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Silver nanoparticles (AgNPs) are currently used in technology, medicine and consumer products, even
though the fate and the ecotoxicological risks on aquatic organisms of these new materials are not well
known. The purpose of this study was to investigate the fate, bioavailability of AgNPs and their effects on
fish in presence of municipal effluents. Juvenile rainbow trout were exposed for 96 h to 40 pg/L of AgNPs
or 4 pg/L of dissolved silver (AgNOs) in diluted (10%) municipal wastewater. Silver (Ag) concentrations
were measured both on water samples and fish tissues (liver and gills). Toxicity was investigated by
following immunological parameters in the pronephros (viability, phagocytosis) and biomarkers in liver
and gills (cyclooxygenase activity, lipid peroxidation, glutathione-S-transferase, metallothioneins, DNA
strand breaks and labile zinc). Results indicated that AgNPs appeared as small non-charged aggregates in
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Rainbow trout wastewaters (11.7 £ 1.4 nm). In gills, the exposure to AgNPs induced morphological modifications with-
Wastewater out visible nanoparticle bioaccumulation. Dissolved Ag* was bioavailable in diluted effluent and induced
Biomarkers oxidative stress (lipid peroxidation), labile zinc and a marginal decrease in superoxide dismutase in fish

gills. Ag* also increased significantly metallothionein levels and inhibited the DNA repair activity in the
liver. Finally, the two silver forms were found in liver and induced immunosuppression and inflammation
(increase in cyclooxygenase activity). This study demonstrated that both forms of Ag produced harmful

effects and AgNPs in wastewater were bioavailable to fish despite of their formation of aggregates.

Crown Copyright © 2016 Published by Elsevier B.V. All rights reserved.

1. Introduction

Silver nanoparticles (AgNPs) are widely used in technology,
medicine and consumer products. They are manufactured for their
antimicrobial properties (Dos Santos et al., 2014). Their own prop-
erties, with a high surface area ratio, could modify Ag toxicity and
class themin a specific contaminant category (NRC, 2012).Ina2010
survey, 1000 consumer products included AgNPs (Massarsky et al.,
2014a; Project on Emerging Nanotechnologies, 2013). Although
there is a customary use of silver (Ag), the increasing use of
AgNPs raises new safety concerns. AgNPs can enter the aquatic
environment through washing of treated clothes and the release
from products, such as clothes, cosmetics, toothpaste, soaps, and
food containers (Benn and Westerhoff, 2008; Ribeiro et al., 2014).
Because of their increasing commercial use, legitimate concerns
about the release and impacts of AgNPs to aquatic ecosystems are
warranted.
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Few studies on the behavior of AgNPs in wastewater treat-
ment plants (WWTPs) are found in the literature. Most of AgNPs
based consumer products inputs occurs via the release in wastew-
aters which reaches sewage treated plants (Kaegi et al., 2011).
In Germany, intentional or accidental release of nanoscale sil-
ver particles Ag-NPs were measured in treated effluent (12 ng/L)
for an estimated AgNP load of 4.4 g/day (Siripattanakul-Ratpukdi
and Firhacker, 2014; Li et al., 2013). According to Blaser et al.
(2008) Ag residues from Europe, Asia and North America reached
190-410t/year and between 11.5 to 31.7% of those residues passed
through WWTPs and were found in receiving natural water. A sig-
nificant proportion (about 10%) of the AgNPs which enter in the
WWTPs passed through the treatment process and are released by
their effluent (Gottschalk et al., 2009; Limbach et al., 2008).

In natural water, AgNPs could be transformed through differ-
ent processes, such as oxidation, reduction, dissolution, sulfidation,
aggregation and adsorption (Lowry et al., 2012). These trans-
formations have an influence on the persistence, mobility and
bioavailability of the AgNPs (Lowry et al., 2012). In natural water,
the natural organic matter (NOM) could stabilize the nanoparti-
cles (NPs) thus maintaining them in non-aggregated state (Lowry
et al.,, 2012; Cumberland and Lead, 2009). Monovalent Ag* could
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bind to organic polyanions, such as fluvic and humic acids (King
and Jarvie, 2012). Moreover, the humic substances could also pro-
vide long-term reservoir for NPs and maintain them in the column
or surface water for over large distance (King and Jarvie, 2012). In
wasterwaters, AgNPs are expected to be sulfidized and form Ag;S in
non-aerated system,while in aerated systems they would be unsta-
ble with a degradation half-life of days to weeks (Kaegi et al., 2011;
Lowryetal.,2012).Kaegietal.(2011)also found that 10% of metallic
Ag (Ag®) from AgNPs was found in the effluent.

AgNPs were shown to caused cytotoxicity, oxidative stress,
damage (lipid peroxidation), reduced mitochondrial activity, and
genotoxicity (Gagnéetal.,2012; Scown et al., 2010; Braydich-Stolle
et al., 2005; Arora et al., 2008; Fabrega et al., 2011; Bruneau et al.,
2015). AgNPs can also bind onto cell membranes and affect per-
meablity and respiratory function of the cells by decreasing the
Na*/K* ATPase activity (Morones et al., 2005). The toxicity of AgNPs
was partly associated to the release of ionic Ag and NPs induced
steric hindrance effects that could lead to protein degradation, DNA
damage and lipid peroxidation (Gagné et al., 2013).

The first line of the fishes immune system is the mucus layer
found on the surface of the gills, skin and intestines (Jovanovic and
Palic, 2012). It acts as a barrier shielding the fish from microbial
invasion by using lysozyme, lectins, immunoglobulin M (IgM) and
other proteolytic enzymes (Bols et al., 2001). This layer can also
trap NPs, modify their surface charge properties and decrease their
penetration rate (Handy et al., 2008; Jovanovic and Pali¢, 2012). The
second line of the immune system of the fish is the pronephros.
It is involved in hematopoiesistic i.e., involved in maturation of
neutrophils and macrophages and serves as a neutrophil depot
(Zapata, 1979). NPs could be internalized in the endolysosomal
compartment and engulfed though different processes according to
their size. Small NPs (up to 100 nm) are preferentially internalized
though calveolae-mediated and clathrin-mediated endocytosis,
whereas NPs with a size >500nm are engulfed though receptor
mediated phagocytosis or macropinocytosis (Dobrovolskaia and
McNeil, 2007; Bartneck et al., 2010; Jovanovi¢ and Palic, 2012).
Macropinocytosis could be the main uptake route of aggregated
NPs (Bartneck et al., 2010). Moreover, the surface charge promotes
the engulfment of NPs. Walker and Parsons (2012) demonstrated
that NPs with either positive or negative surface charge but less so
for neutral NPs activated the phagocytosis activity (Dobrovolskaia
et al,, 2008; Zahr et al., 2006).

