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Silver nanoparticles (AgNPs) are the most commercialized nanomaterial worldwide, mainly due to
their microbicidal activity. Although, AgNPs have been shown to be toxic to aquatic species, their
effect on endemic fish, like Goodeidae, has not been demonstrated. Endemic species are under
strong pressures by anthropogenic contamination and destruction of their habitat; therefore, we
studied adult Chapalichthys pardalis, an endemic fish of Mexico. We evaluated the toxic effect of
AgNPs through oxidative stress, macromolecular and metabolic biomarkers. We determined the
LCso (96 h) and performed subchronic tests (21 days) using sublethal AgNPs concentrations
(equivalent to CL; and CL+). At the end of the bioassay, we quantified 10 stress biomarkers in the
liver, gills, and muscle, including the antioxidant enzymes (superoxide dismutase [SOD], catalase
[CAT], and glutathione [GPx]), thiobarbituric acid reactive species (TBARS), protein oxidation
(C=0), macromolecules (proteins, lipids, and carbohydrates), and metabolites (glucose and
lactate). In addition, we determined the integrated biomarkers response (IBR). LCsy was of
10.32 mg L™ ". Results of subchronic exposure (21 days) revealed that AgNPs produce oxidative
stress in C. pardalis adults, as evidenced by a diminution in antioxidant enzymes activity and an
increase in TBARS and oxidized proteins. AgQNPs also diminished levels of macromolecules and
generated a high-energy consumption, reflected in the reduction of glucose levels, although
lactate levels were not altered. The IBR analysis evidenced that the largest effect was produced in
organisms exposed to LC1o, being the liver and gills the organs with the greatest damage. Results
demonstrated that exposure to AgNPs induces acute and chronic toxic effects on C. pardalis and
forewarns about the impact that these nanomaterials can exert on these ecologically relevant
aquatic organisms.
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Silver nanoparticles (AgNPs) are the most commercialized nanomaterial worldwide, mainly due to their micro-
bicidal activity. Although, AgNPs have been shown to be toxic to aquatic species, their effect on endemic fish, like
Goodeidae, has not been demonstrated. Endemic species are under strong pressures by anthropogenic contam-
ination and destruction of their habitat; therefore, we studied adult Chapalichthys pardalis, an endemic fish of
Mexico. We evaluated the toxic effect of AgNPs through oxidative stress, macromolecular and metabolic bio-
markers. We determined the LCso (96 h) and performed subchronic tests (21 days) using sublethal AgNPs con-
centrations (equivalent to CL; and CL;o). At the end of the bioassay, we quantified 10 stress biomarkers in the
liver, gills, and muscle, including the antioxidant enzymes (superoxide dismutase [SOD], catalase [CAT], and glu-
tathione [GPx]), thiobarbituric acid reactive species (TBARS), protein oxidation (C==0), macromolecules (pro-
teins, lipids, and carbohydrates), and metabolites (glucose and lactate). In addition, we determined the
integrated biomarkers response (IBR). LCso was of 10.32 mg L™ . Results of subchronic exposure (21 days) re-
vealed that AgNPs produce oxidative stress in C. pardalis adults, as evidenced by a diminution in antioxidant en-
zymes activity and an increase in TBARS and oxidized proteins. AgNPs also diminished levels of macromolecules
and generated a high-energy consumption, reflected in the reduction of glucose levels, although lactate levels
were not altered. The IBR analysis evidenced that the largest effect was produced in organisms exposed to
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LCy0, being the liver and gills the organs with the greatest damage. Results demonstrated that exposure to AgNPs
induces acute and chronic toxic effects on C. pardalis and forewarns about the impact that these nanomaterials
can exert on these ecologically relevant aquatic organisms.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

An exponential increase in products containing nanomaterials has
been recorded in the last years. Since 2005, The Project on Emerging
Nanotechnologies (PEN) of the Woodrow Wilson International Center
for Scholars has been performing an inventory on the products
sold worldwide containing nanomaterials as one of their main compo-
nents. According to PEN, until 2014, there were about 1885 products
enlisted, pointing out those that employ silver nanoparticles (AgNPs)
with 43.3%, followed by titanium dioxide with 19%, and carbon dioxide
with 9.2%. Goreham et al. (2015) reported that 320 tons of AgNPs are
produced yearly, and it is expected that the amount of these products
will increase significantly in the next years (Woodrow Wilson
Database, 2014).

AgNPs are currently one of the nanomaterials most used in frequent-
ly used products and in research laboratories (Seltenrich, 2013); these
uses include nanomedical devices, environmental remediation, cos-
metics, homecare products, etc. One of the important applications of
AgNPs is due to their antimicrobial properties, for which they are in-
cluded in a vast array of medical, household, and industrial products
(Jung et al., 2007; Perelshtein et al., 2008; Arora et al., 2008; Li et al.,
2008; Kumar et al., 2008; Schrand et al., 2008; Wang et al., 2008; Chen
and Schluesener, 2008; Sun et al., 2008), which has given rise to great
concerns from the environmental point of view (Paresh et al., 2009), be-
cause their high production increases the probability of AgNPs being
discharged through effluents into the aquatic ecosystems (Monfared
and Soltani, 2013; Saddick et al., 2015).

AgNPs concentrations in water bodies are not known, due to the lack
of reliable methods for their quantification at low concentrations; how-
ever, Boxall et al. (2008) by using a predictive method were able to es-
timate a concentration of approximately 0.01 pug L=' AgNPs in the
aquatic environment (Tiede et al., 2009). Some studies have shown
that washing of clothes and household devices containing AgNPs re-
leases a considerable amount of silver (Ag). The amount of Ag released
from clothes with AgNPs that contain up to 1360 pg of Ag g~ ! is of about
650 pg in 500 mL of distilled water (Benn and Westerhoff, 2008),
whereas a washing machine with a nano-washing system releases an
average of 11 ug L~ ! of Ag (Farkas et al., 2011). Estimations indicate
that a household could potentially release 470 ug of Ag into the sewage
every day, coming from products containing AgNPs (Benn et al., 2010);
Ag can accumulate in the aquatic environment and produce toxic effects
on the phytoplankton (Navarro et al., 2008; Oukarroum et al., 2012),
zooplankton (Li et al., 2010; Blinova et al., 2013), and fish (Asharani et
al,, 2008; Cho et al.,, 2013; Rajkumar et al., 2016).

