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This study examined the effects of waterborne silver nanoparticles (AgNPs) on juvenile fish Piaractus
mesopotamicus (“pacd”), and analyzed toxicological endpoints such as metal burdens, oxidative stress
and genotoxicity in a short-term assay. Fish were individually exposed to 0 (control), 2.5, 10, and 25 pug
AgNPs/L. After 24 h, silver accumulation was greater in the brain than the liver and gills at all silver

concentrations. Fish exposed to higher AgNPs concentrations showed major alterations in oxidative stress

ﬁeywordi: ial markers. An increase in lipid peroxidation (LPO) levels was observed in the liver of fish exposed to 10 pg
B;;g;i:r?a s AgNPs/Lwith no changes in the antioxidant enzymes activities. In the case of the 25 pg AgNPs/L treatment,

a hepatic activation of the enzymatic antioxidant defense occurred, and LPO levels resulted unaltered.
On the other hand, the brain presented the highest LPO levels at both 10 and 25 g AgNPs/L exposures.
The AgNPs toxicity was also evidenced by the DNA damage in fish erythrocytes at higher concentrations.
Summarizing, a short exposure to sublethal concentrations of AgNPs is enough to generate deleterious
effects on fish, including DNA damage.

Bioaccumulation
Antioxidant enzymes
Lipid peroxidation
DNA damage

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

There are many consumer products and applications utilizing
silver nanoparticles (AgNPs). “The Nanodatabase” is an inventory
of commercially available products that claim to contain engineer-
ing nanoparticles in the European consumer market. This inventory
is updated daily, and currently lists 2362 products of which 353 are
registered as silver containing products (The Nanodatabase, 2017).
Several AgNPs applications are mainly related to the exception-
ally broad spectrum of silver bactericidal activity (Kim et al., 2007;
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Marambio-Jones and Hoek, 2010). The low cost of manufacturing
AgNPs has also made them the largest and fastest growing class of
nanomaterials in product applications such as plastics, metals, tex-
tiles, and in medical and veterinary devices (Ahamed et al., 2010;
Messaoud et al., 2010; Rather et al., 2011; Rhim et al., 2013). More-
over, the nanoparticle-based vaccines and the use of nanoparticles
as tools for diagnosing bacterial, fungal and viral diseases, is an
emerging field in fish research (Shaalan et al., 2016). However,
the potential environmental impact of AgNPs has not been fully
understood yet (Massarsky et al., 2014a), and their toxic properties
deserve further analysis.

AgNPs may be discharged to the environment by several routes:
manufacturing, incorporation into goods, and goods recycling or
waste (Fabrega et al,, 2011). Recent studies have reported that
AgNPs may be released from biocidal plastics, textiles, paints and
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other home products (Benn et al., 2010; Lorenz et al., 2012; Voelker
et al., 2015), reaching the aquatic environment. Such AgNPs input
occurs mainly by their releasing in wastewaters which reaches
sewage treated plants (Kaegi et al., 2011). According to Blaser et al.
(2008)silver residues from Europe, Asia and North Americareached
190-410t/year and between 11.5-31.7% of those residues had been
treated in wastewater plants and were found in receiving natural
water. Although most AgNPs underwent a wastewater treatment
process, a significant proportion (about 10%) was released in the
effluent (Gottschalk et al., 2009). Environmental concentrations
of AgNPs in surface water are still unknown but according to the
estimates the concentrations may range 40-320 ng/L (Blaser et al.,
2008) and 0.09-2.63 ng/L (Gottschalk et al., 2009). In a recent study,
Bruneau et al. (2016) investigated the fate, bioavailability of AgNPs
and their effects on fish using municipal effluents. This study con-
sisted of juvenile rainbow trout exposure to 40 g AgNPs/L or 4 g
AgNOs/L in diluted (10%) municipal wastewater for 96 h, yielding
that both forms of silver produced immunotoxic effects and AgNPs
in wastewater were bioavailable to fish despite of their formation
of aggregates.

The AgNPs toxicity is closely related to their transformation in
biological and environmental media, including surface oxidation,
silver ion release, and interaction with biological macromolecules
(McShan et al., 2014). AgNPs can interact with membrane pro-
teins and activate signaling pathways, leading to inhibition of cell
proliferation (Braydich-Stolle et al., 2010; Roh et al., 2012). These
nanoparticles can also enter the cell through diffusion or endocy-
tosis causing a mitochondrial dysfunction (Bressan et al., 2013) and
generating reactive oxygen species (ROS) inside the cell. Previous
studies demonstrate that oxidative stress could be involved in the
toxicity of AgNPs. Some authors have correlate ROS accumulation
with the activation of antioxidant enzymes and the depletion of
glutathione content in vitro in rat liver cells (Hussain et al., 2005),
mouse germline stem cells (Braydich-Stolle et al., 2005), human
cells (Piaoetal.,2011; Rosarin et al.,2012), and fish cells (Massarsky
et al., 2014b; Taju et al., 2014). In addition, Asharani et al. (2009)
have suggested that the disruption of the mitochondrial respira-
tory chain by AgNPs increases ROS production and interrupts ATP
synthesis, leading to DNA damage. These AgNPs deleterious effects
on DNA have already been demonstrated in vitro with human and
other mammalian cells (Ahamed et al., 2008; Singh et al., 2010).
Some studies have investigated in vivo the effects of AgNPs in fish.
Results indicate that these nanoparticles are accumulated in the
gills and liver tissue affecting the ability of fish to cope with low oxy-
gen levels and inducing oxidative stress (Bilberg et al., 2010; Scown
etal., 2010). Massarsky etal.(2013) reported decreased glutathione
content (GSH) in zebrafish embryos exposed to AgNPs. Such deple-
tion has been observed by other authors along with an increase in
lipid peroxidation levels in embryos and adults medaka (Wu and
Zhou, 2013a,b).

