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A B S T R A C T

Nanoparticles (NPs) production is increasing worldwide. These products are likely to end up in aquatic en-
vironments. However, few studies evaluated the chronic toxicity of iron-based NPs (Fe-NPs) to cladocerans and
their potential ecotoxicological hazards. In this study we aimed to investigate the effects of iron oxide nano-
particles (Fe3O4-NPs) to Ceriodaphnia silvestrii Daday, 1902, assessing acute (48 h) and chronic toxicity (up to
14 d). Besides traditional endpoints (immobility and lethality), we also evaluated physiological responses (re-
spiration rates) in a 48 h-exposure. No immobility was observed (EC50 > 100mg L−1) after 48 h, whereas re-
spiration rates at the highest concentration were 400% of that in control, indicating that this endpoint was more
sensitive during acute toxicity. In chronic assays, Fe3O4-NPs affected body length (8.24% growth inhibition in 7
d-exposure) and number of eggs (7-d IC10: 3.53, IC20: 6.69mg Fe L−1) and neonates (7-d IC10: 1.25, IC20:
3.75mg Fe L−1). Based on species sensitivity distribution (SSD), C. silvestrii was a sensitive organism, suggesting
Fe-NPs as a possible threat for this species. Our results also indicate that the NPs caused a physical barrier,
impairing food absorption, since we observed NPs agglomerations into cladocerans’ gut. We demonstrate that
Fe3O4-NPs affects C. silvestriimetabolism and reproduction and our results support the use of sublethal endpoints
to assess environmental safety. The release of these NPs into freshwater environments should be carefully
evaluated, since disturbances on cladoceran population dynamics could cause strong impacts on the entire food
web structure and ultimately on ecosystem functioning.

1. Introduction

The environmental fate of nanoparticles (NPs) is of great concern
since their production has been progressively increasing mainly due to
their great potential for technological and biomedical applications
(Krishna et al., 2018; Zhu and Liao, 2015). Despite the increased pro-
duction of NPs, there are few specific recommendations for their dis-
posal into aquatic environments. The European Union and Switzerland
are the only regions that have specific legislation for nanomaterials
(Amenta et al., 2015). In the United States of America, the Food and
Drug Administration (FDA) regulated nanomaterials with the same
parameters used for bulk particles, although FDA provides some spe-
cific guidance documents (USEPA, 2014). In Brazil, for example, there

is no specific legislation for nanomaterials (Amenta et al., 2015), de-
spite being a leading country in nanotechnology research in Latin
America (Kay and Shapira, 2009).

The iron-based NPs (Fe-NPs) are widely studied for biomedical
proposals (Zhu and Liao, 2015). Fe-NPs are also widespread in tech-
nology acting as photocatalytic and nanoadsorbents of organic and
inorganic compounds in water and wastewater treatment (Dave and
Chopda, 2014; Santhosh et al., 2019), furthermore Fe-NPs also have
potential for soil and groundwater remediation (Grieger et al., 2010).
Nonetheless, a study demonstrated that Fe-NPs used in soil remediation
could be transported by the groundwater flow for more than 20m of
distance (Zhang, 2003). The Fe-NPs transported into aquatic environ-
ments could be a threat and may cause important consequences to the
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biota, since there is evidence that Fe-NPs can be bioaccumulated by
cladoceran (Hu et al., 2012) and fish (Zhang et al., 2015). Regarding
the transfer to higher levels of food chain, biomagnification from algae
to cladoceran was not yet observed even at high Fe-NPs concentrations
(Bhuvaneshwari et al., 2017), although studies with other NPs suggests
a potentially trophic transfer, e.g. from: algae to daphnia (Bouldin et al.,
2008); algae to amphipod (Jackson et al., 2012); and cladoceran to fish
(Zhu et al., 2010).

Previous studies have assessed the Fe-NPs toxicity on various
aquatic species, such as bacteria (e.g. Wang et al., 2014), algae (e.g.
Magro et al., 2018), bryophyte (e.g. Canivet et al., 2015), macrophyte
(e.g. Barhoumi et al., 2015), rotifer (e.g. Mashjoor et al., 2018), clado-
cerans (e.g.Magro et al., 2018) and fish (e.g. Zhu et al., 2012). However,
there is no study dealing with the chronic toxicity of Fe3O4-NPs on
tropical cladocerans.