When cells are exposed to AgNPs, reactive oxygen species (ROS)
are produced. This process is partly caused by the released ionic Ag
form and inflammation process. The ROS such as superoxide anions,
hydrogen peroxide and the hydroxyl radical cause oxidative dam-
age, cytotoxicity and DNA damage (Griffitt et al., 2013). During the
oxidative burst, the organism’s defense mechanism and free metal
ligands such as thiols are increased. Also, thiols binding and metal-
lothioneins that are cysteine rich proteins, have been recognised to
increase the sequestration of Ag* from AgNPs in the liver of trout
exposed to surface waters (Gagné et al., 2012).

The purpose of this study was to determine the fate and effects
of AgNPs and Ag”* (as silver nitrate—AgNQ3) on rainbow trout, as
animal model, after in vivo exposure in diluted wastewater. The

Table 1

Physical characteristics and concentration of total organic carbon (TOC) and dis-
solved organic carbon (DOC) in the control water utilized for experiments exposure
test. The samples were non-exposed to silver.

Control water TOC (mg/L) DOC (mg/L) pH Conductivity (S/cm)
Tap water 233 2.03 7.45 290
Wastewater 30.3 214 7.7 683
10% effluent, T=0H 7.7 3.44 7.55 273
10% effluent, T=96H  10.3 8.4 845 340

Ag concentrations were determined in water and in fish tissues
to assess the bioavailability of each silver form. Immunological
parameters and biomarkers in liver and gills were performed to
evaluate the toxicity of the two Ag forms after an environmental
exposure. AgNO3 was chosen to compare the effects of the dissolved
form with AgNPs. Dissolved Ag is lethal for aquatic organisms at a
concentration of 20 wg/L (Griffitt et al., 2008). A sublethal concen-
tration of dissolved Ag* was chosen in this study corresponding
approximatively to the labile Ag from the AgNP.

2. Materials and methods
2.1. Silver

A stock solution of PELCO® NanoXact™ AgNPs from Ted Pellalnc
(California, USA) was used. According to the manufacturer’s speci-
fications, the AgNPs have a mean size of 22 +2 nm, are supplied in
2 mM citrate buffer, pH 7.4 and have a zeta potential of —50 mV. For
the exposure experiments with AgNPs, a concentration of 40 pg/L
total Ag was prepared in 10% of the municipal effluent physically
and chemically treated. Silver nitrate (AgNO3) (Sigma-Aldrich, ON,
Canada) was dispersed directly in the fish tank at a concentration
of 4 pg/L.

2.2. Fish

Juvenile female rainbow trout (Oncorhynchus mykiss) (mean
head to forklength 121.3 &+ 5.5 mm; mean weight 24.3 + 2.8 g) were
provided by a local hatchery (Pisciculture des Arpents-Vert, Ste-
Edwidge, Qc), maintained in 1000-L tanks at 15°C, fed daily with
a commercial trout chow during 2 weeks and held under a natural
photoperiod (12 h light:12 h dark) prior to exposure experiments.

2.3. Exposure to diluted municipal effluent and silver

A composite wastewater sample was obtained in November
2013 form the Montreal WWTP. The exposure wastewater was
diluted 1:10 (v:v) in tap water originating from the St. Lawrence
River that was dechlorinated and UV treated (Table 1). Total organic
carbon (TOC) and dissolved organic carbon (DOC) concentrations,
as well as pH and conductivity were measured at the beginning and
the end of the exposure (Table 1). Metal contamination of the Mon-
treal effluent was previously documented by Gagnon et al. (2006)
and copper and zinc were the most accumulated metals in caged
mussels exposed to the wastewater dispersion plume.

Eight trout were placed in each 20L containers lined with
polyethylene bags and exposed to 10% wastewater with AgNPs
(40 pg/L), dissolved silver (AgNO3) (4 wg/L) or without contami-
nant added. Controls are 10% of effluent water diluted in tap water.
The fish were monitored daily for any signs of distress or changes in
swimming and breathing behaviour. Dissolved oxygen was main-
tained above 80%, pH between 7.5-8.6, and temperature at 15°C
during the exposure. The water was not renewed during the exper-
iment. After a 96 h exposure period, the fish were euthanized with
0.1% of MS-222 (Sigma-Aldrich, ON, Canada) using the Canadian
Council on Animal Care methods. Pronephros was kept forimmune
parameter measures. Liver and gills were immediately collected,
weighed and stored at —80°C for subsequent chemical and bio-
chemical analyses.

2.4. AgNP characterization

2.4.1. Transmission electron microscopy (TEM) and
electron-dispersive X-ray analysis (EDS)

A sample of AgNPs in 10% wastewater was collected after 96 h
and kept at 4°C. The samples as well as the stock solution were
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Fig. 1. Transmission electron microscope (TEM) of AgNPs in Ted Pella stock solution. All the nanoparticles were individually separated and present a spherical shape. The

scale bars indicate 20 and 5 nm.

observed by TEM no longer than 3 days after the end of exposure.
A drop of exposure medium was placed on a copper grid capped
with a lacey carbon film for TEM analysis. Once the sample was
dehydrated for a few minutes, it was examined by TEM (JEOL, 2100-
F model) operated at 200 kV for image capture in clear bottom. For
each TEM picture, an electron-dispersive X-ray analysis (EDS) was
performed for element composition of targeted particles.

2.4.2. Dynamic light scattering

NPs hydrodynamic size and zeta potential were measured using
dynamic light scattering (DLS) (BrookHaven Instrument Corp.,
ZetaPlus/BI-PALS) in a stock solution and exposed water. AgNP
stock solution was also diluted 1/10 with distilled water before
the measurement on the DLS. Each water sample was previously
filtered on a 450 nm membrane prior measurements.