The alkaline (pH 13) version of the comet assay (Singh et al.,
1988) is commonly used as it is highly sensitive and detects a
broad spectrum of DNA lesions. Such assay has made it possible to
evaluate DNA alterations induced by xenobiotics and has been suc-
cessfully applied in fish erythrocytes exposed to different genotoxic
agents (Ali et al., 2008; Cavalcante et al., 2008; Frenzilli et al., 2009;
Vanzellaetal.,2007). One advantage of this technique lies in the fact
that it can be applied regardless of both the chromosomes size and
number, and the mitotic activity. The latter is particularly impor-
tant in fish because the metabolic rate fluctuates considerably with
temperature making it difficult to isolate mitotically active tissue
(Simoniello et al.,2009). The use of enzymes increases both the sen-
sitivity of the assay (in terms of the ability to detect a wider range of
damage overall), and more importantly its specificity. Knowledge
concerning mechanisms of uptake and toxic effects of nanoma-
terials including AgNPs in waterborne exposure scenarios (Stone

et al,, 2010) is still scarce. Chae et al. (2009) and Farmen et al.
(2012) carried out short-term assays in which fish were exposed
invivo to AgNPs (between 20 and 100 pg/L) and the gene expression
related to stress biomarkers in their liver and gills was analyzed,
reporting changes in heat shock protein 70, metallothionein A, Na/K
ATPase, glutathione S-transferase, cytochrome P450 1A, and trans-
ferrin genes. Most studies about genotoxic effects of AgNPs are
restricted to in vitro ones in fish cells (Munari et al., 2014; Taju
et al., 2014; Wise et al., 2010). Piaractus mesopotamicus (“paci”) is
one of the most important species for Argentinian fish farming due
to its fast growth rate, easy adaptation to artificial feeding and high
consumer appreciation. Besides, this is a neotropical species widely
distributed in South America which have been selected due to its
favorable experimental properties (it can be obtained from local
fish farms and has an easy adaptation to laboratory conditions), and
their sensitiveness to pollutants exposure (Bacchetta et al., 2014;
de Moraes et al., 2015; Sampaio et al., 2012).

Thus, this study aimed to analyze several toxicological end-
points such as metal burdens, oxidative stress and genotoxicity
in P. mesopotamicus exposed in vivo to waterborne AgNPs in
a short-term assay. We hypothesize that AgNPs enter and are
bioaccumulated in fish organs after 24 h of waterborne exposure.
The presence of AgNPs leads to an activation of the antioxidant
defense system and the occurrence of lipid and DNA dam-
age if antioxidant enzymes were unable to overcome oxidative
stress.

2. Materials and methods
2.1. AgNPs suspension, preparation and characterization

A colloidal suspension of 1% w/v AgNPs was provided by Nan-
otek S.A., which manufactures the product under the brand name
nanArgen®. According to the Material Safety Data Sheet (MSDS) of
nanArgen®, the main ingredient of the product (>99.9%) is metal-
lic silver (CAS Number 7440-22-4), with an average particle size of
50 nm. To synthesize the nano-sized silver colloid, silver nitrate was
dissolved in Milli pore water to a concentration of 0.20 M and mixed
with an aqueous solution of 0.1 M polyvinyl pyrrolidone (PVP) as
the stabilizing agent. Next soluble nanocrystalline cellulose in a
0.02 M solution was added as a reducing agent. The reaction mix-
ture was then placed in a pressurized reactor and held at 130 °C for
30 min. All reagents and solvents were used without any further
purification. To evaluate particles size and surface charge of AgNPs
suspension, dynamic light scattering (DLS) and zeta potential mea-
surements were carried out using a Zeta-Sizer Malvern (Model
Nano-ZS). Transmission electron microscopy (TEM) was used to
visualize and confirm the DLS results; TEM was performed in a
JEOL JEM 1010 equipment. Energy dispersive spectroscopy (EDS)
was employed to chemical characterization of the nanoparticulate
silver suspension. Preparation of colloidal AgNPs samples for EDS
included initial filtration, dilution 1:100, centrifugation and redis-
persion of 50 ml aliquots in 100 ml of pure water. The EDS analysis
of nanArgen® stabilized on a calcium carbonate crystal was per-
formed as follows: no peaks were omitted in the spectrum and all
elements were analyzed (normalised).