We investigated the effects of iron oxide nanoparticles (Fe3O4-NPs)
on the Neotropical cladoceran Ceriodaphnia silvestrii by performing
acute and chronic toxicity tests and respirometric analysis. Oxygen
consumption measurements have been used to characterize the toxicity
of metals (Massarin et al., 2010), pharmaceuticals (Lamichhane et al.,
2013), herbicides and other organic compounds (Martins et al., 2007)
on cladocerans. Additionally, respiration of fish has been used to assess
toxicity of NPs (Cowart et al., 2011). Under unfavorable conditions,
energy for growth and reproduction can be reallocated to activate re-
pair mechanisms or reallocated to neutralize or remove chemicals from
the body which results in increased metabolic rates (Calow, 1991;
Zeman et al., 2008). Thus, respirometric analysis is highly relevant to
assess alterations of metabolic rates. In addition, as far as we know, this
is the first time that respiration rates are used as endpoint to determine
NPs toxicity to cladocerans.

We aimed to investigate the toxicity of Fe3O4-NPs on Neotropical
cladoceran C. silvestrii, in order to measure which NPs' concentrations
could affect these organisms. During acute toxicity tests, we evaluated
immobility and respiration rates after 48 h of exposure; while re-
production, growth and survival parameters were assessed in chronic
toxicity during 14 d. As far as we know, this is the first study of chronic
toxicity of Fe3O4-NPs to tropical microcrustaceans. It is important to
test the effects of contaminants on tropical organisms, since they could
be more sensitive to substances than temperate species (Mansano et al.,
2018). We also compared the Fe-NPs’ toxicity observed in C. silvestrii vs.
data for other aquatic organisms, plotting an SSD (species sensitivity
distribution) curve.

2. Material and methods

2.1. Nanoparticles: source, characterization and metal determination

Iron oxide nanoparticles (Fe3O4, magnetite, purity≥ 98%, powder,
particle size < 50 nm) were purchased from Sigma-Aldrich (CAS:
1317-61-9). The Fe3O4-NPs were characterized in ultrapure water and
in the exposure media during the chronic toxicity tests (0.25; 8.61 and
44.23mg L−1 of Fe3O4-NPs, at 0 h and 72 h from the beginning of the
test). Characterization of NPs consisted of determining the zeta-poten-
tial (mV), polydispersity index (PdI) and hydrodynamic size (d.nm) by
dynamic light scattering in Malvern Zetasizer Nano ZS90 (England).
Analyses were performed with triplicates for each concentration.

Test solutions for metal determination were sampled in the water
column of the vessels after their preparation, but immediately before
the animals were placed in it. The vessels were not shaken during
sampling to avoid an overestimation of NPs’ concentrations. The test
solutions from chronic and respirometric assays were prepared by fil-
tering samples through pre-washed (1M HCl immersion for 24 h fol-
lowed by vigorous rinse with ultrapure water) cellulose acetate filters
(0.45 μm pore size, Sartorius, Germany), in order to quantify the par-
ticulate and dissolved iron. After that, the filters were acid digested
(HNO3 ultrapure, JT Baker) for 48 h at 92 ± 1 °C. Samples for

particulate and dissolved analysis were acidified to a final concentra-
tion of 5% HNO3. The iron concentrations in Fe3O4-NPs suspensions
were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 7000 Series, Thermo Scientific).

2.2. Zooplankton cultures

The cladoceran C. silvestrii was obtained from laboratory cultures of
the NEEA/CRHEA (São Carlos School of Engineering - EESC, University
of São Paulo - USP, Brazil). Animals were maintained in 2 L beakers
filled with 1.5 L of soft synthetic water (ASTM, 2002) (46–48mg CaCO3
L−1, pH 7.0–7.6). Synthetic water was made by adding the following
analytical grade chemicals in deionized water: CaSO4 · 2H2O
(1.74×10−4M), KCl (2.68×10−5M), NaHCO3 (5.71×10−4M) and
MgSO4 · 7H2O (2.47×10−4M). Microcrustaceans were maintained in
an incubator under controlled conditions of temperature (25 ± 1 °C)
and photoperiod (12:12 h, light: dark).

