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A B S T R A C T

This study evaluated the potential toxic effects of silver nanoparticles (AgNPs) and silver nanowires (AgNWs) on
saltwater microcrustacean Artemia salina nauplii under ISO TS 20787 guideline. To investigate the acute toxicity
of these nanomaterials, the nauplii were exposed to different concentrations of 0 (control), 0.39, 1.56, 6.25, 25
and 100mg/L AgNPs and concentrations of 0 (control), 0.01, 0.1, 1, 10, 50 and 100mg/L AgNWs for 72 h.
Immobilization rate of A. salina exposed to both AgNPs and AgNWs for 72 h increased significantly in a con-
centration-dependent manner (P < 0.05). The 72 h EC10 and EC50 were found to be 1.48 ± 0.6 and
10.70 ± 1.3mg/L for AgNPs, respectively, and 0.03 ± 0.02 and 0.43 ± 0.04mg/L for AgNWs, respectively.
Based on the EC10 and EC50 values, the toxicity of AgNWs was significantly higher than AgNPs (P < 0.05).
Oxidative stress resulted from 48 h exposure to both AgNPs and AgNWs in A. salina was assessed by measuring
reactive oxygen species (ROS) production and superoxide dismutase (SOD) activity. The results revealed that
both AgNPs and AgNWs could induce ROS production. The SOD activity decreased significantly with the in-
crease of exposure concentration (P < 0.05). In conclusion, the present results show that both nanomaterials
have toxic effects on A. salina nauplii and thus, more effort should be made to prevent their release into saltwater
ecosystems and trophic transfer in the aquatic food chain.

1. Introduction

Manufactured nanomaterials (MNMs) as materials in the range of
1–100 nm have specific physical and chemical characteristics differ
from that of the bulk (Baalousha et al., 2010) which enable them to be
employed in various fields, including medicine, electronics, food in-
dustry, energy and environmental remediation (Massarsky et al., 2013;
Sund et al., 2011). Therefore, it is expected that large amounts of MNMs
release to the environment. It was estimated that about 0.4–7% of over
260,000–309,000 metric tons of MNMs produced globally in 2010 was
discharged into aquatic environments (Keller et al., 2013). Therefore,
study on toxicological effects of MNMs on aquatic animals is essential in
order to better understand the destructive effects of these materials. For
example, the effects of dietary ZnO-NPs on the intestinal folds and the
muscular parts of juvenile common carp (Cyprinus carpio L.) intestine
revealed the changes in abundance of 32 proteins in the intestinal folds
and 28 proteins in the muscular parts (Chupani et al., 2017, 2018a,
2018b). It has been reported that Ag-NPs reduce the photosynthetic

performance of green algae (Oukarroum et al., 2012) and increase the
mortality of brine shrimp (Arulvasu et al., 2014). In addition to direct
toxicity effects of MNMs on aquatic organisms, trophic transfer of them
in the aquatic food chain has been reported (Ates et al., 2014; Dalai
et al., 2014; Wang et al., 2016).