In parallel, the release of Ag+ions from AgNPs was evaluated. For
this purpose, the AgNPs suspension was filtered at different times
using Vivaspin™ ultrafiltration devises (30 kDa MWCO, Sartorius
Stedim Biotech Gmbh) and the filtrate analyzed by Atomic Absorp-
tion Spectrometry in a VGP 210 atomic absorption spectrometer
(BuckScientific, East Norwalk, CT, USA) by the electrothermal atom-
ization method using pyrolytic graphite tubes.
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2.2. Fish and exposure conditions

Juvenile P. mesopotamicus (n=80; 7.3 £ 1.5 cm standard length;
15.1+10.3 g) were obtained from a local fish farm. For acclima-
tion purpose, fish were held in 150-L tanks containing well aerated
dechlorinated water for two weeks, and fed once daily with dry
commercial pellets. Fish feeding was halted 24 h before the begin-
ning of the test. All experiments were conducted in accordance with
the Ethical Framework for Biomedical Research in laboratory ani-
mals, livestock and obtained from nature (CONICET, 2005) for the
protection of animal welfare.

Test was conducted in 10-L glass aquaria under static conditions,
and 12:12h light-dark cycles. The test water conditions were:
dechlorinated tap water, pH 7.0 £ 0.2, total hardness 494+ 0.1 ppm
CO5Ca, and temperature 25 + 1 °C. Fish (n =20 per treatment) were
individually exposed to O (control), 2.5, 10, and 25 pg AgNPs/L,
during 24 h. Nominal concentrations of AgNPs stand for the sil-
ver content as Ag® and do not include the capping agent. Prior to
blood sampling and dissection, fish were anaesthetized in benzo-
caine 100 mg/L as described by Parma de Croux (1990). Body weight
(g) and both total and standard length (cm) were recorded for each
individual. Fish were euthanized by cervical transection (AVMA,
2013) and blood was collected immediately from the caudal vein
(Reichenbach-Klinke, 1980). Before freezing, the wet weight of the
liver was determined. Whole blood was used for the comet assay,
using in the analysis the erythrocytes, the most abundant cell line.
The entire brain, gills, and liver were ground with liquid nitrogen
immediately after dissection, and tissues were stored at —80°C
until biochemical measurements were determined.

2.3. Exposure media and tissue silver content

Water samples preparation for measurements of total recov-
erable silver were carried out according to the method 200.2
proposed by the United States Environmental Protection Agency
(USEPA, 1994) with some modifications. Water samples were taken
from each aquarium at the beginning (without fish) and at the end
of the exposure time (after 24 h). Briefly, a 100 ml aliquot from each
sample was transferred to a Griffin beaker, and 2 ml of (1 + 1) nitric
acid and 1 mlof (1 + 1) hydrochloric acid were added. The volume of
the samples aliquots was reduced to 20 ml by heating evaporation,
and heated at 85 °C for 30 min, covering the beakers lips. Digested
samples were evaporated to dryness to remove the excess of HCI,
and then diluted with 0.1 N HNOs. A cyanogens iodide solution
(matrix modified) was added, mixed and let to stand for 30 min. The
cyanogens iodide solution was prepared by dissolving potassium
cyanide in iodine solution, and stabilized with sodium/ammonium
hydroxide solution (method D 3866-02; ASTM, 2002). Tissue sam-
ple preparation was carried out according to the method 200.3
proposed by the US EPA (1991), with some modifications. Samples
of brain, gills, and liver were digested by adding concentrated nitric
acid, heating to 95 °C, and letting to cool. This process was repeated
until all tissues were in the solution. Then, 30% hydrogen peroxide
was dosed and finally concentrated hydrochloric acid was added.
Similarly to water samples, digested tissues were evaporated to
dryness to remove HCl excess; the samples were then diluted
with 0.1 N HNOs3, and the cyanogens iodide solution was added.
In accordance with the method 200.9 (US EPA, 1994), silver was
then quantified in water and tissue samples using a graphite fur-
nace atomic absorption spectrophotometer (GF AAS, PerkinElmer
AAnalyst 800) equipped with an auto sampler. For this purpose, one
aliquot was injected into the GF AAS, and three readings of each run
were recorded. The reading mean was used to calculate the amount
of silver in the aliquot of digested water and fish tissue.

2.4. Biomarkers

Tissue extracts for antioxidant enzymes measurements were
obtained from brain, gills, and liver by homogenizing the tis-
sues using 0.1 M sodium phosphate buffer, pH 6.5 containing
20% (v/v) glycerol, 1 mM EDTA and 1.4 mM dithioerythritol (DTE)
according to Bacchetta et al. (2014). The activity of glutathione
S-transferase (GST, EC 2.5.1.18) was determined using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate, according to Habig et al.,
1974 Glutathione reductase activity (GR, EC 1.6.4.2) was assayed
according to Tanaka et al. (1994). The activity of glutathione perox-
idase (GPx, EC 1.11.1.9) was determined according to Drotar et al.
(1985), using H, 0, as substrate. Catalase activity (CAT, EC 1.11.1.6)
was determined according to Beutler (1982). Brain, gills, and liver
lipid peroxidation (LPO) levels were determined by measuring the
formation of thiobarbituric reactive substances (TBARS), according
to Fatima et al. (2000). The rate LPO was expressed as nanomoles of
TBARS formed per hour, per milligram of proteins (nmol TBARS/mg
prot). The enzymatic activity and LPO was calculated in terms of the
sample protein content using albumin from bovine serum (Sigma-
Aldrich) as standard (Bradford, 1976).