2.4.3. Size distribution analysis by filtration and ultrafiltration

AgNPs were characterized for their size distribution by a pro-
cedure previously described in Bruneau et al. (2013). Briefly, the
AgNPs were fractionated by microfiltration and ultrafiltration using
a decreasing membrane porosity size gradient. A subsample of
250 mL of AgNP suspension in each type of water was first filtered
on 450 nm hydrophilic PTFE membrane (FHLC04700, Millipore) and
40 mL were then sampled for total Ag determination. The 450 nm
filtrate was passed through membranes of three different pore sizes
in parallel: 100 nm isopore hydrophilic polycarbonate membrane
(VCTP04700, Millipore) and 50 nm mixed cellulose ester mem-
brane (VMWP04700, Millipore) and 25 nm mixed cellulose ester
membrane (VSWP04700, Millipore) following by tangential flow
ultrafiltration steps.

An ultrafiltration cell with constant agitation was used (Ami-
con 400 system, Millipore) for the ultrafiltration with 1.5 nm filter
size calculated (YM176 mm diameter, 1 kDa cut-off). The pressure
in the system was maintained constant at 70 psi, 20°C, 40 mL,
32+ 2 min. This ultrafiltration step was considered to provide the
“truly” dissolved fraction of Ag. Ag concentrations were evaluated
with anion-coupled plasma mass spectrometry (XSERIES 2 ICP-MS,
Thermo Scientific, USA). The operational detection limit is 10 ng/L
and the instrumental limit is 3 ng/L. Exposure concentrations were
expressed as total Ag in pg/L that was measured in the exposure
tanks.

2.5. Silver bioavailability

Livers and gills of fish were individually sampled, weighed and
frozen at —80°C prior to analysis. Tissues were digested with
8 mL of concentrated HNO3 (67-70%), 1 mL of concentrated HCI
(32-35%), and 2 mL of concentrated H,0, (30-32%) added in that
order. The tissues were then digested during 2h with a ramp
temperature program (maximum 180 °C) using a microwave diges-
tion system (Ethos EZ, Milestone Scientificinc, ON, Canada). Each
digested tissue sample was then placed in a 15mL tube and the
final volume was adjusted to 12 mL with deionized water. Total Ag
concentration was determined by ion-coupled plasma mass spec-
trometry (ICP-MS, XSERIES 2 ICP-MS, Thermo Scientific, USA).

2.6. Gills uptake of AgNPs

After 96 h exposure, branchial arcs were dissected out and fixed
in a 2.5% glutaraldehyde solution (Electron Microscopy Sciences,
PA, USA) in 0.1 M sodium cacodylate buffer (Electron Microscopy
Sciences, PA, USA) overnight at 4°C. Those samples were washed
three times with 0.1 M sodium cacodylate washing buffer (Electron
Microscopy Sciences, PA, USA) for 1h. Samples were then post-
fixed in 1% of osmium tetroxide solution (Mecalab, QC, Canada)
with 1.5% aqueous potassium ferrocyanide for 2 h. Then the sam-
ples were washed 3 times with the washing buffer for 15 min. Cells
were dehydrated in increasing concentration of acetone (Fisher Sci-
entific): 30%, 50%, 70%, 80%, 90%, and three times at 100% each for
8-15min. Then the samples were infiltrated with Epon (Mecalab,
QC, Canada)/acetone mix. Samples were embedded with appropri-
ate labels then polymerized in a 60°C oven for 48 h. Transversal
cut were made in the branchial filaments. Sections were trimmed
and cut at 90-100 nm thick sections with UltraCut E ultramicro-
tome (Reichert-Jung, NY, USA) laying onto a 200 mesh copper grid
(Electron Microscopy Sciences, PA, USA). Finally, sections were
stained with uranyl acetate (Electron Microscopy Sciences, PA, USA)
for 8 min, then Reynold’s lead (Electron Microscopy Sciences, PA,
USA) for 5min. The sections were analyzed with FEI Tecnai 12
120KV transmission electron microscope (TEM) equipped with an
AMT XR80C 8 megapixel CCD camera. For electron-dispersive X-
ray analysis, sections with the same thickness were placed onto
a carbon-coated grid. EDS were performed on the picture with a
Philips CM200 200 kV TEM equipped with Gatan Ultrascan 1000 2k
x 2k CCD Camera System Model 895 and EDAX Genesis EDS.
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Fig. 2. Silver morphology in wastewater after 96 h exposure and elemental composition analysis. Ag nanoparticles were retrieved in small aggregates. The energy dispersive
spectra (EDS) elemental analysis data are presented below for each images confirm that each image show silver nanoparticles. The scale bars indicate 5 nm.

2.7. Immune parameters

Immune parameters were performed in fish leucocytes accord-
ing to an adapted method from Brousseau et al. (1998). Briefly,
leucocytes extracted from the pronephros were then collected
by centrifugation of a 51% Percoll gradient (Sigma-Aldrich, ON,
Canada) at 400 g, 30 min, 20 °C. After washing steps the ratio of live
to dead cells was assessed using trypan blue dye exclusion under a
microscope with a hemocytometer and it exceeded 90%.

Viability of immune cells was performed according to an
adapted method from Brousseau et al. (1998). Cells at a concen-
tration of 2 million/mL were incubated in dark light over 18 h at
15°Cin duplicate. Following the incubation, the cells were washed
and resuspended in Roswell Park Media Institute (RPMI) containing
10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin and 10 mM
HEPES. Viability was observed by flow cytometry using propidium
iodide (PI; Sigma-Aldrich, ON, Canada). PI fluorescence for each
sample was measured in duplicate with a flow cytometer equipped
with an argon laser excitation (A =488 +10nm) (Guava Easycyte,
Millipore, USA) at 625 442 nm, and 5000 events were registered.

Phagocytic activity for macrophages was measured following
the protocol of Brousseau et al. (1998). Briefly, 1 mL of adjusted cell
concentration (2 million/mL) was added to 24 cell cultures coated
well plate in duplicate. Cells were incubated with a ratio 100:1 of
fluorescent latex beads (Polysciences, PA, USA) in order to observe
the phagocytosis capacity of the cells. After an incubation period
of 18 h at 15°C, the cell suspensions were overlaid with a gradi-
ent and fixed in 0.5% formaldehyde and 0.2% sodium azide in a PBS
solution (Sigma-Aldrich, On, Canada). Latex bead fluorescence was
measured with a Guava Easycyte (Millipore, USA) in duplicate at
530 nm 442 nm bandwidth, and at least 10,000 events were reg-
istered. The immunoactivity was defined as the number of cells
containing one or more beads and the immunoefficiency as the
number of cells that containing three beads or more.