The MNMs are existed in shapes of nanoparticles, nanowires, na-
notubes, nanorods, and nanoplates (Chae and An, 2016). They may be
defined as zero-dimensional (0D), one dimensional (1D), two dimen-
sional (2D), or three dimensional (3D) (Kwak and An, 2015). Silver
nanomaterials (AgNMs) as one of the most important nanomaterials are
synthesized in different forms including silver nanoparticles, silver
nanowires, silver nanorods, silver nanocubes and silver nanocoils
(Bachenheimer et al., 2017; Hoop et al., 2016). Silver nanoparticles
(AgNPs) due to their unique antimicrobial characteristics are widely
used in consumer health products (Choi et al., 2008; Prabhu and
Poulose, 2012). Silver nanowires (AgNWs) due to their one-dimension
structure are high aspect-ratio MNMs and have specific physicochem-
ical properties (Jones et al., 2018). The high electrical and thermal
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conductivity of AgNWs has made them widely used in transparent films,
conductive products and coating agents (Langley et al., 2013; Sohn
et al., 2015). The effective bactericidal activity of AgNWs also has been
reported in literature (Cui and Liu, 2015; Hong et al., 2016; Visnapuu
et al., 2013). The potential toxicity effects of AgNPs on freshwater and
saltwater species at different trophic levels including algae such as
Skeletonema costatum (Gambardella et al., 2015) and Dunaliella salina
(Johari et al., 2018a), crustaceans like Daphnia magna (Asghari et al.,
2012; Sohn et al., 2015), Artemia salina (Gambardella et al., 2015), and
Artemia franciscana (Kos et al., 2016) as well as fish (Johari et al., 2013;
Sohn et al., 2015) have been reported. However, information about the
ecotoxicological effects of AgNWs on aquatic organisms is limited.
George et al. (2012) investigated the toxicity effects of different shapes
of silver nanomaterials including nanospheres, nanowires, and nano-
plates on Danio rerio embryos and Oncorhynchus mykiss gill cells. The
results revealed that mortality of embryos induced at 120 hpf at 5mg/L
of AgNWs. The potential oxidative stress of AgNWs on the rainbow
trout gill epithelial cell line was also reported. Chae and An (2016)
evaluated the toxicity of 10 and 20 μm-long polyvinylpyrrolidone-
coated AgNWs to the microalga (Chlamydomonas reinhardtii), water flea
(D. magna), and the zebrafish (D. rerio). According to results, longer
AgNWs (20 μm) were more toxic than shorter ones (10 μm) to both
algae and daphnia but shorter AgNWs were accumulated more than
longer ones in the body of the fish. In addition, the toxicity effects of
silver vanadate nanowires decorated with AgNPs on D. similis (Artal
et al., 2013), and AgNWs coated with silica dioxide (SiO2) and poly-
vinylpyrrolidone (PVP) on D. magna (Scanlan et al., 2013) have been
reported.

Biochemical responses have been recently considered as valid sen-
sitive biomarkers for the assessment of the potential toxic impacts of
MNMs on aquatic species (Falugi et al., 2012; Gambardella et al.,
2013). Reactive oxygen species (ROS) as a group of short-lived che-
mically reactive oxygen including superoxide radical (%O2

−), hydroxyl
radical (%OH), and hydrogen peroxide (H2O2) (He et al., 2011) are
considered as a biomarker to clarify the toxic effects of nanomaterials
(Lee et al., 2008). The levels of antioxidant enzymes activities such as
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx) have been widely used as an indicator of oxidative stress (Ates
et al., 2015: Zhu et al., 2016). Antioxidant enzymes can protect an
organism from oxidative stress through catalyzing the decomposition of
ROS (Cazenave et al., 2006). Ulm et al. (2015) measured five bio-
markers including ROS content, GSH level, catalase (CAT), Acet-
ylcholinesterase (AChE) and SOD activities in D. magna to evaluate the
toxicity of AgNPs and AgNO3. Kumar et al. (2017) also examined the
intracellular oxidative stress of zero-valent iron nanoparticles (nZVI)
and Fe+2 ions in A. salina by measuring ROS generation, SOD, GSH, and
catalase activities. To the best of our knowledge, the information on
biochemical responses such as ROS production and SOD activity in A.
salina following exposure to AgNPs and AgNWs is limited. Some studies
have reported the AgNPs-generated ROS in zebrafish embryos
(Massarsky et al., 2013) and nematode, Caenorhabditis elegans (Lim
et al., 2012).

The aim of the present study was to evaluate the aquatic toxicity of
AgNPs (as 0D silver nanostructure) and AgNWs (as 1D silver nanos-
tructure) comparatively on brine shrimp (A. salina) in saltwater
medium with respect to the newly published ISO test specification (ISO
TS 20787). The acute toxicities of different concentrations of AgNPs
and AgNWs on A. salina were assessed during 72 h of exposure. To in-
vestigate the oxidative stress induced by these silver nanostructures in
Artemia nauplii, the biochemical responses including ROS production
and SOD activity were also determined.

