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g r a p h i c a l a b s t r a c t
� Differential developmental toxicity of
g-Fe₂O₃ NPs and iron ions in
zebrafish.

� Embryotoxicity of g-Fe₂O₃ NPs de-
pends on the exposure condition
(static and semi-static).

� Semi-static exposure induced high
embryotoxicity than static exposure.

� g-Fe₂O₃ NPs induced several car-
diotoxic effects on zebrafish embryos.
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a b s t r a c t

Iron oxide nanoparticles (IONPs) are used in several medical and environmental applications, but their
mechanism of action and hazardous effects to early developmental stages of fish remain unknown. Thus,
the present study aimed to assess the developmental toxicity of citrate-functionalized IONPs (g-Fe2O3

NPs), in comparison with its dissolved counterpart, in zebrafish (Danio rerio) after static and semi-static
exposure. Embryos were exposed to environmental concentrations of both iron forms (0.3, 0.6, 1.25, 2.5,
5 and 10 mg L�1) during 144 h, jointly with negative control group. The interaction and distribution of
both Fe forms on the external chorion and larvae surface were measured, following by multiple
biomarker assessment (mortality, hatching rate, neurotoxicity, cardiotoxicity, morphological alterations
and 12 morphometrics parameters). Results showed that IONPs were mainly accumulated on the
zebrafish chorion, and in the digestive system and liver of the larvae. Although the IONPs induced low
embryotoxicity compared to iron ions in both exposure conditions, these nanomaterials induced sub-
lethal effects, mainly cardiotoxic effects (reduced heartbeat, blood accumulation in the heart and peri-
cardial edema). The semi-static exposure to both iron forms induced high embryotoxicity compared to
static exposure, indicating that the nanotoxicity to early developmental stages of fish depends on the
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exposure system. This is the first study concerning the role of the exposure condition on the develop-
mental toxicity of IONPs on fish species.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nanomaterials (NMs) have been produced and incorporated in
commercial products on a large scale, which consequently in-
creases their release into the aquatic environment (Giese et al.,
2018). It is estimated that more than 10,000 tons/year of NMs are
released into the environment (Salieri et al., 2018). In 2050, the
concentration of NMs in fresh and marine waters, sediments and
soils is likely to be 1000 times higher (Giese et al., 2018). These
emerging pollutants have nano-specific properties that can
induced hazardous effects to the environment and human health
(Joo and Zhao, 2017). Among these NMs, iron oxide nanoparticles
(IONPs) have been used in several medical and environmental ap-
plications, such as cancer treatment by hyperthermia (Giustini
et al., 2010), contrast agents (Fatima and Kim, 2018), drug de-
livery (Laurent et al., 2014), nanoremediation (Hjorth et al., 2017)
and water treatment (Xu et al., 2012). The main types of IONPs with
biological and environmental applications are magnetite (Fe3O4
NPs), hematite (a-Fe2O3 NPs) and maghemite (g-Fe2O3 NPs) (Su,
2017), especially due to their physicochemical properties, such as
high surface area, small size, optimum crystallization, magnetism,
adsorption capacity and biocompatibility (Xu et al., 2012; Vikram
et al., 2017; Babi�c-Stoji�c et al., 2017).

Despite the numerous advantages of IONPs, previous studies
have indicated its environmental transformation and hazardous
impact to aquatic organisms and human health (Joo and Zhao,
2017; Qualhato et al., 2017, 2018). After their release into the
aquatic environment, IONPs can undergo physical, chemical and
biological transformations, including homoaggregation, hetero-
aggregation with natural organic matter (NOM), oxidative disso-
lution, aging through oxidation-reduction reactions, bio-reduction
and adsorption with other pollutants (Trojan horse effect) (Moore,
2006; Patil et al., 2016; Lei et al., 2018). Regarding its potential
ecotoxicological impact, the environmental concentration
(0.3 mg L�1) of citrate-functionalized g-Fe2O3 NPs (3.97 nm)
induced genotoxic (DNA damage) and mutagenic effects (micro-
nucleus and erythrocytic nuclear alterations), and hepatic alter-
ations (i.e., micro andmacrovesicular steatosis, melanomacrophage
aggregates, exudate and hemorrhagic foci) in guppy (Poecilia
reticulata) during 21 days of exposure (Qualhato et al., 2017, 2018).
In addition, the exposure of zebrafish embryos to uncoated g-Fe2O3
NPs (30 nm; 0.1e100 mg Le 1) for 168 h induced pericardial edema,
tissue ulceration and spinal curvature (Zhu et al., 2012). The IONP
toxicity to fish also depends on the synthesis method. IONPs ob-
tained by coprecipitation (15.58 nm; 79.04 and 278.67 ppm)
induced bioaccumulation and increased erythrocyte damage in
adult zebrafish during 96 h of exposure, while those obtained by
the green synthesis method (21.34 nm; 79.04 and 278.67 ppm)
inhibited the Naþ/Kþ -ATPase activity in a concentration dependent
pattern (Suganya et al., 2018). On the other hand, the role of the
exposure condition on the embryotoxicity of IONPs on fish species
remain unknow.

The zebrafish embryotoxicity test (ZET) has been indicated as a
suitable approach to assess the NM toxicity on human and envi-
ronmental health (Pereira et al., 2019), as well as a preclinical in vivo
screening model for nanomedicines (Sieber et al., 2019). According
to the guideline nº 236 of the Organization for Economic Cooper-
ation and Development (OECD) (OECD, 2013), the semi-static
exposure system is recommended for volatile substance and ma-
terials with high precipitation rate. On the other hand, few studies
performmedium exchange during ZET for nanotoxicity assessment
(Pereira et al., 2019). Thus, the lack of standardization of tests may
cause interference with the toxicity results of NMs (Lammer et al.,
2009; Beekhuizen et al., 2015; Truong et al., 2011).