The use of genotoxicity assays is of interest because they are
more sensitive than cytotoxicity assays (Amaeze et al., 2015). The
alkaline comet assay (pH >13) was then performed according to
the method described by Singh et al. (1988), with the following
modifications (Simoniello et al., 2009): blood samples were diluted
1:19 (v/v) with RPMI-1640 medium and used immediately. Then,
3 ul of each diluted blood sample (2.5 x 103 erythrocytes, approx-
imately) was added to 200 ul of 1% low melting point agarose
(LMA, Sigma) and two slides were prepared. To lyse the cellu-
lar and nuclear membranes of the embedded cells, the key-coded
slides were immediately immersed in freshly-prepared ice-cold
lysis solution (2.5M NaCl, 100 mM NaEDTA, 10 mM Trizma base,
1% Triton X-100 and DMSO 10%; pH 10) and left at 4°C overnight.
After lysis slides were washed and excess liquid dabbed off with
tissue. For each fish included in this experimental, two slides were
prepared, 50 ul of Endo Il enzyme solution or buffer alone as con-
trol was placed on the gel and covered with a cover slip. The Endo
Il enzyme was used at a final dilution of 1/3000. This dilution fac-
tor was previously established via titration experiments. All slides
were incubated at 37 °C for 30 min. At the end of the incubation
period, coverslips were removed and slides were placed in elec-
trophoresis tank to continue with the comet assay (Poletta et al.,
2016). The slides were then immersed in freshly-prepared alka-
line electrophoresis solution (300 mM NaOH and 1 mM NayEDTA;
pH >13), first for unwinding (10 min) and then for electrophore-
sis (0.7-1V cm-1, 300 mAmp, 10 min at 4°C). All of the steps were
carried out under conditions of minimal illumination and low tem-
perature (on ice). Once electrophoresis was completed, the slides
were neutralized and dehydrated with ethanol. Slides were stained
with acridine orange at the moment of analysis and one hundred
randomly selected comets from each animal were visually clas-
sified into five classes according to tail size and intensity (from
undamaged, class 0, to maximally damaged, class 4), resulting in
a single DNA damage score, and were expressed in arbitrary units
(AU=n4 +2 ny +3 n3 +4 n4, where ny, ny, n3 and n4 are the number
of cells in each class of damage, respectively). Control slide (with
buffer alone) was incubated in parallel with the enzyme slide (with
Endo III), and measure oxidative DNA damage was calculated by
subtract the mean Comet score of the control (AU Comet) from the
mean score of the enzyme slide (AU Endo). Net enzyme-sensitive
sites are then the measure of the oxidised bases concerned (Collins,
2009). To the cytotoxicity assay, the same cell suspension used in
the comet assay was mixed with fluorescent DNA-binding dyes
(100 wgml~! acridine orange and 100 g ml—'ethidium bromide
prepared in Ca%* and Mg?*free PBS) and examined by fluorescent
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Fig. 1. (A) EDS spectrum for nanArgen” on a CaCOs crystal; (B) Area for EDS char-
acterization of nanArgen”.

microscopy (400 x objective) to visualize and count cells with aber-
rant chromatin organization. A volume of 4 wl of this mixture was
added to 100 pl of cell suspension. A minimum of 200 total cells
was counted, recording the number of each of the following cellu-
lar states: viable cells and nonviable cells. The percentages of each
of these cellular states in relation to the total cells were obtained
(Mercille and Massie, 1994).

2.5. Statistical analysis

All data are reported as mean + standard error. Shapiro-Wilks
test was applied to evaluate normality while Levene test was used
to test the homogeneity of variance. For statistical comparisons
of data among treatments, one way analysis of variance (ANOVA)
followed by a Multiple Comparison Test (Tukey) were performed.
Kruskal-Wallis test was applied to those variables with non-normal
distribution or variance heterogeneity. Correlation was estimated
using the Pearson and Spearman rank methods (for parametric and
non-parametric variables, respectively). P-values below 0.05 were
regarded as significant. All statistical analysis was performed by the
InfoStat software (Di Rienzo et al., 2015).

3. Results
3.1. Particle characterization

EDS results are shown in Fig. 1A and quantified in Table 1.
The spectrum was obtained from the area depicted in Fig. 1B.
Zeta potential for nanArgen® suspension resulted in a value of
—12 +£4mV. This suggests a surface negative charge, probably due
to remnants of glucose oligomers from synthesis. Particles size esti-

Table 1

Energy dispersive spectroscopy (EDS) of nanArgen®.
Element Weight (%) Atomic (%)
CK 6.63 15.69
OK 3347 59.44
CaK 20.39 14.46
AglL 39.51 10.41
Totals 100.00

Fig. 2. TEM image of a concentrated colloidal suspension of nanArgen®.
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Fig. 3. Percentage of Ag+ion release from AgNPs suspension after 24 hs. The values
are expressed as means & SD at least triplicate experiments.

mated from DLS resulted on a hydrodynamic radius of 57 &4 nm.
This is in good agreement with TEM analysis (Fig. 2), in which the
semispherical geometry and polydispersion of sizes around 50 nm
can also be assessed.

