the reproductive and blood parameters
of fish. However, concentrations used were still lower in order to estimate concentrations
of total silver in water in natural environments, ranging from 0.09 to 320 pg L1 [68]. Due
to the uncertainty of these estimates and the widespread use of nanoparticles in various
industries, concerns about their further spread in aquatic environments are increasing [69]
because, as mentioned, aquatic environments are the last destination of pollutants [45].
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5. Conclusions

This study provided data and information for Ag-NP toxicity that could be profitable
for the management of aquatic environments and further ecotoxicological studies. We
showed that Ag-NPs in various concentrations not only have negative effects on reproduc-
tive parameters (parturition time and reproductive success) but also have adverse effects
on different blood-biochemical parameters. This study opens a window for future studies
on common molly fish, which should be focused on other biomarkers in order to obtain a
full picture of all adverse effects of Ag-NPs.
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