Zebrafish (D. rerio) has been an excellent animal model for the
analysis of multiple biomarkers of NM toxicity (Fako and Furgeson,
2009; Harper et al., 2011; Lin et al., 2013; Bugel et al., 2014;
Chakraborty et al., 2016; Haque and Ward, 2018; Pereira et al.,
2019), especially due to its numerous advantages, such as easy
maintenance in the laboratory conditions, small size, high egg
production, embryos are transparent which allows to follow their
whole development, and fast development when compared to
other vertebrate models (Lammer et al., 2009; Giannaccini et al.,
2014; Beekhuizen et al., 2015; Sobanska et al., 2018). Information
networks such as ZFIN (zfin.org), combined with the fact that em-
bryos can be cryopreserved, ensure quick and easy access to
transgenic zebrafish lines (Sieber et al., 2019). In addition, its ge-
netic material is 70% similar to humans (Howe et al., 2013),
ensuring a similarity between developmental processes, cell sig-
nalling, cell structures, anatomy and physiology (Rubinstein, 2003;
Hill et al., 2005; Kelkar et al., 2014).

In this context, the present study aimed to assess the develop-
mental toxicity of citrate-functionalized g-Fe2O3 NPs and its dis-
solved counterpart on zebrafish, using two aquatic exposure
systems (static and semi-static exposure). Thus, the hypothesis that
the embryotoxicity of citrate-functionalized g-Fe2O3 NPs in zebra-
fish is dependent on exposure conditionwas tested. In addition, the
present study analyzed the differential developmental toxicity of g-
Fe2O3 NPs and their dissolved counterpart. To the best of our
knowledge, the present study is the first report on the role of the
exposure condition (static and semi-static aquatic systems) on
toxicity of IONPs during the early developmental stage of fish.
Assumingly, studies such as the present one broadens the possi-
bility of using the ZET on analysis and classification of the toxicity
and environmental impact of NMs.

2. Material and methods

2.1. Synthesis and characterization of IONPs

Citrate-functionalized maghemite (g-Fe2O3 NPs) were synthe-
sized according to Unal et al. (2010) and Zia et al. (2016) with some
modifications, such as described by Qualhato et al. (2017). After
synthesis, NPs were characterized in terms of morphology and in-
dividual diameter (DTEM) by Transmission Electron Microscopy
(TEM), while the hydrodynamic diameter (Dh) and surface charge
(zeta potential) were analyzed by dynamic light scattering (DLS)
and electrophoretic light scattering (ELS), respectively. The IONPs
were also characterized by X-ray diffraction (XDR), KBr tablet
infrared spectroscopy (IR-KBR) and ultravioletevisible (UVevis)

http://zfin.org
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spectroscopy, as previously described by Qualhato et al. (2017,
2018).
2.2. Zebrafish

Adult wild-type zebrafish with 6e24 months (total
length ¼ 3 ± 5 cm) were obtained and maintained in the zebrafish
facilities of the Institute of Tropical Pathology and Public Health
(IPTSP) from Federal University of Goi�as (UFG), using in poly-
carbonate aquariums (11.5 cm � 34.5 cm x 15.5 cm) (Alesco®) with
constant water circulation (3 L), under controlled conditions of
water temperature (26 ± 1 �C), pH (7.0 ± 0.5), dissolved oxygen
(>80%), and photoperiod (light: dark cycle 14:10 h), such as rec-
ommended by Dammski et al. (2011). Animals were fed daily with
commercial food (Cardume® 36%; VB alimentos) and Artemia sp.
nauplii. Brine shrimp (Artemia sp.) eggs were hatched in the labo-
ratory condition according to Avdesh et al. (2012). Themaintenance
of adult animals and the execution of ZET followed the regulations
of OECD Guide 236 (OECD, 2013), and were approved by the
Institutional Committee of Animal Use and Care from UFG (nº 094/
17).
2.3. Zebrafish embryotoxicity test (ZET)

The ZET was performed according to OECD Guideline nº 236
(OECD, 2013), Lammer et al. (2009) and Pereira et al. (2019). After
reproduction induction in breeding tanks (Alesco®) using males
(n ¼ 12) and females (n ¼ 4) at rate of 3:1, embryos were trans-
ferred to a Petri dish, washed with reconstituted water (ISO, 1996)
and the viable embryos (up to 4 h post-fertilization e hpf; 4 to 128-
cell stage) were selected using photomicroscope (Leica DM 750)
according to Kimmel et al. (1995) and Lammer et al. (2009).

For the bioassays, zebrafish embryoswere distributed in 24-well
microplates (Kasvi®), using 1 embryo per well containing 2 mL of
each nominal concentration of citrate functionalized g-Fe2O3 NPs
or ferric chloride (0.31 ¼ 0.3; 0.62 ¼ 0.6, 1.25, 2.5, 5.0 and
10 mg L�1), jointly with the negative control group (reconstituted
water) (Fig. 1). The positive control group was exposed to 3,4-
dichloroaniline (3.7 mg L�1) under static conditions, according to
Lammer et al. (2009) The iron concentrations used are environ-
mentally relevant and are below the maximum allowable concen-
tration in the aquatic environment (15 mg L�1) according to
CONAMA Resolution n. 430/2011 (Brasil, 2011). Furthermore,
similar concentrations were used in previous studies about the
ecotoxicity of IONPs on fish species (Ates et al., 2016; Qualhato
et al., 2017). The exposure was conducted in triplicate (3
Fig. 1. Experimental design and analysis of multiple biomarkers during the zebrafish embr
and iron ions was analyzed during 144 h under static (without exposure medium renewal
concentrations of both iron forms).
microplates with 10 embryos per group; totalizing 30 embryos per
experimental condition) using static (without exposure solution
renewal) and semi-static conditions (exposure solution renewed
every 24 h with redosing of concentrations of both iron forms)
during 144 h under controlled pH (7.2 ± 0.2), photoperiod (14:10 h
light/dark cycles) and temperature (27 ± 1 �C) in BioOxygen De-
mand (BOD) incubator (SOLAB SL-224/120, Brazil). For the test
validation, the fertilization rate >90% and the negative control
group survival >90% were considered (ISO, 1996; 2007; OECD,
2013; Lammer et al., 2009).
2.4. Interaction of IONPs to embryo chorion and larvae surface