As measured by Atomic Absorption Spectrometry, Ag+ ion
release was determined as 3.5% of the total Ag in the AgNP sus-
pensions at 30 min and increased to 9% after 24 h (Fig. 3).

3.2. Exposure media and tissue silver content

No mortality-related treatment was observed during the expo-
sure period. Measured AgNPs in test water were 40-60% of nominal
concentrations (Table 2). Total silver in water decreased between
0.02 and 15% after 24 h of exposure. The GF AAS data indicated that
silver accumulated in all analyzed tissues (Fig. 4).

3.3. Biomarkers

Antioxidant enzyme activities are summarized in Table 3. Dif-
ferent concentrations of AgNPs caused significant changes in the
hepatic GPx activity, with areduction in fish exposed to 2.5 or 10 g
AgNPs/L, and an increase at the highest concentration (p <0.01). In
the group exposed to 25 g AgNPs/L, arise in GST and a decrease in
GR activities were also observed. Antioxidant enzyme activities in
gills and brain of AgNPs-exposed fish were not statistically differ-
ent from the control group (p >0.05). Analysis of TBARS showed no
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Table 2

Concentration of total silver measured in test water by graphite furnace atomic absorption spectrophotometer. The values are expressed as means =+ SE.

Nominal concentration Measured concentration

Percentage of nominal

24h- Measured Depletion after 24h

(pgl™) (ngl™1) concentration (%) concentration (wgL™!) (%)
Control 0.05+0.01 - 0.003 +0.001 -
2.5 1.15+0.10 46 1.97+0.07 -
10 5.14+0.23 51 5.13+0.88 0.02
25 13.84+043 53 11.72+1.59 153
1.8 ~
b
1.6 OControl
1.4 b 02.5 pug/L AgNPs
o
é 1.2 A @10 pg/L AgNPs
= g m 25 pg/L AgNPs
)
3
g 0.8 - b b c
<
% 0.6 -
0.4 -
a
0.2 bc
2 a a a ab
0 T T —
Brain Liver Gills

Fig. 4. Silver concentration in different tissues of Piaractus mesopotamicus after exposure to 2.5, 10, and 25 p.g/L AgNPs, for 24 h. The values are expressed as means =+ SE.

Means not sharing the same letter (a, b, or ¢) are significantly different at p<0.05.

Table 3

Activity of glutathione S-transferase (GST), glutathione reductasa (GR), glutathione peroxidase (GPx) and catalase (CAT) in different tissues of Piaractus mesopotamicus after
exposure to 2.5, 10, and 25 p.g AgNPs/L, for 24 h. The values are expressed as means + SE. Means not sharing the same superscript (a, b, or ) in each column are significantly

different at p<0.05.

Enzyme? Control 2.5pngl! 10pglL! 25ugl!

Brain

GST 310.38 +£23.72 265.08 +15.55 265.82+16.96 279.58 +£27.32
GR 100.44 +13.64 80.85+9.90 81.57+13.59 84.344+13.94
GPx 715.58+£152.33 523.82+79.72 485.64 +40.66 488.22 +64.80
CAT 13.77+1.26 10.59+£2.36 10.00+1.19 12.41+1.67
Liver

GST 762.20+23.24° 690.69 +£99.88 @ 693.63+104.752 1044.44+43.21°
GR 57.11+5.73P 65.02+12.43" 63.93+5.73P 33.61+2.51°
GPx 4.05+0.35P 2.84+0.38° 2.92+0462 5.28+0.18¢
CAT 114.25+10.73 90.67 +£16.42 12242 +21.91 109.36 +£8.26
Gills

GST 221.37+23.71 198.09+5.13 22485+47.44 152.60 +£26.60
GR 79.09 +4.96 63.81+10.31 7091 +21.54 55.49+11.53
GPx 0.49+0.03 0.44+0.01 0.68 +£0.21 0.41+0.07
CAT 12.82+1.43 9.77 £0.37 17.33+£5.54 9.63+1.78

a Activity expressed in mU mg prot~! (GST, GR and GPx) or Umgprot~! (CAT).

evidence of LPO in liver and gills from any of the treatments, except
for the liver of fish exposed to 10 ug AgNPs/L, which showed sig-
nificantly higher levels than the control group (p<0.05) (Fig. 5). In
addition, no significant correlations between silver accumulation
and TBARS levels were found neither in liver nor gills (p>0.005).
On the contrary, brain TBARS levels progressively increased in
AgNPs-exposed fish, exhibiting a dose-dependent response and
a significant positive correlation with total silver concentration
(p=0.0014). Such increases resulted statistically significant in the
10 and 25 pg AgNPs/L treatments (p <0.01).