Fish are an important group of aquatic biota, as they are the most di-
verse among vertebrates (Nelson, 1994), and are also the most threat-
ened by pollutants (Duncan and Lockwood, 2001). Fish are distributed
among different trophic levels (Trujillo-Jiménez and Espinosa de los
Monteros-Viveros, 2006), hence, the toxic effects exerted upon this
group will affect importantly the whole structure of the community.
AgNPs can produce teratogenesis in fish (Lee et al., 2007; Asharani et
al., 2008; Bar-llan et al., 2009; Kannan et al., 2011), oxidative stress by
the production of reactive oxygen species (ROS) (Wu and Zhou, 2012;
Massarsky et al., 2013), damage to proteins, lipids, and DNA (Choi et
al., 2010), diminish the content of proteins (Monfared and Soltani,
2013), and alter the levels of ammonium, ureic nitrogen (Lee et al.,
2012), sodium (Na™), potassium (K*), chloride (CI™) ions, and glucose
(Johari et al., 2013).

Goodeids are ecologically relevant fish due to their high endemic-
ity; most of these species are threatened or endangered due to envi-
ronmental degradation, chemical contamination of water bodies,
and the introduction of exotic fish (Duncan and Lockwood, 2001;
Dominguez-Dominguez et al., 2005; Dzul-Caamal et al., 2012). The
study of this group of fish could provide information for their conser-
vation, particularly if the destruction of their habitat represents a
risk for their persistence and survival in nature (Olivares-Rubio et
al., 2014; Goodeid Working Group).

Chapalichthys pardalis is a microendemic goodeid, its habitat is re-
stricted to a water spring in the municipal park “Ojo de Agua” of
Tocumbo, Michoacan, Mexico (19° 42'N, 102° 32'W) (Miller, 2009),
and does not currently present any conservation issue according to ei-
ther the Red List of IUNC or the Mexican environmental standard
(NOM-059-SEMARNAT-2010). It is an omnivore fish, with an average
size of 8.5 cm in length and several reproductive cycles per year
(Alvarez del Villar, 1963); in captivity a female produces from 20 to
30 offspring.

Currently, no information exists on the toxic effect of AgNPs on na-
tive fish species, hence, the objective of this study was to evaluate the
toxic response of adult C. pardalis exposed to a commercially available
suspension of AgNPs. We performed acute toxicity tests and analyzed
their subchronic effects by assessing antioxidant defense, oxidative
damage, and macromolecular biomarkers, as well as metabolic parame-
ters, in three organs (live, gills, and muscle) to be able to generate infor-
mation on the damage caused by these nanomaterials on this species
and the possible consequences that could impact this endemic
ichthyofauna.

2. Materials and methods
2.1. Silver nanoparticles (AgNPs)

We used a commercial suspension of AgNPs, produced by a Mexican
company (ID-NANO S.A. de C.V.), which are applied in industry. Accord-
ing to manufacturer's specifications, the product is a colloid of high
AgNPs concentration (6000 mg L~1!), with an average diameter of
20 nm, dispersed in polyvinylpyrrolidone (PVP), amber in color, highly
soluble in water, and a pH of 12.68.

2.2. Characterization of AgNPs

Physicochemical properties of nanomaterials are related to their tox-
icity, and can be modified by the dilution medium, as this can foster ag-
gregation and precipitation of nanoparticles (Carlson et al., 2008; Choi
and Hu, 2008; Horie et al., 2012). For this reason, it was necessary to
characterize the AgNPs sample before performing the toxicity assays.
This characterization included determining the distribution of sizes,
shape, chemical composition, surface properties, and aggregation state
(Oberdorster et al., 2005; Carlson et al., 2008; El Badawy et al., 2011).

The analysis of the size of AgNPs was performed with a high-resolu-
tion scanning electron microscope (SEM) JEOL (mod. JSM7800F). A
1:100 dilution of the concentrated AgNPs suspension was prepared
with ultrapure water, 10 mL of the sample were placed on a copper
grid coated with Formvar and strengthened with carbon (SPI, mod.
3420C-FA), which was placed in the vacuum chamber of the SEM; ob-
servation was done at 15.0 kV and micrographs were taken at
150,000 x. We measured 1246 NPs to determine the distribution of
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sizes, using the Image] 1.47 analyzer, and determining the coefficient of
variation (CV). The chemical composition of the sample was deter-
mined in an X-rays energy dispersion spectroscopy (EDS) equipment
coupled to the SEM.

The hydrodynamic diameter, which allows assessing the degree of
AgNPs aggregation, was determined by the Dynamic Light Scattering
(DLS) technique with the Zetasizer ZS90 equipment (Malvern). The hy-
drodynamic diameter value is obtained from a second-order cumulant
fit of the correlation function of the light scattering intensity at 90°, as
described by Berne and Pecora (2000). The zeta potential, related with
the electrostatic surface charge of AgNPs, was obtained from measure-
ments of the electrophoretic mobility, using the Smoluchowski model
(Delgado et al., 2005), available with the equipment's software.

For these analyses, we prepared two AgNPs solutions: one with ul-
trapure water and the other with ISO medium (dilution water for the
toxicity assays) (USEPA, 2002), at a concentration of 300 mg L™ ! of
AgNPs. Measurements were performed in triplicate at different times
(0, 24, and 48 h) to observe the temporal evolution of the AgNPs and
discard the possible destabilization of the suspension through aggrega-
tion of the nanoparticles. Finally, the obtained data served to establish
the periods for the exchanges during toxicity evaluations, to maintain
the same AgNPs dispersion conditions during the whole time of the
bioassays.