2.8. Biochemical biomarkers

Frozen liver and gills were homogenized according using a
Teflon pestle tissue grinder during 20s in ice-cold homogeniza-
tion buffer (10 mM Hepes-NaOH, pH 7.4 containing 140 mM Nacl,
1 mM dithiothreitol and 1 mg/mL aprotinin). Aliquots of samples
were taken for lipid peroxidation (LPO), DNA strand breaks, and
total proteins determinations. Another part of the homogenate was
centrifuged at 15,000 x gfor 20 minat4°C(S15). The supernatant of
each sample was taken for labile zinc (labile Zn), metallothioneins
(MT), activity of cyclooxygenase (COX), glutathione S-transferase,
superoxide dismutase (SOD), and proteins determinations.

LPO was determined according to the thiobarbituric acid
(TBARS) methodology using microplate assay (Wills, 1987; Gagné,
2014). Thiobarbituric acid reactants were detected by fluores-
cence at 540 nm excitation and 590 nm emission. The data were
expressed as g TBARS/mg proteins. DNA strand breaks were
determined using the alkaline precipitation of Olive (1988) with
fluorescent-based DNA strands detection. DNA strands were
detected using the Hoechst dye at 360 nm excitation and 460 nm
emission (Synergy 4, BioTek, USA). DNA quantification was mea-
sured with standard solutions of Salmon sperm DNA. The data were
expressed as ug DNA/mg of proteins.

Levels of labile Zn were detected in the S15 fraction by a fluores-
cence probe methodology (Gagné and Blaise, 1996). Fluorescence
reading were taken at 360 nm excitation and 460 nm emission
in a microplate reader (Synergy 4, BioTek, USA) and calibrated
with standard solutions of zinc sulfate. Data were expressed as
ng zinc equivalents/mg proteins. Glutathione S-transferase (GST)
was determined a spectrophotometric methodology using 2,4-
dichloronitrobenzene as the co-substrate and reduced GSH as
described elsewhere (Gagné, 2014). The data were expressed as the
increase in absorbance at 340 nm/min/total proteins. The activity
of superoxide dismutase (SOD) was determined using a chemical
superoxide anion generator (Ewing and Janero, 1995). The prin-
ciple of the assay consists of the ability of SOD to prevent the
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Fig. 3. Percentage of Ag in water after 96 h exposure. The total Ag concentration
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corresponds to the non-filtered fraction, 450 nm, 100 nm, 50 nm, and 25 nm stands
for filtered fractions; 1 kDa corresponds to the truly dissolved fraction (Ag*).

reduction of the colorimetric dye p-iodonitrotetrazolium in the
presence of an equimolar mixture of phenazine methosulfate and
reduced NADH (superoxide generator). The data were expressed as
absorbance units/min/mg proteins. The activity of cyclooxygenase
(COX) in hepatocytes was measured according to the protocol of
Gagné (2014). The activity of the COX increases the oxidation of
the arachidonic acid and produced cycloendoperoxide. The assay
measures the elimination of cycloendoperoxide by peroxidase and
dichlorofluorescein substrate. Fluorescence readings were taken
every 5min according to a kinetic from O to 30 min, at 485 nm
for excitation and 535 nm for emission (Synergy 4, BioTek, USA).
The data were expressed as ARFU (increase of the relative units of
fluorescence)/(min x mg proteins).

All the biomarkers were normalized with the total individ-
ual protein concentration according to Bradford methodology
(Bradford, 1976) with bovine serum albumin for calibration. Total
protein concentration was measured at 595 nm by a microplate
reader (PowerWave, BioTek) in duplicates.

Total level of metallothioneins (MT) was determined using a Ag
saturation assay adapted from Scheuhammer and Cherian (1986).
The method consists in the saturation of MT with an excess of
Ag and this excess is removed with haemoglobin. A 50 pL sam-
ple of the S15 was mixed was mixed with 50 pL of 10 ppm Ag*
in 0.2 M glycine-NaOH, pH 8.5. The blank composed by 50 pL of
homogenisation buffer. A positive control composed by a standard
of 20 ng MT (Enzo Life Sciences, Inc., NY, USA) in Tris HCl 25 mM,
0.1 DTT pH 6.4 was also added. After 10 min incubation, 400 L of
glycine-NaOH buffer was added and 50 pL of haemoglobin 2% was
added and incubated during 5 min. The samples were heated for
2min at 100°C and centrifuged at 10,000 x g for 5 min to precip-
itate Hb and other proteins. The last step was repeated on more
time. The supernatant was analysed in triplicate diluted 1/10 in
water by graphite furnace-atomic absorption (GF-AAS) equipped
with Zeeman background correction (240Z AA with Zeeman GFAA,
Agilent). Each sample absorbance was calculated according to an
Ag* calibration curve (0-15 pg/L). The equivalent MT concentra-
tion in liver was estimated with the standard MT and data were
normalized with the total individual protein concentration (j.g MT
equivalent/mg proteins).

Table 2

Mean size and zeta potential of AgNPs in stock solution and 10% effluent. These
results were observed with a DLS after filtration through a membrane of 0.45 pm in
order to eliminate large aggregates in the solution and measure the mean diameter
size of the particles.

Samples Mean diameter size (nm) Zeta potential (mV)
Stock solution 192 £ 03 —58.02 + 4.21
10% effluent 11.7 £ 2.1 0.00 + 0.00

2.9. Data analysis

The normality of the data distribution was verified with
Kolmogorov-Smirnov’ test. Differences between control and
exposed treatments were examined using paired t-test when data
normality was confirmed. Data were log-transformed when signifi-
cant deviation from normality occurred and Kruskal Wallis ANOVA
was used. Significance was set at p <0.05.

Pearson-moment correlations were performed for studying the
relation among biochemical results for both Ag forms. Discriminant
analysis was performed to examine the global response patterns
of the 9 biomarkers and bioaccumulation data (bioaccumulation,
immunoactivity, immunoefficiency, COX activity, GST activity, LPO,
SOD, genotoxicity, labile Zn, and MT) between the control and the
exposed groups. All the statistical analyses were conducted with
STATISTICA (version 7, StatsoftInc., 1995).