Cell viability in blood samples was determined previously to the
comet assay as recommended by Singh (2000) and it was greater
than 95% in all treatments, except for those from fish exposed to
25 g AgNPs/L (90%). Significant increases were found in both the

Comet and Endo in fish exposed to 10 wg/L AgNPs (p <0.01; Fig. 6A)
and in those exposed to 10 and 25 p.g/L AgNPs in Endo sites (p
<0.05; Fig. 6B).

4. Discussion

All the actual measurements of silver concentration in the
exposure media were approximately 50% lower than the nominal
concentrations, which are in the range of recovery values described
by other authors. For instance, Scown et al. (2010) and Farmen et al.
(2012) reported silver recovery percentages of 35 and 55%, respec-
tively, in assays with 10-35nm size at nominal concentration of
100 g AgNPs/L. These data suggest that particle aggregation and
sedimentation in the water column would result in a lower AgNPs
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Fig. 5. TBARS levels in different tissues of Piaractus mesopotamicus after exposure to 2.5, 10, and 25 g AgNPs/L, for 24 h. The values are expressed as means + SE. Means not

sharing the same letter (a or b) are significantly different at p<0.05.
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Fig. 6. (A) Single DNA damage score expressed in arbitrary units measured by the comet assay and modified comet assay with Endonuclease III in erythrocytes of Piaractus
mesopotamicus after exposure to 2.5, 10, and 25 g AgNPs/L, for 24 h. (B) Oxidative DNA damage measured by Endo sites in erythrocytes of Piaractus mesopotamicus after
exposure to 2.5, 10, and 25 g AgNPs/L, for 24 h. The values are expressed as means + SE. Means not sharing the same letter (a or b) are significantly different at p <0.05.

concentration, therefore the bioavailability and the potential bioac-
cumulation of AgNPs in fish might also change. It is worth noting
that the AgNPs concentrations used here are similar to those in
previous in vivo studies, but our levels are higher than the sur-

face water concentrations of 0.09-2.63 or 40-320 ng/L predicted
by Gottschalk et al. (2009) and Blaser et al. (2008), respectively.
Further research is necessary to fully understand the behavior and
fate of soluble engineered nanoparticles in natural water bodies
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and to quantify their release during the use or washing of consumer
products. In addition, the development of analytical procedures and
methods to identify and quantify specifically engineered nanopar-
ticles requires further investigation in order to validate current
models (Gottschalk et al., 2013). The bioavailability and bioaccu-
mulation of AgNPs are likely to be dependent on the size, shape,
chemical composition, charge, surface structure and area, solu-
bility, and aggregation state of the particle or material (Navarro
et al., 2008). Furthermore, AgNPs used in commercial products are
likely to be coated with organic compounds which are designed
to increase colloidal stability of the AgNPs by reducing the surface
energy (Ju-Nam and Lead, 2008). As aresult, capping agents prevent
interactions with the surrounding environment and avoid inter-
actions between nanoparticles reducing aggregation rates (Kvitek
et al., 2008). AgNPs used in the present work are stabilized with
polyvinyl pyrrolidone (PVP). According to El Badawy et al. (2010),
water pH value, ionic strength, and type of electrolyte had no influ-
ence on the aggregation of PVP-stabilized AgNPs (for review see
Sharmaetal.,2014),and its seems to be more stable in solution than
nanoparticles capped with other compounds such as citrate (Farkas
et al., 2011). Our results indicate that, in spite of the short time of
exposure, silver does accumulate in P. mesopotamicus brain, liver
and gill tissues. Tissue accumulation was higher in brain than liver
and gills at all silver concentrations (order: brainOliverdgills) and
followed a dose-dependent response pattern only in gills, since in
the other tissues silver concentration were similar between 10 and
25 AgNPs/L treatments. This might be related to both an increased
aggregation and lowered bioavailability of AgNPs at higher silver
concentrations. In mammals, it has been shown that AgNPs could
come across the blood-brain barrier (BBB) and be accumulated in
the brain (see Karmakar et al., 2014). This translocation mechanism
has been demonstrated in an in vitro BBB model comprising pri-
mary rat brain microvessel vascular endothelial cells (Tang et al.,
2009, 2010). However, a few studies reporting AgNPs accumula-
tion in fish brain are available and most of them have been carried
out in fish embryos using TEM and hyperspectral images to detect
silver presence (Asharani et al., 2008; Kwok et al., 2012). In our
study, the levels of silver found in the brain of fish exposed to
10 and 25 pg AgNPs/L were almost twofold higher than those in
both gills and liver. Other nano-sized particles can be selectively
transported to the brain via the olfactory neuron in mammals
(Oberdorster et al., 2004). As described by Tjdlve et al. (1995), sol-
uble 54Mn?* dosed into the olfactory chamber of pike was taken
up by the olfactory receptor cells and transported at a maximal
rate of 2.90 £ 0.21 mm/h into the olfactory bulb. It is possible that
AgNPs are also mobilized in this way to the brain. In addition,
Oberdorster (2004) suggest that colloidal fullerenes may need to
be transported to lipid-rich regions (e.g., brain) before the colloid
dissociates freeing individual redox-active fullerenes in fish. The
molecular weight cut off in the vertebrate kidney (about 60 kDa)
suggests that nanoparticles would not pass through the glomeru-
lar filter, leaving the liver as the most likely route of excretion for
nanometals (Handy et al., 2008). In the present study, silver levels
in the liver of fish exposed to 10 g AgNPs/L were much greater
than those in the gills. These results also agree with recently pub-
lished studies that found higher levels of silver in the liver rather
than other organs of fish exposed to different sizes of AgNPs (Jung
et al., 2014; Salari Joo et al., 2013; Wu and Zhou, 2013a,b). Com-
paring silver accumulation in organs with silver levels in water
evidenced a clearer dose-response relationship between AgNPs and
gill tissue accumulation. There are several mechanisms that explain
how AgNPs exposure increases the gill metal contents. For exam-
ple, nanoparticles can be trapped in the mucus layer of the gill or
absorbed by its epithelial cells (Handy et al., 2008; Wu and Zhou,
2013b). The decrease in the AgNPs absorption into the gill epithe-
lia caused by their fixing to the mucus could account for the lack