Zebrafish embryos (n ¼ 4) were selected after 48 h exposure
(before hatching) to evaluate the interaction of IONPs with the
chorion. The larvae (n¼ 4) were selected at the end of the exposure
period (144 h) to evaluate the interaction of the IONPs with the
surface of the larvae from control group and after exposure to
IONPs at 1.25 and 10 mg L�1 and iron ions at 1.25 mg L�1, since that
the iron ions at 2.5 mg L�1 (semi-static exposure) induced 100%
mortality. Embryos and larvae were immediately fixed by immer-
sion in 10% paraformaldehyde for 4 h, washed in 0.2 M PBS buffer at
pH 7.2, dehydrated through increasing ethanol gradient (70 and
100%) and dried with liquid carbon dioxide (CO2) in critical-point
drier (Autosamdri® 815 A). Dried materials were sputtered-
coated with gold in a Denton Vacuum Sputter Coater (Denton
Vacuum, LLC, Moorestown, NJ, USA), and analyzed using a scanning
electron microscope (SEM) (Jeol JSM-6610) coupled with energy
dispersive X-ray spectroscopy (EDS) (Thermo scientific NSS Spec-
tral Imaging).
2.5. Accumulation

After the exposure period (144 h) to citrate-functionalized g-
Fe2O3 NPs or ferric chloride, zebrafish larvae (n ¼ 10 per experi-
mental group) were fixed by immersion in 4% buffered para-
formaldehyde at pH 7.2 for 4 h, washed with 0.2 M PBS buffer at pH
7.2 and stored in 70% ethanol at 4 �C. Photographs of the lateral
region of zebrafish larvae (0.31, 0.62, 1.25, 2.5, 5.0 and 10 mg L�1) at
500 �magnification were taken in the photomicroscope (Leica DM
750) coupled to the image capture system (Leica Microsystem LAS
EZ). The image analysis was based on the procedure described by
Wu et al. (2008) with modifications. The accumulation area was
determined using Image J software according to following equa-
tion: accumulation area ¼ iron accumulation area in the intestinal
system/total area of the intestinal system of larvae.
yotoxicity test (ZET). The developmental toxicity of citrate-functionalized g-Fe2O3 NPs
) and semi-static conditions (exposure medium renewed every 24 h with redosing of
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2.6. Biomarker responses

The experimental design and multiple biomarker assessment
during the ZET are in Fig. 1. During the exposure period, embryos
were analyzed daily (24, 48, 72, 96, 120 and 144 h) using a photo-
microscope (Leica DM 750) associated with the LEICA ICC50 HD
camera and LAS EZ software. A battery of biomarkers was analyzed,
such as mortality and hatching rate (24e144 h), spontaneous
contraction frequency (SCF) (24 h), heart beat rate (48 h),
morphological alterations frequency (24e144 h) and biometric
parameters (144 h).

The zebrafish embryos and larvae with no spontaneous move-
ments, heartbeat or coagulated were as considered dead (Lammer
et al., 2009). The mortality rate (%) was determined using the
following equation: mortality rate (%) ¼ (number of dead embryos/
total number of embryos) x 100. The hatching rate (%) was calcu-
lated through the following equation: hatching rate (%) ¼ (number
of hatched embryos/total number of embryos) x 100. The
morphological alterations were measured by determining the fre-
quency of embryos or larvae with blood accumulation in the heart,
deformation of the yolk sac, edema of the pericardium, spinal
curvature, swimming bladder deformity and tail malformation,
according to Lammer et al. (2009) and Beekhuizen et al. (2015). The
total morphological alteration frequency is the sum of all
morphological changes. In addition, these morphological alter-
ations were classified into four reaction pattern (Rp): circulatory
changes (Rp1), pigmentation and integumentary changes (Rp2),
musculoskeletal disorders (Rp3) and yolk sac alterations (Rp4), as
described by Pereira et al. (2019).
2.6.1. Neurotoxicity and cardiotoxicity
The neurotoxicity was determined through the spontaneous

contraction frequency (SCF) (nº min�1) in embryos (26e28 hpf)
after 24 h of exposure according to Babi�c et al. (2017). The SCF have
been indicated as suitable sublethal endpoint to the potential
neurotoxicity of substances (Weichert et al., 2017; Krzykwa et al.,
2019). The cardiotoxicity was determined through the heart beat
rate per minute (bpm) in embryos (50e52 hpf) after 48 h of
exposure (Babi�c et al., 2017), especially due to the reduced move-
ment and transparency of the embryos. Briefly, for analysis of both
parameters, embryo was placed on a microscope slide in a thin
layer of reconstituted water (ISO, 1996) and immediately posi-
tioned horizontally using a disposable transfer pipette. Each em-
bryo was analyzed during 60 s (n ¼ 30 embryos per experimental
group) using a photomicroscope (Leica DM 750) coupled to an
image capture system (Leica Microsystem LAS EZ).
2.6.2. Morphometric analysis
At the end of the exposure period (144 h), the larvae were fixed

by immersion in 4% paraformaldehyde pH 7.2 for 4 h, washed in
0.2 M PBS buffer pH 7.2 and stored in 70% alcohol at 4 �C. After-
wards photographs of the lateral and dorsal region of zebrafish
larvae (n ¼ 10 per experimental group) were obtained using the
photomicroscope (Leica DM 750) coupled to the image capture
system (Leica Microsystem LAS EZ). Four categories of morpho-
metric parameters (n ¼ 12) were measured in the larvae using the
Image J software, accordingly Malafaia et al. (2020): (i) sensory (eye
area e AO, minimum interocular distance e DI and maximum
interocular distance e DIM); (ii) physiological (heart area e AC,
swimming bladder area e AB, and vitelline sac area e AV); (iii)
structural/skeletal (head height e CA, head width e CL, head depth
e CP, distance frommouth to anus e DAB); (iv) structural/muscular
(angle between myosepts and distance between myosepts) (see
Supplementary material - Fig. S1).
2.7. Statistical analysis