3. Results
3.1. Characterization of AgNPs in 10% effluent

After 96 h exposure, TOC was increased from 7.7 to 10.3 mg/L
(+34%) and DOC was increased from 3.44 to 8.4mg/L (+41%)
(Table 1). These results reflect the release of excrements from fish
during the experiment. pH values were also increased (from 7.45
to 8.5).

AgNPs in stock solution had an initial mean diameter of 20 nm
(Fig. 1) as shown by TEM image analysis, which corresponds to the
manufacturer’s information. They had a spherical shape and were
mainly in monomeric form. Once in diluted wastewater, TEM image
analysis revealed that wastewater induced changes in the NPs size
and form (Fig. 2). Small aggregates of 3-4 NPs were observed
(Fig. 2). The EDS graphs 1-3 confirm that all the observed NPs
were AgNPs (Fig. 2). AgNPs maintained their originated spherical
form (Fig. 2A and B), but morphological transformations were also
observed (Fig. 2B) confirming that AgNPs could lose their original
shape in diluted effluent in tap water. On one hand, breakdown
was detected (Fig. 2B) in diluted effluent where AgNPs of 20 nm
diameter were observed with other small NPs surrounding them.
On the other hand, aggregation phenomenon seen in Fig. 2C sug-
gests aggregation of the AgNPs involving with the capping layer.
The EDS graphs 1-3 confirm that all the observed NPs were AgNPs
(Fig. 2).

The mean diameter of AgNPs measured by DLS in stock water
was under the manufacturer’s specifications (Table 2). In the
wastewater, the mean size of AgNPs was about 12 nm, correspond-
ing to “degraded” small particles (or NP fragments). Difference
between the TEM observations and DLS measurements would be
due to the filtration step (on 450 nm membrane) as a pre-treatment
procedure prior to DLS measurements. The filtration step was per-
formed prior DLS measures to remove aggregates and increase the
accuracy of the result. The zeta potential of zero could be due to the
neutralization of the total charge of the NPs in diluted effluent.
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3.2. Silver size distribution in diluted wastewater

After a filtration step on 450 nm, only 26% of Ag from AgNPs
and 32% of Ag from AgNO3 were detected in diluted wastewater,
indicating that circa 75% of Ag was preferentially linked to particles
>450 nm (Fig. 3). Interestingly, 5.5% (1.4 p.g/L) of the AgNPs passed
throughout the 25 nm filter, confirming that only a small percent-
age of the AgNPs remained in the original monomeric form. No
AG was detected in 1kDa or less. Ag from the AgNO3; was found
in the filtered 25 nm fraction (0.44 p.g/L=12%), but most of it 10%
(0.37 pg/L) was found in the truly dissolved (1 kDa) fraction (Fig. 3),
suggesting that only 10% of Ag from AgNO3; was considered truly
dissolved.

3.3. Silver in fish tissues

A significant increase in Ag concentration was measured in gills
and livers of fish exposed to AgNPs (Fig. 4). The liver accumulated
more Ag than gills which suggest a systemic distribution of AgNPs
in fish. A significant bioaccumulation of Ag was observed with with
AgNOs solution in liver (0.11 mg/kg wet weight of Ag) but was not
significantly detected in gills (0.007 mg/kg wet weight of Ag).

TEM pictures of gills fish controls (Fig. 5A-C) show chloride cells
with some mitochondria. We found no AgNPs in the gills filaments.
EDS were performed on the pictures and did not indicate Ag accu-
mulation suggesting the absence of colloidal Ag in fish gills exposed
to diluted effluent. However, exposed gills (Fig. 5D-F) showed cel-
lular damage such as enlarged vacuoles, increased mitochondria
number, and compaction of the reticulum although no AgNPs were
detected. Moreover, inclusion bodies were also observed indicating
an effect of the AgNPs on the gills structure.

3.4. Immunocompetence evaluation

No decrease in lymphocytes and macrophage viability was
observed after an exposure to AgNPs. Only one significant decrease
was observed for macrophage viability between control and AgNO3
treatment (p <0.05).

Significant decreases in immunoactivity and immunoefficiency
were observed between the control and AgNOs5 treatment (Fig. 5).
With AgNPs, a significant decrease in immunoefficiency between
the control (diluted effluent alone) and the exposed samples was
observed. These results indicate that AgNPs have an immunosup-
pressive effect without affecting the viability of the cells (Fig. 6).

3.5. Biomarkers of toxic stress

In gills, a significant increase in labile Zn with both Ag forms was
observed (Fig. 7) suggesting the released of Ag* from AgNPs and
AgNOs in gills tissue. Labile Zn was also significantly correlated
with gills Ag levels (r=0.40, p<0.05) (Table 3). LPO was non-
significantly increased with AgNOj in fish gills (Fig. 7). The increase
in LPO was negatively correlated with the immune parameter
(immunoactivity: r=-0.52, p<0.05; immunoefficiency: r=-0.42,
p<0.05). Although SOD was not significantly induced, the activity
was negatively correlated with LPO which suggests that decreased
SOD was involved in LPO in gills in part at least. Significant increases
in GST were observed with AgNPs and AgNOs. No significant vari-
ation in DNA strand breaks were observed with AgNPs and AgNOj3,
GST was significantly correlated to SOD (r=0.46, p<0.05) and DNA
strand breaks (r=0.77, p<0.05) indicating that gill biochemical
effects were partly associated with oxidative stress and membrane
damage due to direct contact with both Ag forms.

In liver, significant increase in cyclooxygenase activity was
observed with the two forms of Ag, indicating an inflammation
which was correlated with the decrease in phagocytosis activ-
ity (r=-0.43, p<0.05), and in phagocytosis efficiency (r=-0.44,
p<0.05)(Table 3).In the liver, COX activity was also correlated with
labile Zn (r=-0.41, p<0.05), MT level (r=0.41, p<0.05), and Ag tis-
sue levels (r=0.55,p <0.05) (Table 3). Significant decreases in labile
Zn were observed in liver oxidative activity in cells (Fig. 7). In the
liver, the DNA strand breaks was negatively correlated with the
LPO (r=-0.46, p<0.05), suggesting that modifications in the DNA
repair process is linked to the increase of the LPO. An inhibition in
the DNA repair activity was suggested in the liver, because a sig-
nificant decrease in DNA strand breaks was observed with AgNO3
and not with AgNPs (Fig. 7). The MT level was also correlated to
the GST activity (r=0.81, p<0.05) (Table 3). A significant increase
in MT levels with AgNO3 was observed, confirming the involvment
of MT in Ag exposure and toxicity the (Fig. 7). The increase in MT
level was not observed with AgNPs suggesting that no important
release of Ag* occurred during the time of exposure (Fig. 7).