2. Materials and methods

2.1. Nanomaterials and characterization

The AgNPs powder contained polyvinylpyrrolidone (PVP) as a
capping agent with a particle size of< 100 nm and purity of 99.5% was
purchased from Sigma Aldrich (Lot # MKCB0361V). A suspension of
AgNPs (100mg/L) was prepared in ultrapure water (Milli-Q®, Merck
Millipore Inc., Germany) with tip sonication (40 kHz, 15min) (Q700,
Qsonica Inc., USA). The AgNWs dispersion of 0.5 wt% in isopropanol
(IPA),< 60 ± 10 nm diameter size,< 10 ± 5 μm length size was
purchased from Sigma Aldrich (Lot # MKBQ8287V).

To characterize the AgNMs, scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDX) analyzes were per-
formed using a LYRA 3XMH, (TESCAN Inc., Czech Republic) field
emission scanning electron microscope (FESEM) equipped with energy
dispersive X-ray spectroscopy (EDX). The dimensions of randomly se-
lected 50 particles/wires were measured using AxioVision digital image
processing software (Release 4.8.2.0, Carl Zeiss Micro Imaging GmbH,
Germany).

2.2. Test organism

The cysts of A. salina were purchased from INVE Aquaculture N.V./
S.A., Belgium, and stored at 4 °C. Dried cysts were hatched in trans-
parent “V”–bottomed glass incubators filled with 1 L of sterilized arti-
ficial seawater (ASW) at 30 g/L and 30 ± 1 °C. ASW used in all ex-
periments were prepared with dissolving 30 g of synthetic seawater salt
(13045 Process®, Aqua Craft®, Inc., USA) to 1 L of deionized water
followed by continues aeration for 24 h. The nauplii were hatched after
24 h by providing of continuous light illumination of 1500 lx using a
fluorescent lamp and constant aeration from the bottom of the hatching
incubators. The newly hatched nauplii (instar I) were transferred into
freshly prepared seawater medium for use in toxicity studies.

2.3. Acute toxicity test

The acute toxicity tests were conducted on instar I in accordance
with ISO TS 20787 (2017) with minor changes (test duration prolonged
for up to 72 h and water salinity was reduced to 30 g/L). Here, con-
centrations of 0 (control), 0.39, 1.56, 6.25, 25 and 100mg/L AgNPs and
concentrations of 0 (control), 0.01, 0.1, 1, 10, 50 and 100mg/L AgNWs
were selected for acute toxicity test after conducting a series of pre-tests
(data not shown). For nanomaterial exposure, every ten nauplii were
moved into each 100mL exposure glass beakers which contained tested
concentration in ASW (50ml) under water temperature of 29 ± 1 °C
and 16 h light/8 h dark regime. During the exposure period, there was
no aeration and the nauplii were not fed. Each concentration carried
out by three replicate. The immobilized Artemia were removed at 24 h
intervals and counted under a stereoscopic microscope. The im-
mobilization was considered as an inability of the nauplii to swim
during the 15 s following gentle agitation of the test and control solu-
tions, even if the nauplii can still move their appendages (Johari et al.,
2018b). The median effective concentration (EC50) value of nanoma-
terials was calculated using Probit analysis. After 72 h of exposure, the
ingested nanomaterials inside the gut of live Artemia were visualized
using a phase contrast microscope (Olympus CKX41 inverted Phase
Contrast microscope, UK).

2.4. Oxidative stress assay

To determine the production of reactive oxygen species (ROS) and
superoxide dismutase (SOD) enzyme, the nauplii of A. salina hatched
from 1 g cysts were exposed to concentrations of 0 (control), 6.25, 25
and 100mg/L AgNPs as well as concentrations of 0 (control), 0.1, 1and
10mg/L AgNWs, in triplicate. The exposure was conducted in
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transparent “V”–bottomed glass incubators containing 500ml of each
exposure concentration in ASW (30 g/L) with constant aeration from
the bottom of the incubators. After 24 h and 48 h of exposure, the
nauplii were harvested and rinsed with DW and used for the following
biochemical assays.