Zooplankton was fed with 2× 105 cells mL−1 of the Chlorophyceae
algae Raphidocelis subcapitata (Korshikov) Nygaard, Komárek, J.
Kristiansen & O.M. Skulberg, 1987, which was grown in a modified L.C.
Oligo medium (AFNOR, 1980), with the following composition: Ca
(NO3)2 · 4H2O (1.7× 10−4M), NaNO3 (1.0×10−3M), MgSO4 · 7H2O
(1.2× 10−4M), K2HPO4 (2.3 10−4M), CuSO4 · 5H2O (6.0×10−8M),
(NH4)6Mo7O24 · 4H2O (2.4×10−8M), ZnSO4 · 7H2O (1.0×10−7M),
CoCl2 · 6H2O (1.3×10−7M), Mn(NO3)2 · H2O (1.5 10−7M), C6H8O7 ·
H2O (1.4×10−7M), H3BO3 (4.9×10−7M), C6H5FeO7 · H2O
(3.1× 10−6M), FeCl3 · 6H2O (1.9×10−6M), FeSO4 · 7H2O
(1.1× 10−6M) and NaHCO3 (1.8× 10−4M). Erlenmeyer flaks were
gently aerated in aseptic conditions and kept in controlled conditions of
temperature (25 ± 2 °C) and light intensity (12:12 h light:dark cycle;
150 μmol m−2s−1) until the exponential growth phase. After that, cul-
tures were centrifuged at 2000 rpm for 15min (Eppendorf 5702 R,
Germany), the pellet was re-suspended in synthetic water, counted in a
Neubauer chamber under an optical microscope (Zeiss Axiostar Plus,
Germany) and then supplied as food to the cladocerans. In addition,
cladocerans were fed with a complementary compound (0.5mL L−1)
which consisted of a solution of dried yeast dissolved in deionized water
(5 g L−1) added with a filtered solution of fermented fish ration
(5 g L−1), in a 1:1 ratio. Cladoceran sensitivity had been tested peri-
odically with a reference substance (sodium chloride - NaCl) in order to
check their viability for toxicity tests.

2.3. Toxicity tests

The toxicity tests followed standard procedures (ABNT, 2016,
2017). During the tests, the NPs stock solutions were dispersed using an
ultrasonic bath (Unique USC-1400, Brazil) for 30min (135 Watts RMS/
40 kHz) before use. New stock solutions from the powder NPs were
made once at the beginning of each test. The test solutions were made
by dilutions of the stock solution in the synthetic water. The deionized
water used in the experiments was obtained by reverse osmosis. During
the toxicity tests, the following physical and chemical variables were
measured: pH (Analion PM 608, Brazil), conductivity (MS Tecnopon
mCA-150P, Brazil), dissolved oxygen concentration (Hanna Instru-
ments, Brazil) and water hardness. It is important to note that Fe3O4-
NPs were settled to the base of experimental flasks during the toxicity
tests, therefore the NPs were manually resuspended every 24 h during
the tests. Treatments were assigned by complete randomization.

Firstly, acute toxicity tests were performed with a wide range of
Fe3O4-NPs nominal concentrations of 0.00; 0.01; 0.10; 1.00; 10.00 and
100.00mg L−1. For each treatment, 20 neonates (< 24 h-old) of C.
silvestrii were distributed in 4 replicates, thus 5 individuals per re-
plicate. Each replicate consisted in a polystyrene flask with 50mL ca-
pacity and filled with 20mL of test solution (without renewal, static
test). The flasks were kept in incubator at a controlled temperature
(25 ± 1 °C) in the dark, without food and immobile organisms were
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quantified after 48 h.
Based on the results of the acute toxicity test, chronic toxicity tests