2.3. Test organisms

Adult specimens of C. pardalis were kindly donated by the
Laboratorio de Biologia Acudtica of the Universidad Michoacana de San
Nicolds de Hidalgo in Morelia, Michoacan, Mexico, and transported to
the Laboratorio de Hidrobiologia Experimental de la Escuela Nacional de
Ciencias Bioldgicas, Instituto Politécnico Nacional, in Mexico City. Fish
were acclimated for 15 days in 40-L aquaria with dechlorinated tap
water and constant aeration, at a temperature of 26 + 1 °C and a
14:10 h photoperiod (light:darkness). Afterwards, fish were placed in
a water recirculation system provided with a biological filter and UV
light. During acclimation and maintenance, fish were fed twice daily
with commercial micropellets (41.6% crude protein, AZOO®). Water
conditions in the recirculation system were: temperature, 25.9 4+
0.16 °C; dissolved oxygen, 5.8 = 0.3 mg L™ '; pH, 7.9 & 0.2; conductivity,
686 + 7.7 us cm™!; salinity, 0.36 + 0.05 psu; hardness, 156.8 =+
3.3 mg L~ ! of CaCO5; ammonium, 0.13 & 0.3 mg L~ of NH.

2.4. Acute toxicity

This test followed the OECD protocol 203 (1992). This is a static test
with a total renewal of the test medium every 24 h and without food
supply. We selected 48 healthy adults of either sex, with an average
size of 10 cm. We prepared 5 concentrations of the AgNPs sample (2,
4,8,16,and 32 mg L") and a control (ISO medium) in 6-L aquaria,
with a test volume of 4 L. For each concentration and control, two repli-
cates were made and 4 adult organisms were placed in each; assays
were incubated in a bioclimatic chamber during 96 h at 25 + 1 °C,
and a 14:10 photoperiod (light: darkness). Physicochemical parameters
(dissolved oxygen, pH, salinity, and conductivity) were recorded at the
beginning and end of the test. The criterion to accept the test was sur-
vival >90% in controls at 96 h. Mortality results were processed to deter-
mine the mean lethal concentration (LCsg), with the Probit method.

2.5. Subchronic toxicity

Adult C. pardalis were exposed for 21 days to two concentrations of
AgNPs previously chosen (LC; = 193 mg L™! and LGy =
4,08 mg L™ 1), in the ISO medium (control), and to the concentration
of PVP (dispersing agent of AgNPs) that contained the LC,o, aimed at
confirming the innocuity of PVP on fish. The bioassay was prepared in
6-L aquaria with a test volume of 5 L, and 6 organisms per treatment

were placed in each aquarium. Test solutions were fully renewed each
24 h. In this assay the test organisms were fed ad libitum with balanced
food (AZOO® micropellets) during 5-10 min at the time of solution re-
newal. The assay was incubated in a bioclimatic chamber for 21 days at
25 4 1 °C, with a 14:10 h photoperiod (light:darkness).

At the end of the test, all organisms were euthanized by fast freezing;
the liver, gills, and a muscle sample were extracted. Samples were mac-
erated with a tissue homogenizer in 2 mL of 10 mM PBS, pH 7.4, and
separated in two 1-mL fractions; one fraction was centrifuged at
9000g for 20 min at 4 °C, the supernatant was recovered (containing
the protein fraction) and was used for enzymatic determinations, total
protein content, as well as glucose and lactate content. The second,
not centrifuged fraction, was used to determine TBARS, protein oxida-
tion, and carbohydrates and lipids concentration.

2.6. Antioxidant enzymes

2.6.1. Catalase (CAT) activity

CAT activity was determined by means of the Radi et al. (1991) tech-
nique, modified by Vega-Lépez et al. (2007). The method assesses the
change in absorbance produced by the degradation of hydrogen perox-
ide (H,0,). The reaction mixtures consisted of 800 pL of buffer (0.3 M
saccharose, 1 mM EDTA, 5 mM HEPES, 5.0 mM KH,PO,; pH adjusted
to 7.4), 200 pL of H,0, (20 mM) and 50 pL of the supernatant. Absor-
bance was measured immediately at 240 nm. Enzyme activity was esti-
mated using the molar extinction coefficient of H,0,
(0.043 mmol~! cm~!) and results were expressed as micromoles
(uM) of Hy0, consumed per min per mg of protein.

2.6.2. Superoxide dismutase (SOD) activity

SOD activity was determined using the Crapo et al. (1978) method,
which assesses the change in absorbance per minute of cytochrome C
at 550 nm. The reaction mixture was supplemented with 20 pL of the su-
pernatant and 700 L of the substrate (1 mM EDTA, 10 mM reduced cy-
tochrome C, 20 mM sodium azide, 10 uM xanthine); solubilized in
carbonates buffer containing 10 mM sodium carbonate and 0.02% Triton
X-100. The reaction was started by adding 50 pL of xanthine oxidase
(0.34%). Results are expressed as units of SOD per mg of protein.

2.6.3. Glutathione peroxidase (GPx) activity

GPx activity was quantified with the Lei et al. (1995) method, using
H,0, as substrate of the selenium-dependent enzyme and measuring
the decrement in the concentration of nicotinamide adenine dinucleo-
tide phosphate (NADPH) in an assay coupled to glutathione reductase
(GR), which catalyzed NADPH oxidation at 340 nm. The reaction mix-
ture was supplemented with 800 pL of buffer (50 mM K;POy4, 3.5 mM
GSH, NaNOs), 20 L of the supernatant, 100 L of 40 mM glutathione re-
ductase, and 10 pL of a25 mM NADH, and finally, 40 pL of 40 mM H,0,, to
start the reaction. The activity of the enzyme was estimated using the
molar extinction coefficient of NADPH (6.22 mmol ™' cm™!). Results
were expressed as millimoles NADPH min~! mg ™! of protein.