The production of ROS was determined using a non-fluorescent
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) dye according to
the method described by Bhuvaneshwari et al. (2018). Briefly, A. salina
nauplii exposed to the test substance were washed with DW. Then, 10
nauplii were transferred to 24-well plates and treated with 10-μM
DCFH-DA dye for 30min at 37 °C. The nauplii were washed twice with
PBS pH 7.4, and homogenized using a handy vortex mixer (Labkorea
Inc., Korea). The fluorescence intensity of DCFH-DA was measured at
an excitation and emission wavelength of 485 and 535 nm, respectively,
using a fluorescence spectrophotometer (TriStar2 LB 942, Berthold
technologies Inc., Germany).

SOD activity of the nauplii cells was quantified according to the kit
protocol (BioVision K335-100). Briefly, the cells were homogenized in
ice-cold 0.1M Tris/HCl, pH 7.4 containing 0.5% Triton X-100, 5mM β-
ME, 0.1mg/mL PMSF. The homogenate cells were centrifuged at 14000
x g for 5min at 4 °C and the cell debris was discarded. Then, the reagent
of the SOD activity assay kit was added to the collected supernatant
based on the standard protocol. The reaction mixture was incubated at
37 °C for 20min, and the SOD activity was measured by recording the
absorbance values at 450 nm using a microplate reader (ELx808 ™⁎,
Associate of Cape Cod Inc., USA).

2.5. Statistical analysis

Data of all experiments were presented as mean ± SD. The EC
values were calculated by SPSS Probit analysis. The Kolmogrov-
Smirnov test was conducted to determine the normality assumption of
data. Significant differences between the means were analyzed using
one- way analysis of variance (ANOVA) followed by the Duncan mul-
tiple range test. Comparison of significant differences between two in-
dependent and paired samples was performed using the Independent-
Sample t-test and the Paired-Sample t-test, respectively. All statistical
analyses were performed using SPSS software (Version, 19, IBM SPSS,
Armonk, NY, USA). Statistical significance was accepted at a level of
P < 0.05.

3. Results

3.1. Characterization of AgNMs

Examples of SEM micrographs of experimental AgNMs are shown in
Fig. 1. SEM revealed that the AgNPs have an average diameter of
81.6 ± 11.0 nm. Particle agglomerates were also observed in suspen-
sions of 100mg/L AgNPs (Fig. 1 A). In the case of AgNWs, SEM re-
vealed that they have an average diameter of 85.1 ± 5.4 nm and an
average length of 11.7 ± 4.1 μm. The EDX data demonstrated that
silver was the main element in both tested AgNMs.

3.2. Acute toxicity of AgNMs to A. salina

The results of the immobilization rate of A. salina exposed to dif-
ferent concentrations of AgNMs at different time intervals are shown in
Fig. 2. After 72 h of exposure, no immobilization rate was observed in
control groups. Immobilization rate ranged from 0% to 93.33% and 0%
to 100% at different concentrations of AgNPs and AgNWs, respectively.
For 72 h of exposure, the immobilization rate increased coincident with
increasing the concentration of AgNPs (P < 0.05). The highest im-
mobilization rate was observed at 100mg/L of AgNPs (P < 0.05)
(Fig. 2 A). As shown in Fig. 2B, with further increasing AgNWs con-
centration from 0.01 to 0.1mg/L, the immobilization rate increased
significantly after 72 h of exposure (P < 0.05).

The 72 h EC10 and EC50 of AgNPs for A. salina were 1.48 ± 0.6 and
10.70 ± 1.3mg/L respectively, and values of 0.036 ± 0.02 and
0.43 ± 0.04mg/L were recorded for AgNWs respectively (Table 1).
Both EC10 and EC50 values for AgNPs were significantly higher than
AgNWs (P < 0.05).