were performed with Fe3O4-NPs measured concentrations of 0.00
(control); 0.25; 2.49; 8.61; 13.32 and 44.23mg L−1. The test had 10
replicates per treatment with 1 organism (<24 h-old) each. Organisms
were placed in 50mL polystyrene flasks containing 20mL of test so-
lution and maintained under controlled conditions of temperature
(25 ± 1 °C) and photoperiod (12:12 h, light:dark) in a static renewal
exposure system (test solutions were renewed 100%, three times a
week). Organisms were fed daily with 2×105 cells mL−1 of R. sub-
capitata and three times per week with 0.02mL ind−1 of a suspension of
dried baker's yeast (described in 2.2 section). During chronic toxicity
testes, animals were exposed to the Fe3O4-NPs only by contaminated
medium (direct exposure). The endpoints observed were age of primi-
para, number of eggs and neonates per female, daily length, maximum
length, hatching rate and longevity. The cladocerans were measured
daily using a stereomicroscope fitted with a micrometer eyepiece (Leica
MZ6, Germany). Organisms from the 2.49mg L−1 treatment level were
photographed to show the internalizations of the NPs.

Regarding respirometric experiment, neonates (< 24 h-old) were
initially pre-exposed to Fe3O4-NPs measured concentrations of 0.00
(control); 3.93; 15.92 and 58.80mg L−1 and maintained at 25 ± 1 °C,
in the dark and without food similarly to the immobility acute toxicity
test (without test solution renewal, static test). After 48 h, 12 animals of
each treatment (4 replicates, 3 animals each) were gently placed in
2mL respirometry chambers. The chambers contained test solutions
made from autoclaved synthetic water in order to avoid the presence of
other microorganisms that could affect respiration measurements (e.g.
bacteria). It is important to note that before the test, the autoclaved
water was vigorously aerated in aseptic conditions using a sterile pip-
ette, inside a laminar flow with UV light, to avoid oxygen depletion.
Oxygen concentration continuous measurements in incubation cham-
bers were carried out with a microrespiration system (Unisense, sensor
OPMR-8573, Denmark). The sensor signal was calibrated using aerated
water (100% of oxygen saturation) and a solution of 10 g L−1 of Na2SO3
containing cobalt nitrate (Co(NO3)2) as a catalyst (0% of oxygen sa-
turation). The decrease of oxygen in the experimental chambers was
monitored and 10–15min were used in the analysis of oxygen con-
sumption rates (μmol O2 ind−1 h−1), through the following equation
(1) described by Massarin et al. (2010):

=R O x exp V
t

[ ] (1 )xk t
2 0

.

(1)

where [O2]0 is the initial O2 concentration (μmol L−1) at t= 0, V is the
incubation volume (in liters), Δt is the incubation time, and k is the
incubation slope.

2.4. Data analysis

Data were tested for normality (Shapiro-Wilk test) and homogeneity
of variance (Levene median test). Normal distributed data were com-
pared with one-way ANOVA, followed by Dunnett's and Tukey post-hoc
tests; variables with non-normal distribution were analyzed using one-
way ANOVA on ranks (Kruskal-Wallis test) followed by Dunn's and
Tukey post-hoc tests. Significant differences were considered with
α=0.05. The IC (inhibitory concentration) values of reproductive
parameters from chronic toxicity tests were determined by ICPIN 2.0
program, using linear interpolation method with 80 resamples.

Species sensitivity distribution (SSD) curve was fitted to compare
the sensitivity of C. silvestrii (production of neonates as endpoint) and
other aquatic organisms to Fe-NPs, with data compiled from scientific
literature, using endpoints related to reproduction. The SSD was plotted
using Log-normal values of toxicity data with ETX 2.0 software (Van
Vlaardingen et al., 2004), assuming a 5% log-normality (Anderson-
Darling test). In addition, it was calculated the 5th (HC5, hazardous
concentrations for 5% of the species) and 50th percentile (HC50, ha-
zardous concentrations for 50% of the species) according to Aldenberg
and Jaworska (2000) method.

We emphasize that some of the results are both expressed as mg
Fe3O4-NPs L−1 and mg Fe L−1, the former corresponding to mass of Fe
and O per volume of water, and the latter to mass of Fe per volume of
water.