2.7. Oxidative damage biomarkers

2.7.1. Thiobarbituric acid reactive substances (TBARS)

The technique of Buege and Aust (1978) was used to quantify the
final products of the peroxidation of lipids, such as malondialdehyde
(MDA) and 4-hydroxyhexenal (4-HHE), which react with TBARS. Brief-
ly, 200 L of the crude extract were supplemented with 500 pL Tris-HCL,
pH 7.4 (150 mM), incubated at 37 °C for 30 min and adding 1 mL of
0.375% thiobarbituric acid prepared in 15% trichloroacetic acid; the mix-
ture was boiled for 45 min and then cooled in an ice bath; finally it was
centrifuged at 2500g for 5 min, and read at 532 nm. TBARS quantifica-
tion was estimated using the molar extinction coefficient of
malondialdehyde (1.56 x 10° mol~! cm™!) and results were expressed
per gram of tissue.
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2.7.2. Carbonylated proteins

To quantify the oxidative damage induced in proteins, the Levine et al.
(1994) method was used, based on the formation of 2,4-
dinitrophenylhydrazone from the reaction among the carbonyl groups
of oxidized proteins (RC=0) and the reagent 2,4-dinitrophenylhydrazine
(2,4-DNPH) in acid medium. Aliquots of 500 pL were taken from the ho-
mogenate and precipitated with 100 pL of 30% trichloroacetic acid
(TCA); then, they were agitated for 10 s, centrifuged at 3000g for 5 min,
and the supernatant was discarded. To this, 500 pL of DNPH (20 mM in
2 N HCI) were added, agitated for 30 s, and immediately incubated in
darkness for 1 h at room temperature, shaking every 10 min. After this
time, the mixture was precipitated again with 30% TCA and centrifuged
at 3000g for 5 min; the supernatant was discarded and three washes
with 500 pL of ethanol-ethyl acetate (1:1 v/v) were made to eliminate
the excess DNPH. The precipitate was dissolved in 1 mL of 6 mM urea
(dissolved in 20 mM potassium phosphate, pH 2.5); lastly, samples
were incubated for 1 h at 37 °C and centrifuged at 3000g for 5 min. Sam-
ples were read at 366 nm. Concentration of carbonylated proteins was
calculated using the molar extinction coefficient (22 mM~! cm™!) and
expressed per gram of tissue.

2.8. Macromolecules

2.8.1. Proteins

The Lowry et al. (1951) colorimetric method was used to quantify
proteins, which is based on two reactions: 1) previous reaction of pro-
teins in an alkaline medium with Cu?* ions in the presence of tartrate
to avoid precipitation, forming a coordination complex between Cu®™
and the peptide nitrogen; 2) reaction of the Folin-Ciocalteau reagent
with amino acids and phenolic groups (tyrosine, phenylalanine, and
tryptophan), giving rise to an intense blue color. Absorbance was mea-
sured at 590 nm, and protein concentration was determined by interpo-
lating a standard bovine serum albumin (BSA) curve.

2.8.2. Lipids

Lipids were determined according to the sulfo-phospho-vanillin
method (Zollner and Kirsch, 1962), a photometric procedure based on
the reaction of non-saturated fatty acids with concentrated sulfuric
acid (H,S04) and a mixture of vanillin-phosphoric acid, which develops
a pink color. To 100 pL of the homogenate, 200 pL of methanol/chloro-
form (2:1, v/v) was added and agitated in a vortex; then, 500 pL of de-
ionized water was added to form two phases; the organic phase was
desiccated at 80 °C, to which 50 pL of H,SO4 was added and heated for
2 min at 70 °C. Finally, 500 L of phospho-vanillin was added, cooled
on ice, and absorbance was read at 525 nm. The concentration of lipids
was obtained using a standard cholesterol curve.

2.8.3. Carbohydrates

Carbohydrates content was determined according to Dubois et al.
(1951), in which the soluble carbohydrates react with phenol and con-
centrated sulfuric acid yielding an orange color. To 100 L of the tissue
homogenate, 100 pL of 5% phenol was added and agitated for 10 s,
then 500 pL of sulfuric acid was added and left to rest for 10 min; the
mixture was agitated again for 10 s and left to rest for 30 min; finally,
absorbance was read at 490 nm. The amount of carbohydrates was ob-
tained by interpolating a standard dextrose curve.

2.9. Metabolic parameters

2.9.1. Glucose

Glucose levels were determined through a colorimetric technique,
using the commercial kit GLU CAL (RANDOX®), using the microplate
adaptation developed by Hernandez-Lépez (2001). Microplates of 96
wells with a volume of 0.4 mL were used, these were supplemented
with 10 pL of the protein fraction and 200 pL of the reactive solution
for glucose, incubating at 25-28 °C during 30 min. Absorbance was

read at 490 nm. Glucose concentration was determined with the Kkit's
standard curve.

2.9.2. Lactate

Lactate levels were determined through a colorimetric technique,
using the commercial kit LAC (RANDOX®), adapted to microplates by
Hernandez-L6pez (2001). Microplates of 96 wells were supplemented
with 10 pL of protein fraction and 200 pL of the reactive solution for lac-
tate, incubating at 25-28 °C during 30 min. Absorbance was read at
540 nm and lactate concentration was quantified with the kit's standard
curve.

2.10. Integrated biomarkers response (IBR)

Results of the assessed biomarkers were analyzed through the inte-
grated biomarkers response (IBR) (Beliaeff and Burgeot, 2002), follow-
ing the modification by Devin et al. (2014); this tool allows establishing
the global response of adult C. pardalis exposed to the different treat-
ments (PVP, Lc; and Lcyq of AgNPs). Briefly, data from the response of
biomarkers were standardized using the formula Y;=(X;—m)/S,
where Y; is the response of the standardized biomarker, X; is the value
of the response of each biomarker, m and S are the mean and standard
deviation, respectively. Afterwards, the Z; value was calculated for
each biomarker, using the formula Z;=Y; or Z;= —Y; according to the
observed biological effect (activation or inhibition, respectively). The
value of S or scores were calculated with S=Z+ |Min|, where Min is
the minimum value observed for all treatments of each biomarker; last-
ly, all S; values were plotted in a star graph. The IBR was calculated as the
total as shown by the star graph; to obtain the area, the equation pro-
posed by Devin et al. (2014) was used:

A;j =S§; x Si+1 X 51n<2,—<n>/2

The IBR value was calculated as follows:

k
IBR=Y_A:
i=1

In this study, we evaluated the IBR for two groups, one that included
the antioxidant enzymes and oxidative damage biomarkers (TBARS and
RC=0), and the other comprised the macromolecules and metabolites.