The visual accumulation of silver nanomaterials in the whole body
and inside the gut of A. salina exposed to different concentrations of
AgNPs and AgNWs for 72 h are shown in Fig. 3. The guts are empty in
controls and low concentrations, whereas ingested nanomaterials are
visible as a dark strip inside the guts of exposed Artemia to the high and
middle concentrations.

3.3. ROS production

The production of ROS in A. salina nauplii exposed to all con-
centrations of AgNPs for 24 h increased significantly compared to the
control (P < 0.05), but this increase only was observed at concentra-
tions of 25 and 100mg/L of AgNPs after 48 h of exposure (P < 0.05)
(Fig. 4 A and B). For AgNWs, the generation of ROS increased

Fig. 1. SEM micrograph of AgNPs (A) and AgNWs (B) from 100mg/L stock suspensions.
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significantly in all tested concentrations (0.1, 1 and 10mg/L) compared
to the control after 24 and 48 h of exposure (P < 0.05) (Fig. 4 C and
D). The production of ROS in nauplii exposed to different concentra-
tions of AgNPs did not alter significantly along with further extended
exposure time from 24 to 48 h (P > 0.05) (Fig. 5 A). There were also
no significant differences between the production of ROS in Artemia
exposed to different concentrations of AgNWs except 1mg/L, for 24 and
48 h (P > 0.05) (Fig. 5 B).

3.4. Superoxide dismutase (SOD) activity

The SOD activity in Artemia nauplii exposed to 100mg/L AgNPs for
48 h decreased significantly compared to the control (P < 0.05), but
the activity of this enzyme at the concentration of 6.25mg/L was sig-
nificantly higher than control (P < 0.05). There was no significant
difference in the SOD activity for 25mg/L of AgNPs and control
(P > 0.05) (Fig. 6 A). In nauplii exposed to AgNWs for 48 h, the SOD
activity at concentrations of 10mg/L decreased significantly compared
to the control (P < 0.05), while the higher activity of this enzyme was
observed at the concentration of 0.1 mg/L. The SOD activity in nauplii
exposed to 1mg/L AgNWs did not change significantly compared to the
control (P > 0.05) (Fig. 6 B). The nauplii exposed to 100mg/L AgNPs
and 10mg/L AgNWs showed the lowest SOD activity with respect to
increasing exposure concentration.

4. Discussion

In the present study, the potential toxicity effects of direct exposure
of A. salina nauplii to both AgNPs and AgNWs in the saltwater medium
were investigated. The immobilization rate of A. salina nauplii which is
one of the most important endpoints in acute toxicity assessments of
nanomaterials (ISO TS 20787, 2017) was zero in the control groups and
did not alter during 72 h of the exposure period. This result indicates
that deprivation of food during 72 h of exposure period did not have an
adverse effect on the viability of Artemia nauplii. Our results showed a
concentration-dependent effect of both AgNMs on immobilization rate

of A. salina after 72 h of the exposure period. In this regards, the im-
mobilization rate of nauplii exposed to 1.56, 6.25, 25, and 100mg/L
AgNPs increased to 13.3, 43.3, 63.3, and 93.3% respectively. The va-
lues of 10, 30, 56.66, 93.33, and 100% of immobilization rate also
recorded for nauplii exposed to 0.01, 0.1, 1, 10, 50, and 100mg/L
AgNWs, respectively. Arulvasu et al. (2014) showed that as exposure
concentration of silver nanoparticles (spherical shape of 30–40 nm) to
Artemia nauplii for 48 h increased from 2 nM to 4, 6, and 8 nM, the
mortality rate increased from 60 to 83.3, 86.6, and 90%, respectively.