of changes in the antioxidant activity and lipid peroxidation lev-
els found in our assay. Similar results were recently published in
zebrafish exposed to 25, 50 and 100 pg/L of nanArgen® AgNPs for
24 h (Bacchetta et al., 2016). These authors found bioaccumula-
tion of silver in gills, but no changes in total antioxidant capacity
and lipid peroxidation. According to as previously stated, routes
of uptake may be analyzed from another perspective. Gaiser et al.
(2009) demonstrate the potential for uptake of nano and larger sil-
ver particles by fish via the gastrointestinal tract, and by human
intestinal epithelial cells, therefore suggesting that ingestion is a
viable route of uptake into different organism types. These authors
explained that much of the uptake of the AgNP into the fish may
have occurred as a consequence of the fish eating agglomerated
NP material, rather than uptake via the water through the gills. As
reviewed by Bergin and Witzmann (2013), studies with mammals
showed that larger nanoparticles remain within the submucosa or
gastrointestinal tract, while smaller nanoparticles enter the blood-
stream and accumulate in target organs where they may cause
deleterious effects.

Some in vitro studies have revealed that AgNPs exposure induces
oxidative stress to fish cells by increasing levels of both ROS and
LPO; and reducing gluthatione levels and antioxidant enzymes
activities (Farkas et al., 2010, 2011; Rosarin et al., 2012; Taju et al.,
2014). In the present study, hepatic GPx and GR responses at lower
concentrations were different to those observed in fish exposed
to 25 g AgNPs/L. The exposure to 2.5 and 10 g AgNPs/L caused
a decrease of the GPx activity. On the contrary, fish exposed to
the highest concentration of AgNPs (25 wg/L) showed an enzyme
activity increase, which may be related to the increase of LPO
levels (though it was not statistically significant). Besides, a low
GR activity was observed in fish exposed to 25 g AgNPs/L. Stud-
ies regarding the influences of various factors on fish GR activity
have gained great attention over the past years due to the impor-
tant antioxidant capacity of such enzyme (Aksakal et al., 2011).
For instance, Tekman et al. (2008) showed that metal ions inhibit
rainbow trout hepatic GR in vitro at very low concentrations
(0.0655-0.804 mM). However, no in vivo assays have reported this
response in the liver of fish exposed to AgNPs. Thus, our results sug-
gest that the highest concentration of AgNPs significantly increased
the activity of liver antioxidant enzymes which are crucial in detox-
ifying oxyradicals and preventing oxidative stress. The hepatic
antioxidant mechanisms observed at 25 g AgNPs/L were effective
against oxidative damage. Nevertheless, high hepatic LPO levels in
fish exposed to 10 wg AgNPs/L indicated that antioxidant defenses
were unable to cope with pro-oxidant damage, eventually leading
to cell injury. These results are in accordance with studies carried
out by Gagné et al. (2012) and Choi et al. (2010) in which lower (0.6
— 6pg/L) and higher (60 — 120 mg/L) AgNPs concentrations and
were used respectively.