3. Results and discussion

3.1. Nanoparticles: characterization and metal determination

The results of hydrodynamic size indicated that Fe3O4-NPs sig-
nificantly (p < 0.05) aggregated right after preparing the test solutions
and this aggregation tended to increase (p < 0.05) from 0.25 to
44.23mg NPs L−1, after a period of 72 h in all concentrations tested
(Table 1). The initial average diameters were higher than 700 nm, and
after 72 h they reached mean values higher than 1000 nm (Table 1).
There was probably aggregation and agglomeration due to interaction
of NPs with the chemical components of the exposure medium (syn-
thetic water) and products originated from biological activity (e.g.
cladocerans excretion products). A transmission electron microscopy
(TEM) of this uncoated NP in deionized water is available in Blinova
et al. (2017). Our results of characterization is in accordance with lit-
erature, stating that Fe-NPs tend to aggregate in aqueous solutions and
the aggregation level tends to enhance with increasing NPs con-
centrations (Baalousha, 2009). In another study with Fe3O4-NPs, the
level of NPs agglomeration and sedimentation was so rapid that the
authors stated that it was not even possible to measure zeta potential
and particles size (Blinova et al., 2017). According to Handy et al.

Table 1
Mean values (x) and standard deviation (SD) for characterization parameters of Fe3O4-NPs (mg L−1) during chronic exposure: hydrodynamic size (diameter in nm),
polidispersivity index (PdI) and zeta-potential (mV). Samples (n= 3 replicates) were collected during 2 periods (Tc): 0 and 72 h after beginning the chronic toxicity
test. Fe3O4-NPs were also characterized dispersed in ultrapure water. Different letters in each column indicate that there was statistical difference (p < 0.05),
comparing separately parameters from 0 to 72 h. Lowercase letters indicate one-way ANOVA and Tukey's post hoc test; while uppercase letters correspond to Kruskal-
Wallis analysis, followed by Tukey's post hoc test.

Treatments (mg L−1) Tc (h) Hydrodynamic size (nm) PdI Zeta-potential (mV) Hydrodynamic size (nm) PdI Zeta-potential (mV)

Soft synthetic water (test solutions) Ultrapure water

x ± SD x ± SD x ± SD x ± SD x ± SD x ± SD

0.25 0 729.6 ± 29.40A 0.834 ± 0.08a - 25.1 ± 0.66a 128.1 ± 22.8a 0.780 ± 0.05a −28.2 ± 0.9a

8.61 0 710.6 ± 59.62A 0.540 ± 0.13a - 21.7 ± 1.55a 237.4 ± 30.2b 0.794 ± 0.04a −22.9 ± 0.4b

44.23 0 1451.3 ± 299.09B 0.723 ± 0.24a - 22.4 ± 0.32a 243.8 ± 34.43b 0.802 ± 0.06a −20.3 ± 0.4c

0.25 72 1110.0 ± 262.51a 0.952 ± 0.08a - 24.7 ± 2.37a – – –
8.61 72 1277.3 ± 244.30a,b 0.904 ± 0.16a - 23.9 ± 0.32a – – –
44.23 72 1712.7 ± 165.54b 0.481 ± 0.13b - 19.9 ± 0.23b – – –

R.C. Gebara, et al. Ecotoxicology and Environmental Safety 186 (2019) 109743

3



(2008), that should be more flexibility in the definition of NPs for
ecotoxicology, so that particles aggregates in the micrometric scale
could still be considered a nanomaterial, provided that aggregates come
from particles initially smaller than 100 nm (in this study, NPs in their
powder form were initially < 50 nm). PdI values, that indicate the
level of dispersion of the samples, were higher than 0.480 in all treat-
ments (Table 1). This indicates that NPs were aggregated and ag-
glomerated in the exposure medium. Zeta potentials of Fe3O4-NPs were
between −19 mV and −25 mV (Table 1) indicating that although Fe-
NPs were aggregated they were stable in the exposure medium during
72 h.