In the present study, the 72 h EC10 and EC50 of AgNPs were found to
be 1.48 ± 0.6mg/L and 10.70 ± 1.3mg/L, respectively. Becaro et al.
(2015) reported the 48 h EC50 value of 0.05mg/L of AgNPs for A. salina.
Falugi et al. (2013) also obtained the 48 h LC50 value of 0.007mg/L of
AgNPs for A. salina. Numerous reports have been demonstrated the
ecotoxicity effects of nanoparticles on aquatic organisms but few stu-
dies have been investigated the ecotoxicological effects of nanowires
(Kwak and An, 2015). The toxicity effects of Ag-based NWs have been
evaluated in three crustacean species including Hyalella azteca, Daphnia
similis and D. magna (Kwak and An, 2015). To our knowledge, no in-
formation is available about the impacts of AgNWs in Artemia species.
Chae and An (2016) assessed the toxicity of 10 and 20 μm long AgNWs
to the water flea D. magna and found the 48 h EC50 of 256.16 μg/L and
247.08 μg/L for 10 and 20 μm of AgNWs, respectively. Artal et al.
(2013) estimated the 48 h EC50 of silver vanadate nanowires (AgVO3

NWs) at 1 μg/L for D. similis. Sohn et al. (2015) also calculated the 48 h
EC50 of AgNWs (diameter: 57 nm; length: 2.1 μm) as 0.139mg/L for D.
magna. In this study, 72 h EC10 and EC50 of AgNWs were found to be
0.03 ± 0.02 and 0.4 ± 0.04mg/L for A. salina, respectively. Based on
the 72 h EC values, the EC10 and EC50 proportion of AgNPs to AgNWs
were 41.1 and 24.8 times, respectively, indicating AgNWs were more
toxic than the AgNPs for A. salina. In contrast to the present results,
Sohn et al. (2015) reported the higher toxicity of AgNPs than AgNWs
for D. magna.

ROS production plays a major role in nanomaterial induced toxicity
(Manke et al., 2013). ROS are highly toxic and able to damage cells and
biomolecules (Clemente et al., 2014) and their production and con-
sequent oxidative stress could induce the toxicity of nanomaterials (Li
et al., 2008). The ROS responses are affected by the physicochemical
characterization of nanomaterials including particle size, surface
charge, and chemical composition (Shvedova et al., 2012). Some stu-
dies revealed that AgNPs generated ROS were toxic to zebrafish em-
bryos (Massarsky et al., 2013), nitrifying bacteria (Choi and Hu, 2008),
nematode, Caenorhabditis elegans (Lim et al., 2012) and aquatic plant,
Spirodela polyrhiza (Jiang et al., 2014). In the present study, ROS con-
tent in Artemia nauplii exposed to all concentration of AgNPs for 24 and
48 h was significantly higher than the control group (P < 0.05). The
highest ROS content was observed at 100mg/L of AgNPs for 24 h of

Fig. 2. Immobilization rate of nauplii (instar I) of A. salina exposed to different concentrations of AgNPs (A) and AgNWs (B) for 24, 48, and 72 h. Values are
mean ± SD. Means with different letters (i.e. a, b, c, d, e) in each line are significantly different (ANOVA, P < 0.05).

Table 1
EC10 and EC50 for A. salina exposed to AgNPs and AgNWs for 72 h
(mean ± SD).

Silver NM types EC10 (mg/L) EC50 (mg/L)

AgNPs 1.48 ± 0.63a 10.70 ± 1.30a

AgNWs 0.036 ± 0.02b 0.43 ± 0.041b

Means with different letters in the same column are significantly different
(Independent-Sample T test, P < 0.05).
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exposure (P < 0.05), whereas this value was not significantly different
in Artemia exposed to different concentrations of AgNPs for 48 h
(P > 0.05). For AgNWs, exposure to all tested concentrations also
significantly induced ROS production after 24 and 48 h. These results
indicate that both AgNPs and AgNWs could induce oxidative stress to A.
salina nauplii. However, the ROS production was not concentration- or
time-dependent for either AgNPs or AgNWs (Figs. 4 and 5). In contrast
to our finding, Jiang et al. (2014) showed a concentration-dependent
increase in ROS in the tissue of an aquatic plant, Spirodela polyrhiza,
after 72 h exposure to 6-nm AgNPs. Bhuvaneshwari et al. (2018) also
found a concentration-dependent increase in ROS generation in A.
salina exposed to TiO2 NPs with respect to the control.