The graphs were organized using the Prism 7 GraphPad® soft-
ware, while the statistical analyzes were performed using the R
software. Normality and homoscedasticity were verified with the
Shapiro-Wilk and Levene tests, respectively. Heart beat rate,
spontaneous movement rate and morphometric parameters were
analyzed by one-way ANOVA, following by Tukey post hoc tests.
Mortality rate, hatching rate and teratogenic effects were analyzed
using multiple factor ANOVA (Underwood, 1997). Log rank analysis
was performed to assess differences in trends of survival analysis.
Results were considered when p < 0.05.

3. Results and discussion

3.1. IONP characterization

IONPs used in the present study were previously characterized
by Qualhato et al. (2017, 2018). TEM results showed the citrate-
functionalized g-Fe2O3 NPs with rounded shape, excellent crystal-
linity and a DTEM of 3.97 ± 0.85 nm. The FTIR spectrum demon-
strated two bands at 1594 cm�1 and 1380 cm�1, confirming the
functionalization of g-Fe2O3 NPs by citrate. The citrate confers
negative surface charge to IONPs in reconstituted water
(�19.5 ± 6.5 mV) and Milli-Q water (�51.1 ± 7 mV). Higher hy-
drodynamic diameter was observed in reconstituted water
(21.4 ± 0.39 nm) compared to Milli-Q water (14.11 ± 0.2 nm).
Atomic absorption spectrophotometric analysis showed that the
total iron content in the g-Fe2O3 NPs stock dispersion was
6.8 mg mL�1. The XRD analysis showed two broad picks (311 and
440) with low intensity, indicating cubic spinel phase and small
particles (Teja and Koh, 2009; Wu et al., 2015). In addition, the XRD
pattern along with the UVeVis-Near IR allowed to characterize
maghemite-type NPs. The UVeVis-Near IR of the g-Fe2O3 NPs
suspension showed the characteristic absorption near the wave-
length region attributed to the presence of Fe (III) ions in a tetra-
hedral site, confirming the transformation of magnetite to
maghemite NPs by oxidation. Overall results showed that the
zebrafish embryos and larvae were exposed to aggregates of
maghemite with negative surface charge. Similarly, the aggregation
of g-Fe2O3NPs in aquatic systems was reported in previous studies
(Zhu et al., 2012; Qualhato et al., 2017, 2018; Lei et al., 2018).

3.2. Nanobiointeraction on embryo and larvae surface

SEM followed by EDS analysis showed the presence of g-Fe2O3
NPs and iron adhered to the embryo chorion after 48 h of exposure
(Fig. 2). Results indicated that the IONP interaction with the
zebrafish embryo chorion may be mediated by three potential
processes: (i) binding to the chorion surface; (ii) binding and
blocking of chorion pore canals; (iii) passing through the chorion
pore canals (Fig. 2). Glycoproteins and carbohydrates present on the
chorion surface may interact with IONPs, promoting their adhesion
to the embryo surface, as well as reducing their capture and
toxicity, such as observed with SiO2 NPs (Chao et al., 2018), poly-
styrene NPs (Pomeren et al., 2017; Lee et al., 2019), and fluorescent
silica NPs (Fent et al., 2010). However, further studies are needed on
the mechanism of interaction of these molecules with NMs.

Although the zebrafish chorion has been indicated as a selective
barrier to the entry of NMs into zebrafish embryos (Cheng et al.,
2007; Pomeren et al., 2017), the citrate-functionalized IONP ag-
gregates have small diameter in reconstituted water
(21.4 ± 0.39 nm) when compared to chorion pore size
(500e700 nm) (Rawson et al., 2001), confirming that the g-Fe2O3
NPs, being small in size compared to other NMs, are easier to cross



Fig. 2. Scanning Electron Microscopy (SEM) of zebrafish embryo chorion from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) and iron ions for 48 h. (A) Control.
(B) Iron ions at 1.25 mg L�1. (C) IONP at 1.25 mg L�1. (D) IONP at 10 mg L�1. Scale bar ¼ 1 mm.
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the chorion barrier (Cheng et al., 2007). Furthermore, the adher-
ence and blocking of chorion pore canals by particles can reduce the
gas exchange of the embryos, leading to pre-hatching hypoxia
changes (Silva et al., 2018; Malafaia et al., 2019). In addition, high
IONP aggregates adhered to the zebrafish chorion was observed
after exposure to g-Fe2O3 NPs at high concentration (10 mg L�1)
(67%) compared to low concentration (1.25 mg L�1) (20%), indi-
cating that the adherence was concentration-dependent (Fig. 3).