2.11. Statistical analysis

Average values and standard error (SE) limits were determined for
all the biomarkers. Treatment data versus control were assessed through
a one-way variance analysis (ANOVA) and Dunnett's comparison tests.
IBR values were compared using ANOVA. When significance was detect-
ed, Tukey's pairwise comparison test was applied. Before applying
ANOVA, a Levene test was performed to prove homoscedasticity of
variances.

3. Results
3.1. AgNPs characterization

3.1.1. Scanning electron microscopy (SEM)

The SEM micrograph (Fig. 1a) reveals the presence of NPs of diverse
sizes, spherical in shape, without aggregates. According to the graph of
size distribution, the average diameter of NPs was lower than that spec-
ified by the manufacturer (11.95 4 5.3 nm), with CV of 48.6%. AgNPs of
this sample depicted a high polydispersion (NPs of different sizes) as
shown in Fig. 1b. The analysis of chemical elements performed with
the EDS technique revealed that silver predominated in the sample
(Fig. 2).
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Fig. 1. a) SEM, micrograph of silver nanoparticles (AgNPs). b) Histogram of the size distribution of AgNPs in the analyzed commercial sample.

The hydrodynamic diameter (HD) and zeta potential behaviors of
AgNPs with respect to time is shown in Fig. 3(a) and (b), respectively.
The average HD of AgNPs in ultrapure water at time zero was of
31.35 4 1.7 nm with a zeta potential of —39.85 £ 1.8 mV, and these
values did not vary significantly at 24 and 48 h. For the ISO medium,
at time zero, AgNPs presented an HD of 44.85 4+ 1.65 nm and zeta po-
tential of —16.1 4= 0.8 mV; at 24 h, the HD increased (71.3 4+ 0.9 nm)
and the zeta potential diminished slightly (—15.2 4 0.5), these values
were maintained after 48 h.

These results confirm that the used product corresponds to AgNPs in
an adequate size and within the convenient limits for assays with NPs,
and that they remained stable during the exposure time of the test
organisms.

3.2. Mean lethal concentration (LCsp)

After 96 h no mortality was recorded in controls. Mortality induced
by treatments was proportional to the increase in AgNPs concentra-
tions. The highest concentration (18 mg L~!) produced 100% mortality
at 72 h and the LCs 96-h was 10.32 mg L™ ' (6.03-14.54 mgL™',P =
0.05).

369

246

3.3. Response of biomarkers

Table 1 shows the average values and standard error of the bio-
markers assessed in each organ and tissue of fish. In general, after
21 days of AgNPs exposure, the highest biomarker response was ob-
served in fish exposed to the highest concentration (LCyg); no signifi-
cant changes were observed in the values of organisms exposed to PVP.

3.3.1. Antioxidant enzymes

The activity of SOD diminished significantly in the liver of fish ex-
posed to either AgNPs concentration (LC;, P < 0.05 and LCqo,
P <0.001), as compared to the control. CAT activity diminished signifi-
cantly in gills (P < 0.001) and muscle (p < 0.05) of organisms exposed
to LC; and LCy. Lastly, the enzymatic activity of GPx was significantly
reduced (P < 0.05) in the liver of fish exposed to LC; and Lc;q, according
to the Dunnett's test (Table 1).

3.3.2. Oxidative damage biomarkers

As compared to the control, TBARS levels increased significantly
(P<0.001) in the liver and gills of fish exposed to the highest AgNPs
concentration (LCyp), whereas the levels of carbonylated proteins

6.0

sec: 30.0 0Cnts

Det: Apolio XL-SDD

Fig. 2. Elemental analysis of AgNPs by X-rays dispersion spectroscopy.
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Fig. 3. Behavior of the hydrodynamic diameter (a) and zeta potential (b) of AgNPs respect to time, in two different dilution media (ultrapure water and ISO medium).

(RC=0) increased significantly (P < 0.001) only in the gills of fish ex-
posed to LCyq (Table 1).

3.3.3. Macromolecules

Proteins concentration in liver and gills of fish exposed to either
AgNPs concentration (LC; or LCqp) was significantly lower (P < 0.05)
than in the control, whereas the concentration of lipids was significantly
lower (P < 0.05) only in the liver of fish exposed to both concentrations.
On the other side, carbohydrates diminished significantly (P < 0.05) in
gills and muscle of organisms exposed to the highest AgNPs concentra-
tion (LCyp) (Table 1).

3.3.4. Metabolic biomarkers
Glucose concentration in the liver and gills diminished significantly
(P <0.05) in organisms exposed to the highest AgNPs concentration

Table 1

(LC10). Regarding lactate, no significant alterations were recorded with
any of the treatments (Table 1).

3.3.5. Integrated biomarkers response (IBR)

Fig. 4 shows the star graphs with the scores of the biomarkers of an-
tioxidant enzymes and those of oxidative damage. As shown, in both the
liver and gills of controls and fish exposed to LC;o the magnitude of the
area is greater, with a clear difference between both; the area in controls
is determined by the high scores of the antioxidant enzymes and a low
value in the oxidative damage biomarkers. In contrast, in fish exposed to
LC;o, the area is favored by a high score of oxidative damage biomarkers
and a low score of the antioxidant enzymes activity (Fig. 4a and b). Re-
garding the muscle, the area of the polygons diminished with respect to
concentration, particularly by a reduction of CAT and GPx activities
(Fig. 4c).

Average values and standard error (SE) for antioxidant enzymes, macromolecules, and metabolites assessed in different organs and tissues of adult C. pardalis exposed to AgNPs during

21 days. Results of ANOVA and Dunnett's post hoc test. *P < 0.05, ***P < 0.001.