The level and action of harmful ROS in cells are controlled by
several enzymatic defense mechanisms such as SOD (Ulm et al., 2015).
SOD plays a role in the conversion of the superoxide radical to hy-
drogen peroxide and molecular oxygen (Liochev and Fridovich, 2000).
Increase in SOD activity in A. salina exposed to oxidized multi-walled
carbon nanotubes (O-MWCNTs) (Zhu et al., 2017a), graphene oxide
(GO) (Zhu et al., 2017b) and α-Fe2O3 NPs (Wang et al., 2017) has been

reported. In contrast to these observations, Bhuvaneshwari et al. (2018)
showed that the SOD activity in A. salina exposed to TiO2 NPs decreased
with respect to increasing exposure concentration. The results of a
study also showed that the SOD activity in the liver of the AgNPs
treated Medaka (Oryzias latipes) was significantly inhibited in a dose-
dependent manner but the activity of this enzyme in the gills did not
significantly change (Wu and Zhou, 2013). Ulm et al. (2015) also re-
ported that the SOD activity in D. magna exposed to different con-
centrations of AgNPs for 48 h did not significantly alter when com-
paring with the control group. Based on the results of the present study,
the SOD activity in A. salina nauplii exposed to low concentration of
AgNPs (6.25 mg/L) for 48 h increased significantly compared to the
control group, but the SOD level decreased with increasing concentra-
tion of AgNPs to 100mg/L. A significant increase in the SOD level was
observed at 0.1mg/L AgNWs, while a further increase of exposure
concentration to 10mg/L resulted in a significant reduction in the SOD
activity. Inhibition of antioxidant enzymes such as SOD and CAT may
be related to high concentrations of ROS, such as •O2 and H2O2 (Ostman
and Bohmer, 2001; Gottfredsen et al., 2013).

Fig. 3. Phase contrast microscope images of live Artemia nauplii showing the accumulated AgNPs and AgNWs in the whole body (A) and inside the gut (B). The guts
are empty in controls and low treatments. Ingested AgNMs are visible as a dark strip inside the guts in the high and middle treatments.
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5. Conclusion

The results of the present study revealed that immobilization rate of
instar I nauplii exposed to both AgNPs and AgNWs for 72 h significantly
increased in a concentration-dependent manner. The visual accumula-
tion of AgNMs in the whole body and inside the gut of Artemia nauplii
was observed after 72 h of exposure for both AgNPs and AgNWs. The
lesser EC10 and EC50 values of AgNWs for A. salina indicated their

higher toxicity. Exposure to both AgNPs and AgNWs for 48 h led to ROS
production. The SOD activity in exposed Artemia to both AgNPs and
AgNWs decreased significantly with the increasing concentration.
Based on these results, AgNPs and AgNWs would appear to have toxic
effects on A. salina nauplii, thus, more effort is needed to manage their
release into saltwater aquatic ecosystems.

Fig. 4. ROS production in A. salina nauplii exposed to different concentrations of AgNPs for 24 h (A), 48 h (B) and AgNWs for 24 h (C) and 48 h (D). Bars with
different letters (i.e. a, b, c) are significantly different (mean ± SD, n=3, ANOVA, P < 0.05).

Fig. 5. Time-dependence comparison between ROS production in A. salina nauplii exposed to different concentrations of AgNPs (A) and AgNWs (B) for 24 h and 48 h.
Bars with different letters (i.e. a, b) are significantly different (mean ± SD, n= 3, Paired-Sample t-test, P < 0.05).
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Experimental guideline

This work was conducted using the ISO/TS 20787: 2017,
Nanotechnologies - Aquatic toxicity assessment of manufactured na-
nomaterials in saltwater lakes using Artemia sp. Nauplii, https://www.
iso.org/standard/69087.html
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