Regarding metal determination, the results of ICP-OES are available
in Fig. S1, supplementary material. The limits of detection and quan-
tification were 1.1 and 3.3 μg L−1, respectively. Dissolved iron corre-
sponded to 1.48 and 0.26% (mean values) of total measured in chronic
and respirometric tests, respectively, indicating low free iron ions in
test solutions.

3.2. Acute toxicity tests

Acute toxicity tests were validated since less than 10% of the control
group died or remained immobile after 48 h in the acute toxicity tests
(ABNT, 2016). During the experiments, temperature and pH have not
varied more than 1 °C and 1 unit, respectively, and dissolved oxygen
concentrations were higher than 7.0mg O2 L−1 (Table S1, supple-
mentary material).

The results of the acute toxicity test (concentrations ranging from
0.01 to 100.00mg L−1) with immobility as endpoint suggested that
Fe3O4-NPs were non-toxic for C. silvestrii. The number of immobile and
dead organisms was ≤10% in all treatments after 48 h
(EC50 > 100mg L−1). A previous study also implied low toxicity for
uncoated Fe3O4-NPs on Daphnia magna Straus, 1820, after 48 h of ex-
posure and no significant difference between the effects of bulk and
Fe3O4-NPs in acute toxicity tests (Blinova et al., 2017). However, stu-
dies indicate that acute toxicity effects of Fe3O4-NPs to cladocerans may
vary according to presence or absence of NPs coating or with their type
of coating (Baumann et al., 2014).

On the other hand, Fe3O4-NPs induced significant changes
(p < 0.05, Dunnett's test) in C. silvestrii metabolic rates (Fig. 1). At
58.8 mg L−1 the mean respiration rate was higher (0.04 μmol O2 ind−1

h−1) when compared to control (0.01 μmol O2 ind−1 h−1). The oxygen
consumption proved to be a more sensitive endpoint than classical
acute toxicity test, since it detected toxicity in the concentration of
58.8 mg L−1, in which no immobility or lethality was observed. The
respiration rates increased as the Fe3O4-NPs concentrations increased.
It indicates that C. silvestrii probably altered their metabolism in adverse
conditions. Respiration has a high energy cost (80–90%) for aquatic
invertebrates and biomass can be transformed in energy for organism's
survival under stress conditions (Leidy and Ploskey, 1980; Moshiri
et al., 1969). Therefore, the increase in respiration rates probably led to
consequences on animals' fitness: high respiration rates may lead to
lower growth efficiency, lower body size and lower offspring. The
mechanism behind these changes in oxygen consumption rates may be
related to oxidative stress induced by Fe3O4-NPs. NPs have been
pointed as a possible cause for formation of reactive oxygen species
(ROS). It is known, for example, that NPs can induce ROS formation
and oxidative stress to algae (Sousa et al., 2018), cladocerans (Mansano
et al., 2018) and fishes (Govindasamy and Rahuman, 2012).

3.3. Chronic toxicity tests and species sensitivity distribution (SSD)

Chronic toxicity tests were validated according to ABNT (2017),
since in controls less than 20% of the organisms died, and the mean
number of live neonates was ≥15, after 7 d. Regarding physical and
chemical variables, temperature and pH have not varied more than 1 °C
and 1 unit, respectively, and dissolved oxygen concentrations were
higher than 7.7 mg O2 L−1 (Table S1, supplementary material).

At 44.23mg L−1, C. silvestrii had growth inhibition in respect to
body length of 8.24 and 12.00% on 7th and 14th d, respectively (Fig. 2-
a). It is important to note that the growth inhibition may have im-
portant consequences in food web structure since smaller cladocerans
could suffer more predation (e.g. Gliwicz and Umana, 1994), as well as
other ecological consequences probably related to fecundity, body re-
serves and survival.