The treatments were well separated according to the discrim-
inante fonction (DA). According to Wilks’ lambda, the 2 axis were
significant (F(22.94)=5.1665 p<0.001) where 30% of the variance
was explained by axis x and 23% of the variance were explained
by axis y. The effects of AgNPs were well separated by the x axis
where phagocytic activity and efficiency were the main biomark-
ers that discriminated the biochemical response of exposed from
non exposed fish while GST and SOD were the main biomarkers
that discriminated AgNO3; from AgNPs treatments. DA confirmed
that forms of Ag differed in the presence of diluted wastewater
(Fig. 8); oxidative and anti-oxidative pathways were involved with
AgNO; treatment while inflammation and immune pathways were
involved with the AgNP treatment.

4. Discussion
4.1. Silver speciation
This study investigated the fate, bioavailability and toxicity of

dissolved Ag and AgNPs in the presence of diluted wastewater.
The study revealed that 75% of the original concentration of Ag as
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Table 3

Pearson correlations calculated between 9 biomarkers (COX = cyclooxygenase, GST = glutathione S-transferase, SOD = superoxide dismutase, DNA =DNA strand breaks, lab
Zn =labile zinc, LPO =lipid peroxidation, MT = metallothioneins, Phago activity =immunoactivity, Phago efficiency =immunoefficiency) and Ag bioaccumulation data (Bio
liver = bioaccumulation in liver and Bio gills = bioaccumulation in gills) from all the data of AgNPs and AgNOs.

COX GST SOD DNA LabZn LPO Bio MT GST SOD DNA LabZn LPO Bio gills Phago Phago
liver liver liver liver liver liver liver liver gills gills gills gills gills activity efficiency

COX liver 1.00

GST liver 0.36 1.00

SOD liver 0.07 0.28 1.00

DNA liver -035 -0.17 -0.10 1.00

Lab Zn liver -041" 034 0.14 0.02 1.00

LPO liver 0.12 0.28 -0.11 -046" 0.12 1.00

Bio liver 0.55 -0.07 0.09 0.01 -035 -0.25 1.00

MT liver 041" 0.81° 0.26 -0.20 0.25 0.18 0.03 1.00

GST gills 044 0.16 -0.05 033 -0.09 -046" 0.54 0.01 1.00

SOD gills -0.14 -0.17 0.28 0.25 0.11 -0.51" 0.55° -0.15 0.46 1.00

DNA gills 0.32 0.42° -0.10 0.04 0.32 -0.19 032 0.28 0.77° 0.34 1.00

Lab Zn gills 041" -0.01 0.19 -0.11 -023 -0.13 047 0.05 0.29 0.32 0.02 1.00

LPO gills 030 -0.15 -0.11 -026 -0.53" 0.16 -0.14 -025 -0.07 -048 -020 0.14 1.00

Bio gills 0.31 -0.20 0.14 -0.08 -036 -0.16 0.86 -0.05 0.18 0.52° 0.00 0.40° -0.19 1.00

Phago activity —043" -028 -0.19 0.6 0.31 -0.26 0.15 -0.28 -0.02 0.30 0.08 -023 052" 023 1.00

Phago -044" -017 -0.06 039 0.36 -033 -0.05 -030 0.08 0.25 0.10 -021 -042° -0.06 0.89 1.00

efficiency

Control

AgNPs {40 ug/L)

Fig.5. TEM imagery of gills of non-exposed (A-C) and exposed fish (D-F) to AgNPs for 96 h. M = mitochondria, N = nucleus. Arrows indicated morphological gills modifications.
No significant accumulation of AgNPs was observed in gills, but structural changes were observed, such as: mitochondria number increase (D), nucleus invagination (E) and
compaction of the reticulum (E) and vacuoles (E and F). All the pictures were made with x2900 magnification and 120 KeV. The scale bars indicate 2 pm.

AgNPs or AgNO3 was retrieved as large colloids (>450 nm). How-
ever, AgNPs were also retrieved in the 25 nm filtered fraction. It is
noteworthy that some AgNPs also lost their original shape show-
ing degradation in wastewaters. In other studies, dissolved organic
matter (DOM) interacts with AgNPs coating and induced their sur-
face charge neutralisation hence dissolution (Unrine et al., 2012;
Philippe and Schaumann, 2014). In our study, no Ag* was mea-
sured in the truly dissolved fraction (1.5 nm), which suggests that
toxicity must have proceeded by different means rather than Ag*
mediated effects. This was further supported by the lack of MT
induction in the liver of fish exposed to AgNPs albeit labile Zn
levels were increased. A previous study showed that a fraction of
added AgNPs (1-2%) was dissolved at a pH 6 to 9 after an 24h
in vivo exposure of bacterial strain (Siripattanakul-Ratpukdi and
Fiirhacker, 2014; Fabrega et al., 2009). This was in the same range
of our data where in the order of 5% of added Ag was found at
the 25 nm filtrate (Fig. 3). Osborne et al. (2013), also demonstrated
that AgNPs slowly released Ag* (0.1-2%) during exposure which
accounts for the antimicrobial function of AgNPs. Thus, a small part

of the AgNPs can be expected to dissolve in the media depending
on the pH, conductivity and NOM. As observed in our TEM pic-
tures these small fractions would be still in monomeric form in
diluted wastewaters, whereas in surface or tap water, AgNPs took
a chain and star shape appearance after 96 h exposure (Bruneau
etal.,, 2015).

The neutral zeta potential of the AgNPs and the TEM results
suggest that NPs were aggregated and their surface charge was
neutralized by the DOM as it was observed by Unrine et al. (2012).
As observed in Bruneau et al. (2015) natural water neutralized the
surface charge of AgNPs 20nm after 96 h in vivo exposure with
rainbow trout. Moreover the AgNPs were retrieved in aggregates
after 96 h exposure as it was observed in this study (Bruneau et al.,
2015).