Biomarker Organ/tissue Control PVP LGy LCio
SOD Liver 32.7167 4 3.2435 21.9106 4+ 1.8134 21.3863 4 2.0818* 10.4108 + 2.4329***
(U mg~ ! protein) Gills 43.1562 + 2.7409 36.4005 + 4.4433 36.2713 + 0.8632 30.0819 + 6.6030
Muscle 20.7835 + 1.2895 19.4580 4+ 2.1881 20.4300 4 3.4806 21.6564 + 0.6734
CAT Liver 13.2768 + 1.7052 11.9500 &+ 1.6117 12.3421 + 1.4201 11.5960 + 1.4713
(mM min~ ! mg~ ! protein) Gills 6.8536 + 0.7449 4.3785 + 04273 3.4331 4 0.2800™** 2.7019 £ 0.4879***
Muscle 6.0454 4+ 0.9328 5.2289 4+ 0.4069 2.6507 + 0.2596* 23036 4 0.3400*
GPx Liver 0.2956 + 0.0204 0.2625 4 0.0154 0.2315 £ 0.0183* 0.1913 + 0.0205*
(mM min~! mg~"! protein) Gills 0.3676 + 0.0279 0.3862 + 0.0378 0.3196 + 0.0175 0.3508 + 0.0204
Muscle 0.1089 + 0.0055 0.1177 + 0.0065 0.0896 + 0.0050 0.0838 + 0.0031*
TBARS Liver 0.1151 + 0.0166 0.1043 4 0.0094 0.1635 £ 0.0484 0.4209 + 0.0702***
(nM mg~! protein) Gills 0.9972 + 0.0632 0.7820 + 0.0542 0.8583 + 0.0306 2.3457 4 0.2187**
Muscle 0.5203 + 0.0318 0.6029 + 0.0565 0.6183 + 0.1706 0.4339 + 0.0301
RC=0 Liver 0.0137 £ 0.0012 0.0147 4 0.0019 0.0149 £ 0.0010 0.0178 + 0.0003
(mM mg~! protein) Gills 0.0377 4 0.0031 0.0353 4 0.0019 0.0436 + 0.0024 0.0608 + 0.0010***
Muscle 0.0184 + 0.0009 0.0161 £ 0.0011 0.0182 + 0.0013 0.0152 + 0.0008
Proteins Liver 62.9428 + 4.5113 62.3181 + 1.8497 49.1146 + 1.8683"* 45.5376 + 6.4529*
(ug mg ™! tissue) Gills 38.4011 + 2.0524 39.5861 + 1.7735 36.8962 + 2.6278 29.9954 4 1.9299*
Muscle 43.4949 + 2.0139 44.6472 + 2.0136 459132 + 1.7875 55.1696 + 3.8859
Lipids Liver 53.4766 + 2.4721 52.1264 + 4.9593 33.8310 + 3.7180* 272978 + 4.2571*
(ug mg ™! tissue) Gills 30.1562 + 1.5709 31.8387 + 2.0259 28.7452 + 1.4686 25.7170 + 2.5531
Muscle 14.6021 + 1.1342 15.4048 + 1.8749 12.7834 + 1.3795 20.0505 + 1.4083
Carbohydrates Liver 40.0340 + 3.2176 43.8226 + 5.1184 46.6594 + 6.7728 28.4974 + 0.8665
(ug mg ™! tissue) Gills 16.6628 + 1.0175 21.1793 + 1.2051 21.0168 + 0.7747 15.7757 + 0.4658*
Muscle 9.4760 4+ 0.3686 10.7274 4 0.6353 9.3358 £ 0.4829 7.1389 + 0.4572*
Glucose Liver 34.3770 + 0.9798 32.7928 + 3.1061 36.6902 + 2.5313 21.8162 + 3.4045*
(nug mg ™" tissue) Gills 2.7518 4+ 0.4036 2.3067 + 0.4339 24810 + 0.3369 1.2904 + 0.0773*
Muscle 1.5516 4 0.2223 1.7342 + 0.2049 1.9372 £ 0.1125 1.4569 + 0.1310
Lactate Liver 3.5460 + 0.2990 3.8153 + 0.3690 3.5799 + 0.2140 1.7289 + 0.1301
(ng mg ™" tissue) Gills 3.3781 4+ 0.3074 34411 4+ 0.1189 2.7130 £ 0.1214 2.8646 4 0.0128
Muscle 59124 + 0.4524 6.7577 4+ 0.4219 5.3527 4 0.0557 4.8553 4 0.2066
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Fig. 4. Star graphs of the scores determined for biomarkers of antioxidant enzymes and oxidative damage in the liver (a), gills (b), and muscle (c) of C. pardalis exposed to PVP and to the

equivalent of LC; and LC;q of AgNPs after 21 days of exposure.

Fig. 5 shows the star graph for macromolecules and metabolites. In
the liver, gills, and muscle, the areas of the polygons showed a diminu-
tion that was proportional to the AgNPs concentration, with a marked
reduction with the highest concentration (LCyo), reflecting the levels
of all the biomarkers (Fig. 53, b, c).

Fig. 6 shows the IBR values for each group. ANOVA applied to the an-
tioxidant enzymes and oxidative stress biomarkers revealed significant

a Protein b
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e

Glucose
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“Carbohydrates

Glucose
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differences (P<0.05) in the liver and gills. According to the Tukey's test,
IBR of organisms exposed to LC; diminished significantly with respect to
the other treatments (Fig. 6a). On the other side, analysis of macromol-
ecules and metabolites indicated significant differences (P < 0.05) in the
liver, gills, and muscle; the Tukey's test revealed that in both the liver
and gills, the IBR diminished significantly (P < 0.05) with respect to
the other treatments; whereas, in the muscle, values were significantly
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Fig. 5. Star graphs of the scores determined for macromolecules and metabolites in the liver (a), gills (b), and muscle (c) of C. pardalis exposed to PVP and to the equivalent of LC; and Lc; of

AgNPs after 21 days of exposure.
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treatments (P < 0.05) and letters indicate significant differences between pairs as
assessed by Tukey's post hoc test.

lower than in the organisms exposed to LC;q, as compared to control
and PVP-exposed fish (Fig. 6b).

4. Discussion

According to the zeta potential, AgNPs possess negative surface
charge, which is caused by the PVP coating; this charge diminished in
the solution prepared with the ISO medium, without reaching the iso-
electric point (net zero charge), at which aggregation and precipitation
of AgNPs would have been observed (Salopek et al., 1992). DLS mea-
surements revealed that AgNPs in ultrapure water did not present
changes in their hydrodynamic diameter during the 48 h of sample
measuring; however, in the sample prepared with the ISO medium,
the hydrodynamic diameter increased reaching up to 89 nm at 48 h. Ac-
cording to results, the ISO medium caused diminution of the surface
charge of AgNPs and increased the hydrodynamic diameter, inducing
the formation of some aggregates without precipitation of NPs and
without loosing their condition of nanoparticles.