After hatching (48e72 hpf), the zebrafish larvae can interact and
capture IONPs through the digestive system and gills. In addition,
adherence of IONPs with skin and eyes of the larvae was also
confirmed by SEM followed by EDS (Fig. 4). Larvae exposed to g-
Fe2O3 NPs and ferric chloride for 144 h showed iron aggregates in
the eye, heart, intestinal tract and tail regions. The zebrafish larvae
exposed to g-Fe2O3 NPs at 1.25 mg L�1 showed NP aggregates
adhered to eye (40%), tail (40%), heart (20%) and abdomen (10%),
while those exposed to g-Fe2O3 NPs at 10 mg L�1 showed NP ag-
gregates mainly deposited in the heart (20%), eyes (10%), abdomen
(10%) and tail (10%) (Fig. 4). Similarly, the larvae exposed to iron
ions at 1.25 mg L�1 showed iron mainly deposited in the eye (50%),
abdomen (40%), heart (30%) and tail (20%) (Fig. 4), confirming the
interaction and adhesion of both iron forms on the larvae surface.

3.3. Accumulation

Both iron forms were accumulated mainly in the intestinal tract
of zebrafish larvae in a concentration dependent pattern (Fig. 5).
Larvae exposed to g-Fe2O3 NPs at 10 mg L�1 showed higher accu-
mulation areawhen compared to control group and other IONP and
iron ion concentrations (Fig. 5G). Similarly, previous studies have
reported accumulation of several NPs in the zebrafish intestinal
tract, such as Ag NPs (Cambier et al., 2018), quantum dots (Chen
et al., 2017a, 2017b), PS NPs (Pitt et al., 2018) and fullerenes
(Della Torre et al., 2018). The IONP accumulation in the intestinal
tract was also reported for invertebrate species, such as Cer-
iodaphnia dubia (Hu et al., 2012) and Daphnia magna (Magro et al.,
2018). The intestinal tract has digestive, absorptive, secretory and
protective functions (Bergin and Witzmann, 2013; Cheng et al.,
2016). After ingestion, NPs can interact with the mucosa of the
intestinal tract, as well as be absorbed, reach the bloodstream, and
distribute to other organs. NPs can induce changes in physiological,
metabolic and immunological functions (Bergin and Witzmann,
2013; Ates et al., 2013). As for example, TiO2 NPs induced physio-
logical changes in zebrafish larvae (Yang et al., 2017), CuO NPs
promoted alterations in the zebrafish immune system (Aksakal and
Ciltas, 2019) and polystyrene NPs caused metabolic changes in
larvae of zebrafish (Brun et al., 2019).

Although the accumulation, metabolism and elimination ki-
netics of IONPs have not been described in fish, after distribution to
other organs in BALB/c mice such as the liver and spleen, IONPs are
captured by themononuclear phagocytic systemvia endocytosis by
Kupffer cells and spleen macrophages (Bostan et al., 2016; Feng
et al., 2018). After phagocytosis, IONPs can be degraded by
Kupffer cell lysosomes and spleen macrophages, releasing iron ions
that interfere with iron homeostasis (Patil et al., 2015). Iron ions
released by IONP degradation can participate in the Fenton Re-
actions and produce hydroxyl radicals, which are extremely toxic to
cells, causing oxidative stress, inducing damage to cell organelles,
altering their cell functions, and causing cell death (Wang et al.,
2013; Lei et al., 2018). However, iron overload exceeds the body’s
ability to store iron ions, and these free iron ions lead to the reactive
oxygen species (ROS) production (Voinov et al., 2011; Yang et al.,
2015). The oxidative stress induced by IONP exposure was re-
ported to several fish species, such as Oryzias latipes (Li et al., 2009),
Oreochromis niloticus (Ates et al., 2016) and P. reticulata (Qualhato
et al., 2017). In addition, in mammal models, IONP overload
(Bostan et al., 2016; Feng et al., 2018) and iron (Parkes et al., 1993;
Lekawanvijit and Chattipakorn, 2009) primarily affects the heart,
which is one of the major organs that IONPs and iron have affinity,
inducing myocardial injury, which can cause decreased heart rate,
bleeding, and other effects on the heart (Parkes et al., 1993;
Lekawanvijit and Chattipakorn, 2009; Bostan et al., 2016), such as



Fig. 3. Energy Dispersive X-Ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM) of zebrafish embryos chorion from control group and after exposure to g-Fe2O3

nanoparticle (IONPs) and iron ions for 48 h. (AeB) Control. (CeD) Iron ions at 1.25 mg L�1. (EeF) IONP at 1.25 mg L�1. (GeH) IONP at 10 mg L�1. The numbers indicate the region
analyzed in relation to the accumulation. Scale bar ¼ 25 mm.
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observed in the present study.
3.4. Zebrafish embryotoxicity test - ZET

3.4.1. Mortality and hatching rate
The exposure of zebrafish embryos to g-Fe2O3 NPs induced low

mortality when compared to iron ions under static and semi-static
exposure. After 144 h of static exposure, the mortality rate of em-
bryos exposed to g-Fe2O3 NPs at 0.3 mg L�1 was similar to the
control group (p > 0.05; Fig. 6). However, g-Fe2O3 NPs under static
(0.6e10 mg L�1) and semi-static exposure (0.3e10 mg L�1) induced
high mortality rate when compared to control group (p < 0.05;
Fig. 6). Similarly, the static and semi-static exposure to iron ions
(0.3e10 mg L�1) induced high mortality rate in zebrafish embryos
than unexposed ones (p < 0.05; Fig. 6). The embryo mortality in the
positive control was 100%, as previously recommended by Lammer
et al. (2009). In addition, the embryotoxicity of IONPs and iron ions
was time and concentration dependent, such as indicated by Zhu
et al. (2012). Both iron forms at 2.5, 5.0 and 10 mg L�1 induced
highmortality when compared to the 0.3, 0.6,1.25mg L�1 (p< 0.05;
Fig. 6). Based on observed results, the type of exposure influences
the nanotoxicity during the early developmental of fish species.
OECD guideline nº 236 (OECD, 2013) does not specify medium
renewal in NM exposures, indicating only that in cases of volatile or
highly adsorbed substances, medium renewal should be per-
formed. The results showed the importance of a specific guideline
to perform tests with NMs, since the exposure conditions influence
the embryotoxicity of NMs (Pereira et al., 2019).