We observed a reduction in the number of accumulated eggs per
female at 44.23mg L−1 starting from day 6 (Fig. 2-b) and reaching
significant decrease (Dunnett's test, p < 0.05) of 51.99% on day 14 in
respect to control. Neonates production on day 7 (Fig. 2-c) was sig-
nificant (Dunn's test, p < 0.05) lower at 13.32mg L−1 in respect to
control group, thus it is important to emphasize that if the test had only
7 d, 13.32mg L−1 would be the LOEC, but we observed that clado-
cerans were able to recovery in that concentration from day 8 onwards.
We also observed a 61.27% reduction in the number of neonates at
44.23mg L−1. From Table 2, the number of neonates per female had in
general lower IC values than the number of eggs per female, indicating
that the production of neonates was the most sensitive endpoint for C.
silvestrii in the 7-d exposure. As mentioned before, we hypothesize that
energy intended for growth and reproduction was probably reallocated
to respiration as a trade-off since metabolic rates increased during
Fe3O4-NPs exposure. Moreover, the energy may also have been allo-
cated to defense mechanisms by detoxification and antioxidant pro-
cesses.

During chronic exposure we observed an accumulation of Fe3O4-
NPs in the gut of C. silvestrii in all treatments with NPs (e.g. daphnids
exposed to 2.49mg L−1, Fig. 3-a and b); moreover, bioaccumulation of
Fe-NPs was already observed in Ceriodaphnia dubia Richard, 1894, (Hu
et al., 2012). Besides that, we also observed NPs adhered to eggs (Fig. 3-
a), giving them a grey color that indicates iron transfer (probably via
stored nutrients). The accumulation of NPs in the gut of C. silvestrii may
have blocked the absorption of food, leading to a decrease in number of
eggs and neonates. According to Mendonça et al. (2011), NPs accu-
mulated in the gastrointestinal tract may change the gut wall cell's ty-
pical shape and affect the food absorption. We deduce that the toxicity
observed in our chronic experiments was not caused by free iron ions in
the medium, since most iron quantified was in its particulate form (Fig.
S1, supplementary material). It seems possible that large agglomerated

Fig. 1. Respiration rates (μmol O2 ind−1 h−1) of Ceriodaphnia silvestrii pre-ex-
posed for 48 h to Fe3O4-NPs (0.00 – control; 3.93; 15.92 and 58.80mg L−1).
Bars and lines represent the mean values and standard deviation, respectively
(n=4 replicates). Different letters indicate that there was statistical difference
(one-way ANOVA followed by Dunnett's test to compare control vs treatments;
and one-way ANOVA, followed by Tukey test to compare treatments with NPs
to each other, with p < 0.05).
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or aggregated particles were accumulated into organisms' guts, acting
as a physical barrier, causing physiological changes and ultimately af-
fecting the organism homeostasis.

Regarding the life parameters of C. silvestrii (Table 3), the endpoints
age of primipara, size of primipara and longevity did not differ sig-
nificantly compared to control. Hatching rates also did not differ be-
tween control (83.05%) and at 44.23mg L−1 (66.47%). The maximum
length at 44.23mg L−1 was significantly inhibited (Dunnett's test,
p < 0.05), with length 16.56% smaller than control. It is important to
note that during daily measurements, we observed (on day 4, at
0.25mg L−1) that an animal expelled eggs few seconds after their
production. Aborted eggs are not usually reported mostly due to their
reduced size, which make it difficult to observe them (Sobral et al.,
2001). This behavior was observed only once during the entire chronic
exposure; however, it could have also happened in other concentra-
tions, which may have led to an overestimation of the percentage of
hatching and/or an underestimation of the number of eggs.

According to data from literature regarding reproductive endpoints
(Table S2, supplementary material), D. magna was the most sensitive
organism to Fe-NPs, followed by C. silvestrii, the second most sensitive
organism. When D. magna was added on SSD curve, the analysis did not
pass on Anderson-Darling normality test, due to the extremely sensi-
tivity of this species compared to the other organisms, thus D. magna
could not be included in the curve. From SSD curve (Fig. 4), HC5 and
HC50 values were 1.65mg Fe L−1 (0.49–3.26) and 8.99mg Fe L−1

(5.04–16.02) respectively, suggesting Fe-NPs as a possible threat to C.
silvestrii. In general, cladocerans are the most sensitive aquatic organism
group to Fe-NPs when compared to the other species.