No transformation of AgNPs was observed under the test conditions
we used, but a slight, reduced aggregation was detected after 48 h; this
effect was negligible because the test solutions were fully renewed
every 24 h. Nevertheless, it is possible that, under natural conditions,
transformation could happen, including sulfidation, solubilization, ag-
gregation, and interaction with other environmental factors, which
could modify the AgNPs' toxicity.

AgNPs were toxic for adult C. pardalis after 96 h of exposure, with an
LCso = 10.23 mg L™ ! (6.03-14.54 mg L™ !). Table 2 shows the LCs,
values obtained with AgNPs in different teleost fish; it is noteworthy
that the acute toxicity of AgNPs induced in fish is variable, with LCsq
values ranging from 0.0346 to 250 mg L™ . The difference in sensitivity
could be related mainly to factors like species-specific susceptibility,
age, developmental stage, exposure time, and the size of the nanoparti-
cles (Cho et al., 2013), but the effect of the dispersant could also influ-
ence results. Notwithstanding, adult C. pardalis depicted a very similar
susceptibility to that observed in embryos of Pimephales promelas
(LCso = 10.6 mg L™ 1,96 h of exposure), which is considered a reference
species (Laban et al., 2010).

According to the classification system of toxic substances by the
USEPA (1975), and based on the determined LCsq value, the assessed
AgNPs sample can be classified as slightly toxic (acute toxicity criterion)
to adult C. pardalis; however, this classification must be taken carefully
because the subchronic assay (21 days) showed that sublethal AgNPs
concentrations, equivalent to LC; and LC;, induced important biochem-
ical alterations in diverse biomarkers and organs of the studied species.

Exposure to PVP did not produce significant effect on any of the
stress biomarkers assessed; this polymer is considered an innocuous
agent, widely used in medicine and processed food (Folttmann and
Quadir, 2008; Rangel-Vazquez and Rodriguez, 2014). Other studies
have confirmed the innocuity of PVP on aquatic organisms, and it has
been reported that it could reduce the toxicity of NPs by hindering,
through a steric effect, the direct contact of the NPs with the cells
(Bilberg et al.,, 2012; Ahn et al,, 2014).

Organisms exposed to either AgNPs concentration showed signifi-
cant reduction in the activity of antioxidant enzymes, which was pro-
portional to the AgNPs concentration. SOD presented diminution of
activity in the liver, GPX in the liver and gills, and CAT in gills and mus-
cle. SOD catalyzed the dismutation of the superoxide anion into oxygen
and hydrogen peroxide; the latter is, in turn, metabolized to H,0 by en-
zymes CAT and GPx through GSH. It is probable that, in this study, expo-
sure to AgNPs produced an excessive formation of the superoxide anion,
hydrogen peroxide, and other oxygen radicals, which could have hin-
dered the action of the first line antioxidant defense in C. pardalis. A sim-
ilar response has been observed in Oreochromis mossambicus exposed to
AgNPs by Govindasamy and Rahuman (2012), who reported a diminu-
tion of the activity of antioxidant enzymes in gills and liver.

TBARS (indirect marker of lipids oxidation) showed a significant in-
crease in liver and gills of fish exposed to the highest AgNPs concentra-
tion (LCyp). The oxidative damage to lipids has also been reported in
adult 0. mossambicus, which presented increased levels of MDA in the
liver, gills, and skin after 8 days of exposure to 25 and 50 mg L™ ! of
AgNPs (Wu and Zhou, 2012). Increased MDA has also been observed
in the liver of adult zebrafish (Danio rerio) at AgNPs concentrations of
60 and 120 mg L~ ! (Choi et al.,, 2010). Results show the ability of
AgNPs to cause lipoperoxidation, particularly, in the liver, which due
to its constitution and activity could be more prone to oxidative damage
(Repetto et al., 2012).

Carbonylated proteins (RC=0) increased significantly in gills in
those fish exposed to LC;o. AgNPs can release Ag-+ ions when
interacting with cells (Asharani et al., 2009), and both AgNPs and
Ag + ions can induce high ROS concentrations intracellularly, specifical-
ly hydroxyl radicals (OH™) (He et al., 2012), which can react immedi-
ately with proteins, oxidizing them and producing carbonylation
(Stadtman and Oliver, 1991; Nystrém, 2005). Although, in this study
we observed a significant damage to proteins oxidation only in gills, it
has been reported that concentrations of 0.5 and 1 mg L™ ! of AgNPs
can promote oxidation of proteins in the liver, gonads, gills, and brain
of adult D. rerio; damage to proteins by oxidation has also been docu-
mented in human hepatic cells exposed to AgNPs (Piao et al., 2011).

Proteins are important molecules involved mainly in structural, en-
zymatic, and cell transport functions (Cooper, 2000). In our study, the
concentration of proteins diminished significantly in the liver of those
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Table 2

Acute toxicity of AgNPs in adults and embryos of freshwater fish. When available, the confidence interval (P = 0.05) is shown.
Species (age or stage) Dispersant Duration of exposure (h) LCso (95% CI) (mg L) Reference
Chapalichthys pardalis (adults) PVP 96 10.32 (6.03-14.54) This study
Oryzia latipes (4-month-old) Citrate 96 0.80 (0.65-0.96) Cho et al. (2013)
0. latipez (adults) PVP 48 1.03 Wu et al. (2010)
0. latipez (adults) None 96 0.0346 Chae et al. (2009)
Danio rerio (adults) PVP 48 0.084 Bilberg et al. (2012)
D. rerio (adults) Citrate 48 7.07 (6.04-8.28) Griffitt et al. (2008)
D. rerio (adults) None 24 250 Choi et al. (2010)
Oncorhynchus mykiss (adults) Not reported 96 23 Shahbazzadeh et al. (2009)
Hipophthalmichthys molitrix (adults) Not reported 96 66.4 Jahanbakhshi et al. (2012)
Carassius auratus (adults) Not reported 96 83.9 Jahanbakhshi et al. (2012)
Oreochromis mossambicus (adults) Citrate 192 12.6 Govindasamy and Rahuman (2012)
0. latipes (embryos) Citrate 96 0.84 (0.67-1.00) Cho et al. (2013)
0. latipes (embryos) None 96 1.39 Kashiwada et al. (2012)
Pimephales promelas Citrate 96 10.6 Laban et al. (2010)