The static and semi-static exposure to both iron forms did not
influence the hatching rate of zebrafish embryos (p > 0.05; Fig. 7),
indicating that g-Fe2O3 NPs and iron ions did not alter the hatching
mechanism of embryos. Similarly, no effect on hatching rate was
observed on zebrafish exposed to Pt NPs (Asharani et al., 2011),
CeO2 NPs (Wehmas et al., 2015), SnO2 NPs (Wehmas et al., 2015)
and CdSe (Chen et al., 2017a, 2017b). In opposite, others metal-
based NPs inhibited the zebrafish hatching, such as Ag NPs



Fig. 4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) of zebrafish larvae from control group and after exposure to g-Fe2O3 nanoparticle
(IONPs) and iron ions for 144 h. (A) Control. (B) Iron ions at 1.25 mg L�1. (C) IONP at 1.25 mg L�1. (D) IONP at 10 mg L�1. The numbers indicate the region analyzed in relation to the
accumulation. Scale bar ¼ 200 mm.



Fig. 5. Photomicrographs of zebrafish larvae after exposure to g-Fe2O3 nanoparticle (IONPs) and iron ions under static and semi-static conditions for 144 h, showing presence of
both iron forms in the intestinal tract. (AeB) Control. (C) Iron ion at 1.25 mg L�1 under static condition. (D) IONP at 10 mg L�1 under static exposure. (E) Iron ions at 1.25 mg L�1

under semi-static exposure. (F) IONP at 10 mg L�1 under semi-static exposure. Scale bar ¼ 500 mm. (G) Accumulation area in the intestinal tract in zebrafish larvae after 144 h
exposure to g-Fe2O3 NPs and iron ions. (*) No accumulation; (star) Difference between static and semi-static exposure. Different capital letters indicate significant differences
between IONPs and iron ions at the same concentration. Different lower letters indicate significant differences in the same iron form over concentrations. Results are expressed as
mean from 10 larvae.
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(Asharani et al., 2008; Powers et al., 2011; Massarsky et al., 2014;
Orbea et al., 2017), SiO2 NPs (Chao et al., 2017) and ZnO NPs (Ong
et al., 2013; Chen et al., 2014; Hua et al., 2014; Zhao et al., 2013;
Kteeba et al., 2017), confirming that the toxicity of NMs depends on
their nano-specific properties (Cheng et al., 2007; Chao et al., 2018;
Pereira et al., 2019).

The zebrafish chorion is a barrier that protects the embryo up to
48e72 hpf and has pores with a diameter ranging from 500 to
700 nm, which are important for the oxygen and nutrients trans-
port, and embryo excretion (Rawson et al., 2001). However, pores
may facilitate the entry of small NPs (Cheng et al., 2007). When
diffused throughout the chorion, these NPs can accumulate and
distribute in various embryo organs, causing toxic effects during
embryonic development (Chao et al., 2018). The hatching rate in
zebrafish involves the expression of specific genes that produce
enzymes (i.e. Hgg1 (Cathepsin L, ctslb)) that degrade the chorion
facilitating its disruption. NPs can interfere with the expression of
the genes responsible for hatching, such as reported for Cu NPs
(Zhang et al., 2018), delaying the hatching of embryos (Zhang et al.,
2018). Another condition that may interfere with embryo hatching
rate is the accumulation of NPs around the chorion that would
cause a hypoxic condition and make it difficult to excrete metab-
olites through the pores, leading to premature hatching of zebrafish
embryos (Silva et al., 2018). Neuroactive substances can induce
hypoactivity in zebrafish embryos, leading hatching inhibition,
such as observed in embryos exposed to Si NPs (62.2 nm;
25e200 mg mL�1, 96 h) (Duan et al., 2013).
3.4.2. Neurotoxicity
After 24 h of exposure, the SCF of embryos exposed to IONPs in

static and semi-static conditions was similar to the control group
(p > 0.05; Fig. 8). However, the semi-static exposure to iron ions at
5.0 mg L�1 reduced the SCF when compared to low iron ions con-
centrations (0.3 and 0.6 mg L�1) and control group (p < 0.05; Fig. 8).
Changes in spontaneous embryo contraction are indicative of
neurotoxicity (Wang et al., 2013; Weichert et al., 2017; Krzykwa
et al., 2019) and were associated to alterations in the expression
of various genes involved in neural protein synthesis (Fan et al.,
2010; Richendrfer and Creton, 2015) or induction of muscle
changes (Campos et al., 2015).



Fig. 6. Mortality rate (%) of zebrafish embryos from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) and iron ions under static (A, C) and semi-static conditions (B,
D) for 144 h. (A) Static exposure to IONPs. (B) Semi-static exposure to IONPs. (C) Static exposure to iron ions. (D) Semi-static exposure to iron ions. Results are expressed as mean of
triplicates.

Fig. 7. Hatching rate (%) of zebrafish from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) and iron ions under static (A, C) and semi-static conditions (B, D) for
144 h. (A) Static exposure to IONPs. (B) Semi-static exposure to IONPs. (C) Static exposure to iron ions. (D) Semi-static exposure to iron ions. Results are expressed as mean of
triplicates.