The increase in DOC and conductivity could have prevented a
more completed dissolution of the monomeric AgNPs in Ag <1 kDa.
Past studies showed that NOM could bind metal and will reduce the
toxicity of metal to aquatic organisms (Welsh et al., 1993). Erickson
etal.(1998)also provided evidence of pH effect on Ag complexation
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Fig. 6. Immunoactivity (phagocytosis of 1 bead and more) and immunoefficiency (phagocytosis of 3 beads and more) of rainbow trout exposed to AgNPs and AgNOs3 for 96 h.
Error bars correspond to standard error. Stars indicate significant differences between silver treatments and control (p <0.05).

capacity of DOC. The potential for Ag* to be bound to DOC molecules
decreases with the increase in H* concentration. In our case, the
alkaline pH of the media increases the amount of Ag* that DOC can
bind and could explain the formation of small NPs observed in TEM
and the low percentage of ionic form in the water.

In this study, AgNO3 was bioavailable as small fractions (0.5 p.g/L
in the 25nm pore size membrane), and as Ag* because a small
amount (0.4 wg/L) of the initial Ag concentration was still bioavail-
able in the truly dissolved fraction or permeate fraction. Ag* which
are retrieved in the permeate fraction of 1kDa is likely assimi-
lated by the fish. Although both forms of Ag readily formed large
aggregates including Ag,S, AgNPs also occurred as small aggregates
(25-450nm) and were absent from the truly dissolved fraction of
Ag (<1 kDa). This result indicates that both Ag forms have different
fate in the same diluted wastewater but were still bioavailable.

4.2. Silver uptake

AgNPs enter in the organism as monomeric NPs without appar-
ent build-up accumulation at the surface and in the gills, suggesting
a weak bioconcentration in this tissue. Other uptake pathways may
also be suggested such as the gastro-intestinal entrance (Scown
et al., 2010). Moreover water parameters such as conductivity, pH
and NOM could reduce the Ag bioaccumulation; Bury and McGeer
Wood (1999) have previously demonstrated that Ag bioaccumu-
lation could be reduced with the increase in DOC. Our results are
not in agreement with those of Scown et al. (2010), who observed
AgNP inclusion in brown trout gills with low tissue damage. Farkas
etal.(2011) also observed AgNPs accumulation around the nucleus
of gills cells. In other studies, Ag were retrieved in both zebrafish
(Griffitt et al., 2009) and perch gills (Bilberg et al., 2010) at much
higher Ag concentrations (0.3-1mg/L) than in the present study.
Not withstanding this, there was some gills damage in this study-
trivial. Our histological results showed gill tissues with vacuoles
that were in agreement with the results of Farmen et al. (2012)
who observed a lifting of the secondary lamellae from the gills base-
ment layer after an exposure to 100 pg/L AgNPs. We also observed
an increase in the mitochondria number, and a compaction of the
reticulum, indicating an impairment of the gills function and maybe
an impairment of the osmoregulation caused by the contact with
AgNPs.

Our data showed that AgNPs were principally assimilated
through ingestion of water. This is consistent with the increased
presence of AgNPs aggregates and Ag hepatic levels. This is agree-
ment with the observation that fish absorbs about 30% of their body
mass as water per day during drinking and eating, which could
significantly contribute to the Ag uptake. Based on the liver Ag con-
tent data, a bioconcentration factor (BCF) of 11.5 and 26.5 were
calculated for AgNPs and AgNO; respectively suggesting that Ag
aggregates in diluted effluent from AgNO3; were 2.3 times more
bioavailable than Ag aggregates from AgNPs in the same media. In
this study, total Ag concentration in liver for AgNP exposure was
0.3 mg/kg and in exposure media the total Ag concentration was
26 pg/L after 96 h. Ours results are similar to those of Scown et al.
(2010), who observed significant accumulation of AgNPs (100 p.g/L)
of 10 nm and 35 nm diameter after a 10 days exposure in fish liver;
Ag concentrations ranged from 0.3 to 0.6 mg/kg and from 1 to
1.6 mg/kg in gills and in liver respectively. For AgNO3 treatment,
the liver bioaccumulation reached an average of 0.1 mg/kg and in
exposure media the total Ag concentration in AgNO5 was 3.75 pg/L;
these results indicated a BCF with Ag* which is higher than that
observed with AgNPs. Dissolved Ag was likely more easily absorbed
and concentrated in fish than were AgNPs by these organisms. Thus,
wastewater would promote the absorption rate of the dissolved
Ag form. Our bioaccumulation results was also in agreement with
those of Gomes (2014) who observed a significant increase in Ag
concentrations in digestive gland of mussel after 3 days of exposure
with AgNO3 and AgNPs. These authors also demonstrated that the
accumulation of Ag from AgNPs occurs either by dissolved AgNP
and AgNPs uptake.

4.3. Toxic effects

According to our results, the bioaccumulated AgNPs and AgNO3
induced toxic effects. On the one hand, AgNO; increased the LPO
and its correlation with labile Zn, confirm the harmful effects of
direct contact between Ag* and the gills. Also the marginal decrease
in SOD activity indicates a loss of the oxidative stress control in
this tissue. Ag* also induced significantly MT levels and induced
damage to DNA. The decrease in DNA strand breaks suggest an
inhibition of DNA repair activity that was previously observed in
fresh water mussel exposed to quantum dots (Gagné et al., 2008).