Our study emphasizes the importance of chronic toxicity tests since
acute toxicity tests, in most cases, could not lead to a conclusion about
the environmental safety of some compounds that are not toxic in short
periods. Chronic exposures generate results that can be used to create or
adjust environmental policies, as the endpoints analyzed here (growth
and reproductive) are of great importance to evaluate the harmful ef-
fects of contaminants to cladoceran life cycle. We also found that

respiration rates are a more sensitive endpoint than those commonly
used in acute tests with mortality or immobility as endpoint. We believe
that further studies of Fe-NPs toxicity on cladocerans approaching the
use of different biomarkers such as lipidic classes, fatty acids, protein
and carbohydrate analysis would be highly relevant to nanotoxicology
field.

4. Conclusions

Our results indicate no immobility C. silvestrii after 48 h
(EC50 > 100mg L−1). However, in acute experiments of O2 con-
sumption, we observed a significant effect on organisms' metabolism,
demonstrating that respiration was a more sensitive endpoint than
classical immobility or lethality parameters. In the chronic toxicity
tests, Fe3O4-NPs caused significant inhibition on growth and re-
production of C. silvestrii, which are essential aspects of species fitness
in natural environments. We believe that NPs disturbed the food ab-
sorption, exerting a physical toxicity, since we observed NPs’ agglom-
erates or aggregates into the digestive tract of C. silvestrii. Therefore, we
conclude that anthropogenic actions that could lead to Fe3O4-NPs re-
lease into aquatic environments should be regulated since Fe3O4-NP
could affect reproduction, leading to disturbances of cladoceran popu-
lation dynamics in natural environments, with consequences in food
web structure. We find C. silvestrii to be a useful test species when ra-
pidly triaging toxicity of NPs or assessing endpoints at lower levels of
biological organization, being indeed a sensitive species according to
our SSD analysis. It should be pointed out that the findings of this study
refer to controlled laboratory conditions. In natural ecosystems there
are several factors that may change the toxicity thresholds such as
species interactions, oscillations in physical and chemical variables of
the water, dietary exposure and presence of organic matter. This study
intends to be helpful in the elaboration of NPs regulation guidelines and
establishment of threshold levels of NPs in aquatic ecosystems.

Fig. 2. Mean body length (A) and mean number of accumulated eggs (B) and neonates (C) per female of Ceriodaphnia silvestrii (n= 10 replicates) exposed for 14 d to
Fe3O4-NPs (0.00 - control; 0.25; 2.49; 8.61; 13.32 and 44.23mg L−1). Values are means and asterisks represent significant differences between treatments and control
group (p < 0.05). One asterisk represents Kruskal-Wallis and Dunn's test; and two asterisks represent one-way ANOVA and Dunnett's test.

Table 2
Median inhibitory concentration (IC) values for reproductive life parameters of Ceriodaphnia silvestrii (n=10 replicates) exposed to Fe3O4-NPs in chronic test during
7 and 14 d. The values in parentheses represent 95% confidence intervals. Note that for IC50 values ICPIN 2.0 did not calculate the confidence interval, thus standard
deviations were provided. The acronym “N.C.” means “non-calculable”.

Parameters Mean accumulated no. of eggs per female Mean accumulated no. of neonates per female

Time of exposure 7 d 14 d 7 d 14 d

mg Fe3O4-NPs L−1 IC10 4.88 (0.19–10.02) 4.79 (0.20–12.89) 1.73 (0.08–9.73) 5.09 (0.19–14.78)
IC20 9.25 (2.33–19.44) 10.78 (1.76–23.69) 5.18 (0.15–15.72) 8.78 (1.50–20.49)
IC50 N.C. N.C. 25.19 ± 8.89 27.97 ± 8.49

mg Fe L−1 IC10 3.53 (0.13–7.25) 3.47 (0.14–9.33) 1.25 (0.06–7.04) 3.68 (0.14–10.70)
IC20 6.69 (1.69–14.07) 7.80 (1.27–17.15) 3.75 (0.11–11.37) 6.35 (1.09–14.82)
IC50 N.C. N.C. 18.23 ± 6.42 20.24 ± 6.14
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