A.C. Pereira et al. / Chemosphere 254 (2020) 126792 9
Although the neurotoxic effects induced by IONPs in zebrafish
has not been described, the ability of amino groups-functionalized
g-Fe2O3 NPs (30 nm; 25e200 mg mL�1) to translocate directly from
the olfactory nerve to the brain in rats has been reported, reaching
the striatum and hippocampus regions, causing neurotoxic effects
(Wu et al., 2013). The striatum and hippocampus are important
brain structures related to the development of neurodegenerative
diseases (Wu et al., 2013). Dopaminergic damage has also been
reported in rat brains induced by g-Fe2O3 NPs (10e30 nm;
2.5e40 mg mL�1), revealing a mechanism of neural damage (Imam
et al., 2015). In addition, g-Fe2O3 NPs (50 nm; 5 mg kg�1 b.w.)
exposure induced neurotoxicity and inflammation in rats, causing a
decline in the enzymes acetylcholine, esterase, norepinephrine,
serotonin, dopamine and antioxidants, increased lipid peroxida-
tion, nitric oxide and p53 tumor suppressor gene, as well as alter-
ation in gene expression of mTFA and PGC-1 a (Yousef et al., 2019a,
2019b).
3.4.3. Cardiotoxicity
Cardiotoxicity was the main toxic effect of both iron forms on

the early development of zebrafish (Fig. 9A). After semi-static
exposure for 48 h, both iron forms reduced the heart beat rate in
zebrafish embryos compared to unexposed ones (p < 0.05; Fig. 9A),
while no effect was observed after static exposure to g-Fe2O3 NPs



Fig. 8. Spontaneous contraction frequency (SCF) (nº min�1) of zebrafish embryos from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) under static, iron ions
under static, IONPs semi-static conditions and iron ions semi-static conditions for 24 h “x” indicated mortality. Different capital letters indicate significant differences between
IONPs and iron ions at the same concentration. Different lower letters indicate significant differences in the same iron form over concentrations. Results are expressed as mean and
standard deviation of triplicates.

Fig. 9. (A) Heart beat rate (beat min�1) of zebrafish embryos from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) under static, iron ions under static, IONPs semi-
static conditions and iron ions semi-static conditions for 48 h “x” indicated mortality. Different capital letters indicate significant differences between IONPs and iron ions at the
same concentration. Different lower letters indicate significant differences in the same iron form over concentrations. Star indicates difference between static and semi-static
exposure. Results are expressed as mean and standard deviation of triplicates. (B) Frequency (%) of embryos with bradycardia after exposure to static and semi-static exposure
to IONPs and iron ions.
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(p > 0.05; Fig. 9A). High frequency of embryoswith bradycardiawas
observed after semi-static exposure to g-Fe2O3 NPs, especially at
0.3 mg L�1 (66.6 ± 9.42%), 0.6 mg L�1 (76.6 ± 20.54%), 5 mg L�1

(60 ± 29.43%) and 10 mg L�1 (80 ± 14.14%) at static exposure and at
0.3mg L�1 (46.66 ± 38.58%), 0.6 mg L�1 (56.6 ± 26.24%), 1.25mg L�1

(30 ± 8.16%) and 2.5 mg L�1 (33.3 ± 12.47%) after static exposure
(Fig. 9B). Zebrafish embryos after static exposure to iron ions
showed similar heart beat rate to unexposed ones (p > 0.05;
Fig. 9A). However, significant alterations on heart beat rate were
observed after semi-static exposure to iron ions at 0.3 mg L�1

(p ¼ 0.0018), 0.6 mg L�1 (p ¼ 0.00062), 1.25 mg L�1 (p ¼ 0.0269)
and 2.5 mg L�1 (p ¼ 0.0038) (Fig. 9A). The frequency of embryos
with bradycardia increased after semi-static exposure to iron ions,
mainly at 0.3mg L�1 (73.33± 4.71%), 0.6mg L�1 (66.6 ± 28.67%) and



Fig. 10. Photomicrographs of zebrafish embryos and larvae from control group and after exposure to g-Fe2O3 nanoparticle (IONPs) under static (0.3e10 mg L�1), iron ions under
static (0.3e2.5 mg L�1), IONPs semi-static conditions (0.3e10 mg L�1) and iron ions semi-static conditions (0.3e1.25 mg L�1) during 144 h. Blood accumulation (AC), pericardial
edema (PE), tail flexion (TF) spinal curvature (CV), swim bladder deformity (SBD), yolk sac edema (YSE) and yolk sac deformity (YSD).
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2.5 mg L�1 (76.66 ± 9.42%) when compared to static exposure to
iron ions at 0.3 mg L�1 (46.6 ± 37.7%), 0.6 mg L�1 (33.3 ± 20.5%) and
2.5 mg L�1 (3.3 ± 4.71%) (Fig. 9B), confirming the cardiotoxic effects
induced by both iron forms in zebrafish embryos.

Cardiotoxic effects induced by g-Fe2O3 NPs in zebrafish embryos
should be related to the release of iron ions, which can induce
inflammation, lipid peroxidation (LPO) and oxidative stress, such as
observed in BALB/c mice (Bostan et al., 2016). The heart is an organ
sensitive to iron accumulation, which induces apoptosis and tissue
degeneration, as well reduced heart beat rate (Parkes et al., 1993;
Lekawanvijit and Chattipakorn, 2009; Bostan et al., 2016). Dextran,
pluronic and polyethylene glycol functionalized IONPs (10e30 nm;
100e500 mg mL�1) accumulation in the heart has been previously
reported in BALB/c mice (Feng et al., 2018). Ca2þ type L channels
provide the main pathway for iron to enter cardiomyocytes, which
leads to this iron accumulation (Oudit et al., 2003). The NP accu-
mulation in the heart induced the production of highly toxic hy-
droxyl radicals through the Fenton-catalysed Haber-Weiss reaction.
These free radicals damage the lipid-rich cardiomyocyte cell
membrane through LPO, as well as changed Naþ Kþ-ATPase and 50-
nucleotidase. Oxidative stress can also induce cardiomyocyte cell
death (Bartfan et al., 1999; Gujja et al., 2010; Kremastinos and
Farmakis, 2011; Shen et al., 2015). The oxidative stress in zebra-
fish embryos also was reported after exposure to Ag NPs
(8.39 ± 0.98 nm; 0.03e1.55 mg mL�1) (Massarsky et al., 2013),
indicating that the NM-induced cardiotoxicity was mediated by
ROS production and oxidative stress.