organisms exposed to either of the two AgNPs concentrations (LC; and
LCyp) and in gills of those exposed to the higher concentration. Positive-
ly charged AgNPs can adhere to the cell membrane, modifying its per-
meability and thereby penetrating the cell (Raffi et al., 2008; Morones
et al., 2005). Once inside the cell, AgNPs, in the presence of low concen-
trations of H,0,, can catalyze the release of silver ions (Ag+) and act
synergistically on the thiol groups of proteins, interfering with their
function (Morones et al., 2005; Zhang et al., 2014). It has also been re-
ported the AgNPs cause depolarization of the mitochondrial membrane
(Teodoro et al., 2011) and DNA damage (Massarsky et al., 2013) deteri-
orating cellular metabolism, which could lead to a diminution in the
concentration of proteins (De Matteis et al., 2015).

Concentration of carbohydrates was significantly reduced in gills
and muscle of those fish exposed to the higher AgNPs concentration
(LCy0); these molecules are structurally relevant and an immediate
source of energy for cells (Javed and Usmani, 2015). Diminution of car-
bohydrates has been related mainly to an increase in energetic demands
for detoxification processes to cope with the effects of chemical contam-
inants (Arzate-Cardenas and Martinez-Jerénimo, 2012), hence, their
decrement could be related to the oxidative stress induced by the for-
mation of ROS.

Lipids concentration was significantly lower in the liver of AgNPs-
exposed fish. Lipids represent an important energetic reserve in cells
(Birsoy et al., 2013) and their diminution, just as that of carbohydrates,
has been related to an increase in energetic demands associated with
toxic stress (Sancho et al., 1996); however, the reduction observed in
the liver could have been induced not only by the large demand, but
also by the metabolic deterioration of cells.

Glucose concentration diminished significantly in the liver and gills
of fish exposed to LC;( of AgNPs. This metabolite is an important source
of energy and can be used as a stress response parameter (Teles et al.,
2004), because stress conditions induce an increase in glucose, which
is initially generated by catecholamines-mediated glycogenolysis and,
in later stages, by cortisol-mediated glyconeogenesis (Begg and
Pankhurst, 2004). However, we observed a decrement in glucose con-
centration, which could also have been related to cellular metabolic de-
terioration, avoiding the synthesis of energetic reserves to produce
glycogen. Decreased glucose levels have also been reported in the plas-
ma of adult Cyprinus carpio exposed to sublethal AgNPs concentrations
(Thangam et al., 2014).

No significant changes were observed in lactate levels in any of the
assessed organs or tissues. An increase in the concentration of this me-
tabolite would indicate a metabolic disorder and an acute respiratory
tension (Begum and Vijayaraghavan, 1999). In our study, AgNPs did
not induce a significant respiratory dysfunction in the organisms, de-
spite having induced a high energetic consumption by the produced
stress.

IBR is a useful tool for a global description of the health status of or-
ganisms under stress. This index provides both a graphical synthesis of

the different biomarkers' responses and a numerical value that inte-
grates all the responses at once (Devin et al., 2014). The star graphs
allow visualizing the global tendency of the biomarkers in the different
organs, showing that the liver and gills of the organisms exposed to the
higher AgNPs concentration (LC;o) presented reduction in the activity
of all antioxidant enzymes, diminution in the concentration of macro-
molecules and metabolites, as well as an increase in oxidative damage
biomarkers.

The IBR corresponding to antioxidant enzymes and oxidative dam-
age biomarkers reveals that in the liver and gills of control fish and
those exposed to PVP the high values of their indices are related to an
increased activity of the antioxidant enzymes and a low level of stress,
as compared to those fish exposed to AgNPs. In organisms exposed to
LC;, the value of the index was significantly lower with respect to the
other treatments in the same organs; this low value could have been re-
lated to the production of ROS and Ag™, which caused a diminution in
the antioxidant activity of enzymes without inducing a significant dam-
age to lipids and proteins. On the other side, the high IBR value obtained
in fish exposed to LCyq is related to the oxidative damage induced on
lipids and proteins, caused by the high production of ROS and Ag™.

The IBR of the group of macromolecules and metabolites reveals a
reduction of the index in the liver, gills, and muscle, depending on the
AgNPs concentration, which was significant in those fish exposed to
the higher AgNPs concentration (LC;o); this response can be related to
the high energetic expenditure and/or a greater damage to the metabo-
lism of the cell due to ROS and Ag +, which could have promoted con-
sumption and avoid the synthesis of energetic reserves.

Our results confirm that the IBR was useful for the integrated quan-
tification of the stress responses induced by AgNPs in C. pardalis, similar-
ly as observed by Xia et al. (2013) in Carassius auratus exposed to
different nanoparticles of metal oxides (nCuO, nZnO, and nCeO,).

In summary, adults of the endemic fish C. pardalis were affected sig-
nificantly at the biochemical level when exposed subchronically to sub-
lethal AgNPs concentrations. The aforementioned is forewarning on the
possible damage that could be caused in some organisms that are under
some status of protection or conservation, as occurs with the fish of the
Goodeidae family.

5. Conclusions

This study shows the toxic effect of AgNPs in the endemic
livebearing fish C. pardalis, with sensitivity values similar to those of ref-
erence species. In the subchronic test, AgNPs induced oxidative stress
because of a diminished antioxidant enzymatic response and increased
oxidation of lipids and proteins. AgNPs diminished glucose levels and al-
tered mechanisms related to macromolecules synthesis. The most af-
fected organs were the liver and gills. Production and use of AgNPs
shows an increasing trend, hence, its release to the environment is ex-
pected also; therefore, it is essential to characterize their toxic effects
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on diverse aquatic species to know the toxic concentrations and the re-
sponse mechanisms of wild organisms. It is necessary to include in this
research endemic species because of their great ecological relevance.
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