78 A. Bruneau et al. / Aquatic Toxicology 174 (2016) 70-81

COX DNA damage
6000 1800
w
£ 1600 o
& 5000 - * 2
2 * 2 1400
» a
© 4000 g 1200 o
o -~ *
=g 2 1000
£ 3000 ]
S 5 800 <
\gr el
= 2000 4 c 600
2 &
400 —|
& 1000 <
Z 200 o
o - 0 T T T
Ccid AghPs  AgNO3 Ccid AghPs  AghO3
Treatment I Liver Treatment
[ Gills
Labile Zn LPO
16 -
14 L
(%) 600 —
r=3 w
z 124 i £ T
2 s
a 1,0 a ﬂ
b= * o
% 08 * * é 400
K » 15
2 0,6 [«4
2 Z
- 0,4 =
E’ o
0,2 -
D'D T T T 0 T T T
Ctr AgPs  AgNO3 Cid AgNPs  AgNO3
Treatment . Liver Treatment
[ Gills
GST SOD
0,8 500
2
p ‘T 400
‘s 0,6 ©
s a
Qo [=2]
g: § 300
T 04+ =
£
£ S m-
£ =
- -1
2 0.2 =
£ £ 100
H ﬂ H i
0,0 T T T 0 T T T
Ctr AgNPs  AgNO3 Cctr AgNPs  AgNO3
Treatment Treatment
MT
0,25
5 *
£
2 020
2
o
o
£ 0154
=
o
@
= 010
=]
o
L)
=
= 005
o
=&
0,00 -

Cti AgNPs  AgNO3

Treatment

Fig. 7. Biomarkers in gills and liver of fish exposed to AgNPs and AgNOs for 96 h. COX = cyclooxygenase activity, DNA damage, Labile Zn =labile linc, LPO = lipid peroxidation,
GST = glutathione S-transferase activity, SOD = superoxide dismutase, and MT=metallothionein level. Error bars correspond to standard error, stars indicate significant
differences between silver treatments and control (p <0.05).
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Fig. 8. Discriminant analysis between all the results and treatments. No association between treatments was observed. Phagocytic activity and efficiency were the main
biomarkers that discriminated the biochemical response of exposed from non-exposed fish and explained 30% of the data variance (component 1). Glutathione S-transferase
(GST) and superoxide dismutase (SOD) were the main biomarkers that discriminated the AgNO; from AgNPs treatments and explain a cumulated percentage of 53% of
variance (component 2). Ellipses correspond to the confidence interval around all the data for all the treatment. Confidence intervals are fixed at 95%. According to the figure,
there is some degree of similarity of Ag and AgNPs. AgNPs differs from AgNOs from the x axis i.e., phagocytosis.

Finally, Ag* induced immunosuppression and leucocytes cytotoxi-
city. On the other hand, with AgNPs a small increase in labile zinc in
gills indicated that AgNPs could release Ag* and displace Zn but this
phenomenon was not associated with oxidative stress mechanism.
As observed for MT results, AgNPs or free radicals were potentially
chelated to cysteine rich proteins but that was not the predom-
inant pathway compared to dissolved Ag. DA analysis revealed
similarities in the biomarker responses between AgNPs and AgNO3
treatment indicating that the toxicity of AgNPs is partly linked to
Ag*. Our results agreed somewhat with those of Gagné et al. (2013)
who demonstrated that the effects of AgNPs on MT were partially
associated with those of Ag* in the digestive gland of the mussel
Elliptio complanata (Gagné et al., 2013). As mentioned by Jung et al.
(2014), AgNPs could be stored in non-specific areas in liver in the
cytoplasmic region; this observation would be in agreement with
our assumption, unfortunately no hepatic histology was performed
in this study.

Decrease in phagocytosis was observed with the AgNPs and was
correlated with the increase in COX activity. The decrease in immu-
noefficiency could provide insight on the size of AgNPs. In fact,
when AgNPs exceed the pore size of the wall membrane or cell
gap, phagocytosis occurs (Lowry et al., 2012). Another study has
demonstrated that the critical cut-off point of endocytosis medium
could be 50 nm (Jiang et al., 2008). AgNPs may be internalized by
either phagocytosis or endocytosis depending on how AgNPs are
presented to cells (aggregates, breakdown products, dissolved Ag).

According to biomarkers results, the two Ag forms induced
inflammation processes at the surface of the gills and suppressed
phagocytosis. Immune results were different from those observed
in our previous study; in Bruneau et al. (2015) we observed no
immune disturbance and a slight immunostimulation in fish after
96 h of exposure with 50 g/L of AgNPs in tap and brown waters
respectively. However, AgNO3 induced immunodepression and a
significant increase in reduced thiols suggesting that tap water pro-
motes the oxidative stress effects of dissolved form (Bruneau et al.,
2015) as observed in this study. Toxic effects of AgNPs to fish were
different according to the type of surface water; this conclusion

was in agreement with those drawn in Bruneau et al. (2015). In this
study, different biochemical pathways for the two Ag forms were
observed. Oxidative defense mechanism such as GST and SOD were
the main biomarkers that discriminated the AgNO3 from AgNPs
treatments. The harmful effect of the ROS could be controlled by
the production of proteins that detoxify and repair the damage (Kim
and Ryu, 2012). The antioxidant enzymes such as SOD catalase, GST
and peroxiredoxins are essential in the maintenance of the organ-
ism against oxidative stress. In the present study, the toxic effect
of the dissolved form (Ag*) and produce more oxidative stress than
nanoparticulate form. A study of Massarsky et al. (2014b) also found
that Ag* reduced more the GST activity than AgNPs in trout hep-
atocytes after an in vitro exposure. A toxicogenomic investigation
of Gagné et al. (2012) also found similar results where Ag* leads
to oxidative stress while AgNP leads to immune effects. Moreover,
a decrease in the leucocytes viability was observed with dissolved
Ag and not with AgNPs. The mechanistic effects of the AgNPs may
be linked to the disaggregation of breakdown of NPs or resulting
from the production of free O, reactive species. Only, an increase
in labile Zn in the gills along with AgNPs was measured, suggesting
an increase in the antioxidant defence mechanism, perhaps due to
the immediate contact with AgNPs and labile Ag from the AgNPs.

To conclude, both forms of Ag were associated to colloids where
AgNO3 were 2.3 times more bioavailable than AgNPs. AgNPs can
cause damages to the immune system and inflammation, while
dissolved Ag produced more oxidative stress as evidenced by
increased GST, MT levels and SOD. Itis also suggested that small NPs
could be found in the liver of fish in the presence of organic mat-
ter from diluted municipal wastewaters. Interestingly, lack of MT
induction by the AgNPs suggests also different toxicity pathways
than AgNOs.

This study improves our understanding of environmental safety
concerns about AgNPs on aquatic organisms. Diluted wastewater,
plays a major role in the fate and subsequent bioavailability of
the nanomaterials and their transformation products. At expected
environmental concentrations of AgNPs, AgNPs should pose a
threat to aquatic organisms. Finally, interactions between AgNPs
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and other contaminants found in wastewaters should be further
considered.
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