Similarly, polyacrylic acid-functionalized g-Fe2O3 NPs (6.8 nm)
at 10 mg kg�1 reduced the heart beat rate in BALB mice after
intravenously injection (Iversen et al., 2013). In addition, other
metal-based NPs have similar cardiotoxicity mechanisms (Cao
et al., 2018). Polyvinyl acetate (PVA)-functionalized Ag NPs
(5e35 nm; 10e100 mg mL�1) decreased heart beat rate, pericardial
edema and circulatory defects in zebrafish embryos (Asharani et al.,
2011), as observed in the present study. Ag NPs also showed direct
effects on ion channels, decreasing Naþ and Kþ transport, reducing
the recovery of Naþ and Kþ channels from cardiomyocytes, causing
a decrease in heart beat rate (Lin et al., 2017). Despite the wide-
spread use of zebrafish as an animal model for cardiovascular dis-
ease studies (Chico et al., 2008; Houge et al., 2012; Zakaria et al.,
2018), the present study is a pioneer in the identification of the
IONP-induced cardiotoxicity in zebrafish embryos. Thus, it is
emphasized the need for further studies on the effects of g-Fe2O3
NPs on the heart, mainly due to their numerous medical
applications.

3.4.4. Morphological alterations and morphometric analysis
Citrate-functionalized g-Fe2O3 NPs induced low frequency of

morphological alterations on zebrafish embryo and larvae when
compared to iron ions (Fig. 10; see Supplementary Material
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Table S1). Furthermore, several morphological alterations were
observed in zebrafish embryos exposed to both iron forms in an
exposure condition dependent pattern, wherein a larger number of
morphological alterations induced by both iron forms was
observed after semi-static exposure when compared to static
exposure (Fig. 10), confirming the importance of establishing
exposure patterns for nanotoxicological tests, such as ZET.

After static exposure, similar frequency of morphological alter-
ations was observed in zebrafish exposed o g-Fe2O3 NPs compared
to unexposed ones. However, after semi-static exposure to g-Fe2O3
NPs zebrafish showed pericardial edema, blood accumulation in
the heart, spinal curvature, tail deformation, swim bladder defor-
mation and vitelline sac edema (Fig. 10; Table S1). Interestingly,
zebrafish embryos exposed to uncoated g-Fe2O3 NPs (30 nm;
0.1e100 mg L�1) under static condition for 168 h showed pericar-
dial edema, tissue ulceration and spinal curvature in zebrafish
embryos (Zhu et al., 2012), confirming that unfunctionalized IONPs,
even under static conditions, may present higher oxidative disso-
lution following by ion release, inducing greater embryotoxicity in
zebrafish. Similarly, previous studies indicated that the IONP
toxicity was associated to NP dissolution and oxidative stress
induced by released iron ions (Wang et al., 2013; Patil et al., 2015;
Lei et al., 2018). On the other hand, results showed that the iron ions
induced several teratogenic effects after both exposure conditions,
such as pericardial edema, blood accumulation in the heart, tail
deformation, spinal cord curvature, swim bladder deformity, and
yolk sac edema, confirming their embryotoxicity after static and
semi-static exposure conditions.

Morphometric parameters of zebrafish larvae exposed to both
iron forms for 144 h under static and semi-static conditions are
shown in the Supplementary Material Table S2. An overview of
these results indicates that the IONPs did not change the sensory,
muscular structural and skeletal structural parameters after static
and semi-static exposures. On the other hand, iron ions changed
the physiological parameters after semi-static exposure, such as
reduced the swimming bladder area at 1.25 mg L�1 (p ¼ 0.00015),
reduced the area of yolk sac (p ¼ 0.02659), change skeletal pa-
rameters such as, reduced the head height at 0.3 mg L�1

(p¼ 0.00548). Furthermore, the iron ions at 2.5 mg L�1 reduced the
distance from mouth to anus after static conditions (p ¼ 0.0365;
Table S2).

Quantitative analysis of morphometric parameters helps to
eliminate errors of qualitative analysis, making possible to observe
previously subtle morphological change (Hinz et al., 2012). The
observed physiological and structural changes in zebrafish larvae
after semi-static exposure to iron ions are indicative of somatic and
systemic changes. Larva length and natural bladder area are usually
the most affected parameters (Teixid�o et al., 2018). The develop-
ment of the swim bladder depends on blood circulation and
therefore may have a side effect of changes in vascularization (Yue
et al., 2015). Chemicals that affect heart rate, causing bradycardia,
usually cause lack of swim bladder inflation (Bittner et al., 2018). As
observed in this study, iron ions in semi-static conditions decreased
the heart beat rate (Fig. 9A) and induced blood accumulation
(Fig. 10), confirming the effect on bladder inflation.
4. Conclusion

The multiple biomarker approach using the ZET, especially the
sublethal parameters, allowed the description of the toxicity of iron
oxide nanoparticles (IONPs). The hypothesis that the embryotox-
icity of citrate-functionalized g-Fe2O3 NPs in zebrafish is dependent
on exposure condition was confirmed. In addition, the toxicity of
both iron forms (IONPs and iron ions) was concentration and
exposure condition dependent, while the g-Fe2O3 NPs showed low
embryotoxic effects compared to its dissolved counterpart. How-
ever, results indicated sub-lethal effects of citrate-functionalized g-
Fe2O3 NPs on zebrafish, specially cardiotoxicity. In summary, under
semi-static exposure conditions there was a potentiation of effects
induced by citrate functionalized g-Fe2O3 NPs when compared to
static exposure. Given the pioneering nature of this study, observed
results recommend further research about other types of exposure
conditions, such as continuous flow or environmental relevant
conditions (i.e., mesocosm or multi-exposure species).
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