According to our results, brain was the most affected organ,
with the highest silver bioaccumulation and LPO levels. A dose-
dependent response in LPO and a positive correlation between
such biomarker and the increasing silver concentrations in AgNPs-
treated fish were observed in our study. Taking into account the
metal burden measurements, the unchanged antioxidant enzymes
activities, and the LPO occurrence, we suggest that AgNPs expo-
sure results in ROS accumulation and functional damage in brain.
Massarsky et al. (2014b) showed that AgNPs increased LPO in fish
hepatocytes after 48 h of exposure, and proposed that the nanopar-
ticles generate ROS extracellularly and/or within close proximity
to the cell membrane. According to these and our results, some
authors have stated that the cell membrane/wall is the main biolog-
ical target of nano-sized silver (Choi et al., 2010; Zhang et al., 2016)
and other metallic nanoparticles (He et al., 2014). To our knowl-
edge, this is the first report of oxidative damage in fish brain after
a short exposure to AgNPs.
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Nanoparticles induce oxidative stress leading to DNA damage
and apoptosis in mammalian cells (Ahamed et al., 2008). In this
study, few apoptotic or necrotic blood cells were observed through
the viability assay, though the higher AgNPs concentration the
higher citotoxicity values. Considering the low cytotoxicity in ery-
throcytes, we decided to assess the potential AgNPs genotoxicity
in this species. Increased DNA damage was observed in erythro-
cytes of P. mesopotamicus after being exposed to 10 pg AgNPs/L.
In a recent study, we have reported that the same species at
25 wg AgNPs/L showed increased micronucleus frequency (MNF)
in erythrocytes (Davico et al., 2015), revealing that the comet
assay was more sensitive to AgNPs than MNF in the same cell
population. Massarsky et al. (2014b) exposed rainbow trout ery-
throcytes and hepatocytes to AgNPs and silver ions concentrations
of 3.1-31 pg/ml for 48 h and found that erythrocytes were more
sensitive than hepatocytes to both types of silver. These authors
also stated that this is likely due to erythrocytes susceptibility to
the LPO arising from the high content of poly-unsaturated fatty acid
in their cell membrane, and high cytoplasmic oxygen and iron con-
centrations which continuously produce ROS. As we have discussed
earlier, oxidative stress has specific effects, including oxidative
damage on DNA. Thus, the modified version of the comet assay
using Endonuclease Il enzyme to detect oxidative DNA damage
showed a significant increase at 10 and 25 pg AgNPs/L when Endo
sites were compared to control group. Perhaps, the high variabil-
ity among individuals at the highest concentration was generated
by higher levels of breaks that saturate the assay and cannot be
evaluated, as it was suggested by Huk et al. (2015).

One of the major concerns regarding environmental risk assess-
ment of nanoparticles is whether toxicity is specifically related to
the nano-size of particles and consequently to their intrinsic prop-
erties, or it is also related to the time needed for the ion dissolution
and release from the nanoparticles. According to our results, the
amount of Ag+ ions release from AgNPs was low and estimated at
less than 9%, suggesting that these particles contribute minimal
amounts of Ag+. Assuming the reported percentage of dissolu-
tion, the measured exposure concentrations of 1.2-13.8 ug Ag/L
would have contributed amounts of Ag+ between 0.01 and 1.1 pg
Ag/L. However, the possibility cannot be excluded that AgNPs
release Ag+ ions in the aquarium and after being absorbed into
the body (Santoro et al., 2007). Thus, AgNPs can penetrate into
cellsand undergo subsequentionization or dissolution. This Trojan-
horse type antimicrobial mechanism is also found in several other
engineered nanoparticles (Palza, 2015; Weber et al., 2006). For
instance, Gliga et al. (2014) reported that AgNPs (size 10 nm) could
release silver ions both intracellularly and extracellularly, but only
the intracellular silver release caused cytotoxicity to human lung
cells. Consequently, particulate nanosilver can contribute signifi-
cantly to the overall antimicrobial properties of AgNPs through this
Trojan-horse pathway (Zhang et al., 2016). In addition, unstable
nanoparticulate suspensions may dissolve quicker and contribute
more Ag+. Tejamaya et al. (2012) investigated the stability of AgNPs
with three different capping agents in different media chemistry
and media concentration. These authors found that PVP was the
most stable, proposing it as the capping agent of choice for chronic
exposure studies. In a study comparing various surfactants and
polymers, sodium dodecyl sulfate (SDS), polyoxyethylenesorbitan
monooleate (Tween 80), and PVP were found to act as the best
stabilizers resulting also in a considerable enhancement of the
antibacterial activity of AgNPs (Kvitek et al., 2008).

Risk estimates for AgNPs based on available predictive models
are derived using a PEC (predicted environmental concentra-
tion)/predicted no effect concentrations (PNEC) approach and
suggest little current risk (Kennedy et al., 2014). If proven true, the
PEC’s seem to indicate that primary toxicity to the tested organisms
are not of high concern, however, bioconcentration up trophic lev-

els, reproductive and chronic studies are perhaps more urgently
needed to ensure a thorough risk assessment (McGillicuddy et al.,
2017).

5. Conclusions

Due to the various AgNPs antibacterial proprieties, their pro-
duction, use, and waste into the environment are exponentially
increasing. Thus, all in vivo assays that contribute to a better
understanding of the impact caused by nanoparticles are greatly
appreciated. Our results evidenced that AgNPs, do accumulate in
gills, liver and brain eventually leading to oxidative damage in brain
and liver. Blood erythrocytes of fish exposed to higher concen-
trations also showed DNA damage. In evidence of our results, it
is likely that oxidative stress works as a toxicological mechanism
of AgNPs in fish. The neotropical fish P. mesopotamicus proved to
be a useful indicator sensitive to AgNPs, even after a short time
exposure. In a recent study, with the same AgNPs and under sim-
ilar experimental conditions (Bacchetta et al., 2016), no oxidative
stress responses at higher concentrations were found in zebrafish
(50 and 100 g AgNPs/L). The fact that P. mesopotamicus showed
more sensitiveness than the standard test species used in toxico-
logical research is worthy of attention. Considering the variability
of AgNPs production as well as their routes of entry into the envi-
ronment, our findings on the impact of AgNPs in native fish are an
important contribution to scientific knowledge about nanoparticles
ecotoxicology.
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